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ABSTRACT
Invasive species are a growing problem worldwide. The effects of these invasive
species are wide-ranging and include negative impacts both on ecosystem services –
such as air quality, available recreational space, reduced food species, and spread of
disease – and the economy alike. Many vectors for the introduction of invasive
species are of anthropogenic origin – shipping, for example – and post-establishment
invasive species can go on to cause significant issues in their new environments.
Bryozoans are colonial animals with a number of growth forms, some of which –
encrusting and erect, flexible forms, for example – are well-suited for marine fouling
of submerged surfaces such as ship hulls, docks, pontoons, and buoys. Bugulina
flabellata is one such bryozoan species that has become established here in New
Zealand. Primarily known as a marine fouling species outside its native range, it is
found in almost all of New Zealand’s ports and harbours. Novel habitats provided by
artificial hard substratum in the way of piers, pilings, sea walls, and other such
structures are suspected to be preferentially settled by invasive species as is
evidenced by a growing body of literature on the subject. This study sought to
elucidate potential differences in the life history of Bugulina flabellata between its
northern hemisphere native range and a southern hemisphere transplant locale –
Portobello, Otago Harbour, southeastern New Zealand – as well as to determine
whether it exhibited a preference in choice of substratum. Bugulina flabellata was
found to differ in its life history in New Zealand in terms of its overwintering strategy,
the length of time embryos were found to be present, and its attachment to bare
substratum. No significant difference was found in the number of colonies settled on
three types of 25 cm2 settling plates – powder-coated sheet steel, slate, and PVC. The
differences in life history and the lack of significant preference exhibited by Bugulina
flabellata in New Zealand are suggestive of an ecotypic adaptation to its Southern
Hemisphere environment. As such, it is likely that the species, given enough elapsed
time, will continue to spread outside of the limited range – ports and harbours – that
it currently inhabits. Current information on life cycles should be viewed as
guidelines only and will certainly vary between locations. Some aspects of Bugulina
flabellata’s life history will be relevant to other bryozoan species, particularly other
cheilostomes.
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CHAPTER 1 - Introduction
1.1 Invasive species
According to Primack (2006), an invasive species is an exotic species – a species that
occurs outside its native range for anthropogenic reasons – that has become
established in a novel environment and “increase[s] in abundance at the expense of
native species.” (p. 225). Though the Oxford English Dictionary (OED Online 2012)
records the first instance of the term “invasive species” in regard to tropical tree
specimens as early as 1928, the science relating to aquatic invasive species does not
appear to have developed until the closing quarter of the 20th century. Two of the
potentially best known cases worldwide came to public view in the mid-1980s:
Mnemiopsis leidyi, an invasive ctenophore species in the Black Sea region (see
Purcell et al. 2001; Kideys 2002; and Hansson 2006 amongst others) and the zebra
mussel, Dreissena polymorpha, in the Great Lakes region of North America (see
Roberts 1990; Griffiths et al. 1991; and USGS 2011 amongst others). Invasion science
is an ever-growing field with no fewer than 30 scholarly journals – e.g., Aquatic
Invasions, Biological Invasions, Invasive Plant Science and Management,
Management of Biological Invasions, etc. – devoted to its study.

1.1.1 Problems with invasive species
Problems associated with invasive species are many, primarily related to the potential
of an invader to outperform or outcompete native species (e.g., Farrell and Fletcher
2006; Bando 2006; Gribben et al. 2009 amongst others). On entering a novel
environment, invasive species often find no natural predators or parasites (Primack
2006). Furthermore, many invasive species are “weeds” from an ecological
perspective and will colonize any available patch of substratum (Glasby et al. 2007).
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Invasive species are, perhaps by their very nature, also thought to be better suited
than natives to take advantage of environmental disturbances whether natural (e.g.,
hurricanes) or anthropogenic in origin (Olyarnik et al. 2009; Primack 2006).
Invasive species such as pathogens, parasites or other organisms can also have
impacts on human health (Juliano and Lounibos 2005). Invasive species might
interact together thereby potentially compounding their effects – something
Simberloff and Von Holle (1999) term “invasional meltdown” – or open the door to
further invasive species (Ruiz et al. 1997).

After introduction and early establishment, negative effects would initially be local,
but as an invasive species spreads from its point of introduction, it has the potential
to create more widespread ecological effects such as decreased biodiversity or
extinctions (e.g., Ruiz et al. 1997; McGlone 2006; Charles and Dukes 2007). Effects
from an invasive species can be both negative and positive - for example, the zebra
mussel has had both deleterious as well as positive impacts in the Great Lakes region
(USGS 2011). There also exists the possibility, according to Rilov (2009), that the
majority of invasive species may be more or less harmless though he qualifies this by
going on to state that it is essentially impossible to know, as it is not possible to
measure all variables within a given environment.

Deleterious effects from invasive species affect both marine and terrestrial
environments. Both environments share some common vectors for introduction of
invasive species – for example, shipping – but the potential for dispersal between the
two environments vastly differs. Marine invaders remain more or less relegated to
space immediately surrounding a ship whereas the contents of the ship itself – people,
cargo, hitchhikers such as rats, insects, etc. – do not (see Hulme 2009 and references
therein). On land, invasive species can be rapidly spread great distances via other
2

transport means – rail, truck, airplane (Hulme 2009; Gallardo et al. 2015; Anderson
et al. 2015). No such corollary exists in the marine environment.

Invasive species can also change or impair ecosystem services (Grosholz and Ruiz
2009; Charles and Dukes 2007; Gordon et al. 2010). Ecosystem services include:

•

provisioning services, which includes everything from food sources to energy
sources;

•

regulating services, which includes services such as climate, air quality, water
purification and regulation, and disease control;

•

cultural services, or all non-tangible services which include things like tourism
and recreation, cultural heritage, and religious or scientific values; and

•

supporting services, or those services which essentially tie all other services
together over the long term and include services such as nutrient cycling,
atmospheric composition and primary production (information from Charles
and Dukes 2007).

Prevention of, response to, and mitigation of impacts of invasive species are all costly
exercises. According to the New Zealand Institute (NZI) (2010) the estimated total
economic cost of invasive and pest species in 2008 was NZ$3.4 billion, roughly 2% of
Gross Domestic Product (GDP). This figure includes an estimated NZ$15 million
output loss (from mussel farm production) caused by the invasive sea squirt, Styela
clava, in the marine environment alone (NZI 2010). Indirect losses – losses to
services and industries related to but not directly involved with a given invasive
species – are estimated to be NZ$1.16 billion for 2008 (NZI 2010). In the early 2000s,
NIWA undertook baseline surveys of non-indigenous species at the major ports,
harbours, and marinas around the country – a total of 16 locations – at an
3

approximate cost of NZ$148,000 per site or roughly NZ$2.4 million in total
(Campbell et al. 2007). NIWA repeated these surveys during the 2004-2006 period
and the Ministry for Primary Industries has conducted biannual surveys from 2008
onwards in these same areas (A. Growcott, pers. comm.). In the budget year
2014/2015 the NZ Ministry for Primary Industries, incorporating the former
Biosecurity, Fisheries, and Agriculture and Forestry ministries, has an NZ$628.3
million

budget

(http://www.treasury.govt.nz/budget/2014/summarytables/

estimates/09.htm) of which NZ$166 million (26.4%) is allocated to Biosecurity
functions.

Globally, the potential cost from the effects of invasive species is immense. Olson et
al. (2001) have divided the terrestrial realm into 867 ecoregions. Molnar et al. (2008)
have defined 232 marine ecoregions. The arrival of three invasive tree species to the
Cape Floristic Region of South Africa – an area of 78,555 km2 (Conservation
International 2017) – incurred an economic cost of approximately $109 million USD
via negative effects on the production of food, timber, and medicines; the availability
of water; the pollination process; and the enjoyment of ecotourism pursuits (Turpie
et al. 2003; Charles and Dukes 2006). Similarly, the appearance of the comb jelly
Mnemiopsis leidyi in the Black Sea – surface area 423,500 km2 – in the late 1980s
caused the near collapse of the anchovy fishery (Purcell et al. 2001; Kideys 2002)
(amongst others) as well as costing Turkey alone an estimated $1 billion USD in
decreased fish catches between 1989 and 1993 (Kideys et al. 2005). The costs
associated with the arrival of invasive species in these two relatively small ecoregions
are prodigious. Molnar et al. (2008) determined that only 16 percent of marine
ecoregions, or just over 37, have not reported the arrival of an invasive species.

4

The effects of invasive species constitute, therefore, a complex topic. Invaders can
have catastrophic, limited or no obvious effect on their new environments. Their
effects can be unpredictable and may change over time, limiting the capacity of
science to respond. What can be said with certainty is that the rate of biological
invasions is rapidly increasing (Ruiz et al. 1997; Reaser et al. 2007), especially in the
marine environment.
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Table 1.1 Examples of impacts on ecosystem services by invasive species.

Ecosystem
service

Invasive species

Location

Impact

Provisioning

Carcinus maenas,
European green crab

Tasmania

Reduced numbers of
commercially
important native clams
(Charles and Duke
2007)

Mnemiopsis leidyi,
American comb-jelly

Black Sea region

Spartina alterniflora,
sea grass

San Francisco Bay
area

Devastated commercial
anchovy fishery
(Purcell et al. 2001 and
others)
Reduced algal
production caused by
shading (Ruiz and
Grosholz 2009 and
others)

Aedes aegypti,
African mosquito

Americas and Asia

Cultural

Caulerpa taxifolia,
green algae

Mediterranean Sea

Supporting

Pueraria montana,
kudzu

Southeastern United
States

Regulating
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Assisted spread of
yellow and Dengue
fevers (Juliano and
Lounibos 2005 and
others)
Overgrowth caused
loss of recreational
space (Jousson et al.
1998; Meinesz et al.
2001)
Intentional
introduction in 1930s
as a method to
minimize soil erosion;
produces isoprene, a
volatile substance that
reacts with other
compounds in the air
to produce ozone and
other greenhouse gases
responsible for climate
change (Blaustein
2001)

1.1.2 Vectors for invasives
There are few natural methods of widespread dispersal in the marine environment
(Ruiz et al. 1997). Dispersal mechanisms tend to be localized in character due to the
degeneration of natural materials (such as kelp holdfasts or larvae both of which have
finite lifespans) or processes (such as wind generated currents) (Ruiz et al. 1997).
Rafting on longer-lived materials such as wood or pumice can, however, transport
species over larger distances. There are, nevertheless, many natural barriers to
widespread dispersal of organisms between different bodies of water or even within
the same body of water. These barriers include but are not limited to: currents, water
masses, prevailing winds, climate envelopes and sheer distance (Ruiz et al. 1997).
These natural barriers have been insurmountable to many organisms, especially
those with short-lived, lecithotrophic larvae (Ruiz et al. 1997). With the expansion of
global trade, however, especially via shipping, natural barriers are breached more and
more frequently (Griffiths et al. 1991; Ruiz et al. 1997; Kideys 2002).

The most common routes of invasion for non-native species extant are
anthropogenically influenced (Ruiz et al. 1997; Dodgshun et al. 2007), examples of
which can be seen in Table 1.2, below. Most are related to shipping and long-range
transport that has proliferated over last two centuries.

7

Table 1.2 Anthropogenically-influenced vectors of marine invasive species with
brief description. Based on ideas of Dodgshun et al. 2007.

VECTOR

Shipping

DESCRIPTION
Cargo ships
Commercial fishing
vessels
Cruiseliners
Military vessels
Barges
Invasive species can
lurk on ship hulls, in
ballast water, or
within sea-chests of
some vessels.

Movement of
marine structures

Rafting

Aquarium trade

POTENTIAL INVADERS
Encrusting organisms (e.g.,
barnacles, bryozoans,
molluscs); algae/seaweeds;
mobile macrofauna (e.g.,
crustaceans, fishes,
asteroidea); tunicates

Encrusting organisms (e.g.,
Oil rigs
barnacles, bryozoans,
Drilling platforms
molluscs); algae/seaweeds;
Barges
mobile macrofauna (e.g.,
Aquaculture equipment
crustaceans, fishes,
asteroidea); tunicates
Sessile organisms (e.g.,
Marine debris - e.g., kelp, plastics,
barnacles, tunicates,
ropes
bryozoans); crustacea
Fishes (e.g., lionfish in
Accidental – imported with a
Western Atlantic);
desired organism
Caulerpa taxifolia
Intentional – dumping unwanted
aquaria inhabitants into local seas

Accidental
introduction with
an intended target
species

Aquaculture/mariculture

Other

Diving equipment
Boat trailers

Fishes; annelids; molluscs;
algae; seaweeds
Gut parasites; molluscs;
seaweeds
Algae; sediment-dwelling
organisms
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1.2 Invasive species to biofouler
Marine biofouling – the accumulation of mainly visible marine growth on structures
exposed to a seawater environment (Azis et al. 2001; Coutts 2005a) – is a global
problem. Gordon and Mawatari (1992) refined this definition somewhat by stating
that organisms are biofoulers when they “affect the performance or functioning of
man-made structures” on which they have settled. Biofouling affects industries from
shipping to recreation, manufacturing to power generation; no industry that involves
extended contact with seawater is immune to it. In addition to being a globally
pervasive problem it is also an expensive one, costing the marine industry, worldwide, US $15 billion per annum (Zhao et al. 2004). Biofouling of mobile marine
structures such as ships is also a vector for marine invasive species (Davidson et al.
2008; Dodgshun et al. 2007; Drake and Lodge 2007; Coutts and Taylor 2004).

Biofouling communities begin to take shape as soon as an artificial substratum is
placed into the water. Wahl (1989) proposed a four-phase overlapping time sequence
for colonization: biochemical conditioning, bacterial colonization, colonization by
unicellular eukaryotes, and, finally, colonization by multicellular eukaryotes.
Substrates begin to adsorb macromolecules – such as glyocoproteins, proteoglucans
and polysaccharides – within seconds of being submerged in the water (Wahl 1989;
Callow and Callow 2002). Biofilms have been shown to be important cues for the
settlement of certain types of larvae (Keough and Raimondi 1996). Any substratum
that comes into contact with seawater immediately begins the process of fouling.

Maritime industries are affected by biofouling in different ways. For example, hull
fouling of commercial shipping vessels necessitates regular maintenance and
cleaning that potentially includes hull scraping to remove an existing fouling
community and application of anti-fouling paints to retard the settlement of new
9

organisms (Callow and Callow 2002; Coutts and Taylor 2004). Ports and marinas
generally provide many artificial structures – potentially greater than 3,500 m2 of
surface area of docks, wharves, pontoons, buoys, etc. – that can be colonized by
fouling organisms (Arenas et al. 2006; Floerl and Inglis 2003; Floerl et al. 2005).
Water-intake pipes and heat-exchange equipment can be colonized so heavily that
they become clogged or operate inefficiently at desalination plants (Azis et al. 2001)
and other commercial/industrial plants, though such equipment may be constructed
with built-in buffers to compensate for fouling during use (Steinhagen et al. 1993).

Regular maintenance and cleaning of fouled structures – boats, pipes, machinery or
other structures – is time-consuming and labour-intensive. For commercial ships,
time spent out of the water means time not making money (Floerl and Inglis 2005).
Fouling communities growing on ship hulls cause increased drag on the hull of the
vessel leading to loss of speed and decreased fuel economy which can lead to
increasing the cost of a journey as much as 40 – 70% (CSIRO 2008). It is estimated
that the US Navy spends US $1 billion per year to combat biofouling (Callow and
Callow 2002). Zhao et al. (2004) estimate that the United Kingdom spends roughly
0.25% of its Gross National Product – or approximately US $6.5 billion in 2007
(World Bank 2008) – to contend with biofouling. New Zealand suffers an estimated
negative economic impact of $11.4 million per year as a result of a single biofouling
species – Styela clava (MAF 2008). Capital costs, for example construction costs, can
be higher for items such as heat exchangers that often are designed with increased
area to compensate for fouling (Steinhagen et al. 1993). Individuals owning pleasure
craft can expect to pay thousands of dollars for each application of antifouling paint
(Floerl and Inglis 2003; Floerl 2005).
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Hull biofouling on commercial ships as well as yachts and other privately-owned
vessels is coming to be recognized as a primary vector for non-indigenous species
(Cranfield et al. 1998; Coutts and Taylor 2004; Floerl and Inglis 2005; Floerl et al.
2005). Prior to this recognition it was considered that discharge of ballast water was
the major source of biofouling and introduction of non-native species. In a study by
Drake and Lodge (2007) it was found that hull fouling provided a greater risk for
introducing non-native species than discharge of ballast water did in terms of
number of species introduced. The extent to which a ship’s hull can be fouled
depends on a number of factors such as a ship’s construction, mode of use, mooring
frequency and location (Floerl 2005). Most ships’ hulls today show a wide range of
structural diversity providing a variety of habitats for fouling species (Floerl 2005;
Coutts and Taylor 2004). Some of the most fouled areas are sea chests and piping
(Coutts and Taylor 2004).

1.3 Importance to New Zealand
Cranfield et al. (1998) found that New Zealand was subject to the invasion and
establishment of nearly as many non-native species during the last 40 years of the
20th century as it was from the previous 60 years and that most of these species were
introduced via commercial vessels plying international trade. As trade continues to
globalize, increasingly opening shipping routes, the rate of invasion can only increase.
Given the marked increase in use and ownership of yachts, cabin cruisers and other
ocean-going pleasure craft in recent years as well as increased traffic from
commercial cargo vessels, increasing rates of incursion should perhaps come as no
surprise (Floerl and Inglis 2005). A recent study into yacht fouling conducted jointly
by NIWA and the Cawthron Institute (2008) found that 82% of the yachts surveyed
had hull fouling. Some 68% of the species identified from these fouling communities
were non-native to New Zealand. Dodgshun et al. (2007) identified international
11

shipping routes coming directly into New Zealand ports from every continent except
South America and Antarctica. Private vessels, of course, do not follow set routes and
may enter New Zealand waters from anywhere. Thus, New Zealand can expect to
receive regular introduction of non-indigenous species from around the globe.

The introduction of non-native species is problematic for New Zealand for a number
of reasons. Of primary importance is whether or not these species are able to
establish themselves within their new environment followed by whether or not they
can outcompete or even replace endemic species. As an estimated 80% of New
Zealand’s endemic biodiversity can be found in the oceans surrounding it (Coutts
2005b), the establishment of non-native and introduced species presents a
considerable problem to the country in terms of protecting its biodiversity and
possibly the livelihoods of some of its citizenry.

Biofoulers within New Zealand include any species found growing on and
subsequently affecting the performance and/or functioning of an artificial
substratum – e.g., boats, pilings, buoys, mariculture equipment, water intake pipes,
etc. (Gordon and Mawatari 1992). Barnacles, algae, ascidians, bryozoans, and
sponges are but a few examples. The introduction of non-native species is
problematic for New Zealand for any number of reasons. Of primary importance is
whether or not these species are able to establish themselves within their new
environment; if they can do so they can rightly be termed “adventive” species. A good
example of an adventive species in New Zealand is the alga Undaria pinnatifida that
has managed to establish itself throughout the country’s international ports and
harbours, except for the west coast of the South Island (Wotton et al. 2004).
Adventive species have the potential to disrupt ecosystems and replace native species
by out-competing them for food or habitat resources (Railkin 2004). As an estimated
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80% of New Zealand’s endemic biodiversity can be found in the oceans surrounding
it (Coutts 2005b), the establishment of non-native and introduced species presents a
considerable problem to the country in terms of protecting its biodiversity.

Cranfield et al. (1998) found 148 species to have been accidentally introduced into
New Zealand waters, 72% of which most likely arrived as either part of a hull-fouling
assemblage (69%) or in ballast water (3%). Amongst these adventives are many wellknown species such as Undaria pinnatifida (algae), Tethya aurantium (sponge),
Styela clava (solitary ascidian), Botrylloides leachii and Botryllus schlosseri
(colonial ascidians), Crassostrea gigas (mollusc), and Bugula neritina and
Watersipora subtorquata (bryozoans). Of the 19 introduced bryozoan species
recorded in Cranfield et al. (1998), all but a single species – Electra tenella, now
Arbopercula tenella (Bock 2016) – are thought to have been introduced by either
ballast discharge or hull fouling and almost all were limited to ports and harbours in
their distribution. Gordon and Mawatari (1992) focused on fouling bryozoan species
found in 20 New Zealand ports and harbours and recorded 40 different fouling
species – not all of which are invasives.

Fouling by bryozoans can have detrimental impacts on physical plant (i.e., cooling
system intakes, pipelines), mariculture products and tools of production, shipping,
machinery related to energy production (i.e., oil rigs, wind farms, gas platforms), and
maritime structures (piers, pilings, buoys, jetties, etc.). Overgrowth of intake screens
and filters at desalination plants (Azis et al. 2001), water treatment plants (Mant et al.
2011), and flow-through seawater systems intake pipes (pers. obs. at Portobello
Marine Laboratory) by bryozoans and other biofoulers reduces efficiency of operation
and increases running costs. Similarly, plants using seawater as a coolant encounter
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decreased efficiency in the operation of heat exchangers and subsequent increased
costs in mitigating fouling of these (Steinhagen et al. 1993).

With respect to mariculture, bryozoans can affect both organisms being cultured as
well as the equipment used in their culturing (Atalah et al. 2013). New Zealand’s
main mariculture products are the GreenshellTM mussel (Perna canliculus), the
Pacific oyster (Crassostrea gigas), and king salmon (Oncorhyncus tshawytscha)
(Jeffs 2016; New Zealand Aquaculture 2012; New Zealand Institute of Economic
Research 2015). The first two of these provide substratum on which bryozoans and
other fouling species can settle. Once colonized, shells can subsequently suffer from
misshaping which can hinder their ability to function properly and degrade their
condition and overall appearance. Sea cages, mussel/oyster suspension ropes, and
other mariculture equipment can become overloaded under the weight of biofoulers.
Cultured shellfish must compete for food with fouling species. Salmon can suffer
from lack of food when fouling assemblages block the mesh of their sea cages. The
result of both these types of reduction in food availability is reduced productivity of
the culture species.

In shipping, both encrusting and arborescent bryozoan species as well as fouling
assemblages in general serve to increase frictional drag on vessel hulls. This leads to a
decrease in operating efficiency and increased running costs, especially in terms of
fuel consumption (see Copisarow 1945; Woods Hole Oceanographic Institution 1952;
Schultz 2007; and others). Sloughing of these fouling assemblages either in transit or
at rest can damage ship hulls by removal of protective coatings and exposure of bare
metal. Pleasure craft can be similarly affected.
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Structures such as piers, pilings, jetties, buoys, oil rigs, and wind farms can
accumulate sizeable fouling assemblages. Fouling bryozoans in New Zealand include
encrusting bryozoan species such as Watersipora subtorquata and Cryptosula
pallasiana as well as arborescent species such as Bugula neritina and Telepora
lobata. These assemblages slough off periodically due to mechanical disturbance,
sheer weight of organisms, or other reasons, sometimes removing the protective
materials coating these structures, and thereby opening them to corrosion.
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1.4 Why study Bugulina flabellata – study aims
Chapter 2 of this thesis provides an overview of marine bryozoans in general before
providing an in-depth overview of Bugulina flabellata as a species and ending with a
literature review of existing studies on the species.

Other than the brief insight on settlement periods provided by Skerman (1958, 1959)
and some information on distribution (Gordon and Mawatari 1992; Cranfield et al.
1998; Inglis et al. 2005, Inglis et al. 2006a-m) little is known about Bugulina
flabellata within New Zealand. Thus, this study aims to:

1) gain an understanding of the life history, particularly settlement and growth,
of B. flabellata in New Zealand (Chapter 3); and

2) determine whether or not B. flabellata, a prolific fouler, exhibits a
preference for the type of substratum – natural or artificial/man-made – on
which it will settle (Chapter 4).

Chapter 5 provides a synthesis of experimental results, literature reviewed, and
potential directions for future research on the topic of B. flabellata.
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CHAPTER 2 – Bryozoa and Bugulina flabellata
2.1 General Bryozoology
The Bryozoa – often referred to colloquially as “moss animals” from the ancient
Greek βρύον ‘moss’ + scientific Latin –zoa ‘animal’ (OED Online 2012) – is a
relatively small phylum of approximately 6,000 extant and as many as 15,000 extinct
species (Smith and Gordon 2011). The phylum is divided into three classes:
Phylactolaemata, Stenolaemata, and Gymnolaemata. Members (approximately 12
genera) of the class Phylactolaemata are exclusively freshwater species whereas
members of the class Stenolaemata (approximately 550 genera) are marine and the
Gymnolaemata (approximately 650 genera), while predominantly marine, has some
freshwater genera. The Stenolaemata occur mostly in the fossil record and have a
single living order: the Cyclostomata (approximately 250 genera).

The

Gymnolaemata is divided into two orders: Ctenostomata (approximately 40 genera)
and Cheilostomata (approximately 600 genera). The Cheilostomata can be further
subdivided into the suborders Anasca and Ascophora (Bock and Gordon 2013).

Bryozoans are colonial animals with colonies composed of individual units called
zooids. Bryozoan colonies exhibit a variety of growth forms the most easily
recognizable of which is encrusting. Other common forms are fruticose
(bushy/tufting), stolonate (vine-like), and foliaceous (leafy) (Ruppert et al. 2004).
Smith and Gordon (2011) developed a matrix with sample line drawings of each type
(Figure 2.1). Growth form in a bryozoan colony is largely dependent on the asexual
budding pattern, or astogeny, of zooids post-settlement, extent and placement of
polymorphic zooids within the colony, as well as the degree of calcification of the
zooid walls (Ruppert et al. 2004).
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Figure 2.1 Varying growth forms for bryozoan zooaria. (Smith and Gordon 2011,
p.9).

Three general zooid shapes – box-like, oval, and tubular – exist and can be used in
taxonomic identification. Figure 2.2, below, shows a generalized cheilostome zooid
structure. The polypide of a zooid is composed of the lophophore – tentacles and
sheath, gut, nerve ganglion, and associated muscles (Hayward and Ryland 1979). The
polypide periodically degenerates to form what is known as a brown body within the
zooid before reforming anew. The lophophore is everted from within the zooid via the
operculum on the front wall or membrane (depending on species). The funiculus –
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strands of the mesenchyme that connect the polypide to the zooid wall or
communication pores (Hayward and Ryland 1998) – of zooids within a colony are
interconnected, via pore plates in the zooid walls, and serve as the nutrient transport
system for the colony. The exterior zooid wall is calcified to a greater or lesser extent
depending on growth form.

Figure 2.2 Generalized cheilostome bryozoan zooid structure. From Brusca et al.
2016.

Zooids within a colony can be polymorphic, with each variant serving a specific
purpose and can be split into two rough groups: autozooids and heterozooids.
Autozooids, or feeding zooids, make up the largest proportion of a colony. These
zooids are much as shown in Figure 2.2 in that they contain a polypide, whereas
heterozooids have either a much reduced or completely absent one. Types of
heterozooids include: kenozooids, ooecia, avicularia, and vibracula. Kenozooids have
numerous functions some of which are rootlets or discs for colony attachment; vinelike stolons; and spines for colonial defense (Ruppert et al. 2004). According to the
National Introduced Marine Pest Information System (NIMPIS) in Australia (2002)
and Carter (2008), avicularia serve a defensive role, as do vibracula. Certainly, in
Bugula species they are known to protect against microscopic predators and prevent
colony fouling by other settling species, such as tube-constructing polychaetes
(Hayward and Ryland 1998). Hayward and Ryland (1998) noted that avicularia are a
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characteristic cheilostome polymorph with three recognizable locations: vicarious,
interzooidal or adventitious. Vicarious avicularia replace autozooids in a normal
budding sequence whereas interzooidal ones are found between autozooids (Hayward
and Ryland 1998). Adventitious avicularia bud from the frontal surface of individual
autozooids (Hayward and Ryland 1998). They have a modified operculum that forms
a hinged “jaw” that can snap shut on colony invaders (Figure 2.3). Stalked avicularia
continually bob or nod on their stalk, or peduncle. The operculum of a vibraculum is
modified to form a whip-like structure that moves across the colony surface in a
sweeping motion (Figure 2.4). This motion keeps the colony surface free from
sediment and other material settling out of the water column and discourages
predators and other organisms from settling on the colony. Ooecia, the skeletal part
of ovicells, are external brood chambers for eggs, and constitue another type of
heterozooid, phyletically derived from spines.

Bryozoans are almost exclusively hermaphroditic though rarely self-fertilizing.
Instead, sperm are released via one or more tentacles of the lophophore into the
water column where they then encounter other zooids and fertilize their eggs by one
of two means: externally, by sticking to the other zooids’ lophophore tentacles or,
internally, via the intertentacular organ. The majority of bryozoans brood their eggs
in specialized brood chambers. Upon maturation of eggs, larvae are released into the
water column. The majority of bryozoan species have short-lived, lecithotrophic
larvae or coronate larvae while a very few species have longer-lived, planktotrophic
larvae known as cyphonautes larvae.
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Figure 2.3 SEM of the birds-head avicularium of Bugulina flabellata (lateral
view). Scale bar, 20 µm. c, cilia/cilium; h, hook; m, mandible; pc, peduncle cushion; pe,
peduncle; r, rostrum. From Carter 2008.

On settling on a suitable substratum, larvae will essentially turn inside out and attach
to the substratum via a structure called the metasomal sac. Upon eversion, this
structure forms an adhesive anchoring disc or plate while metamorphosis continues.
The first zooid formed in a new colony is called the ancestrula. All colonial growth
beyond this first sexually produced zooid takes place via asexual budding. The
pattern of budding ultimately determines the growth form and shape of the colony.
Bryozoan colonies have variable life-spans from a single year to multiple years, the
latter being especially true for colonies with rigid, erect growth forms (Smith 2014).
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Figure 2.4 Line drawing showing structure of a generalised vibraculum. From
Brusca et al. 2016.
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Figure 2.5 Types of bryozoan larvae: A – Illustration of Bugula neritina coronate larva;
B – SEM of newly released Primavelans insculpta (previously Hippodiplosia) coronate larva;
C, D – Photo and illustration (respectively) of cyphonautes larva of Membranipora sp.
Adapted from Brusca et al. 2016.

2.2 Bugulina flabellata
Bugulina flabellata was first described by J. V. Thompson in Gray (1848) as
Avicularia flabellata, with the type specimen collected from the water around Cork,
Ireland (Figure 2.6). Hincks (1880) reclassified the species as Bugula flabellata after
Oken (1815). More recently, a phylogenetic study by Fehlauer-Ale et al. (2015) placed
the species in the genus Bugulina. Bugula and Bugulina are both in the family
Bugulidae, superfamily Buguloidea, suborder Flustrina, order Cheilostomata, class
Gymnolaemata.

B. flabellata is a cheilostomatous anascan bryozoan that forms short and dense
tufting colonies (Figure 2.7) (Ryland 1970; Hayward and Ryland 1998). Rhizoids
extend from lower autozooids to anchor holdfasts to the substratum (Dyrynda and
Ryland 1982; Hayward and Ryland 1998). Branches with multiple bifurcations
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(Figure 2.8) diverge from the upright ancestrula with each branch 3 to 8 autozooids
in width (Gordon and Mawatari 1992; Hayward and Ryland 1998). Autozooids are
arranged biserially – alternating like brickwork (Figure 2.9) – and range in length
from 0.5 to 0.8 mm by 0.2 mm wide (Gordon and Mawatari 1992; Hayward and
Ryland 1998). Mature colonies range in height from 2 to 4 cm (Hincks 1880; Gordon
and Mawatari 1992; Hayward and Ryland 1998). The polypide – composed of the
lophophore and tentacles that make up the organism’s feeding structures – has 14
tentacles (Ryland 1970; Hayward and Ryland 1998).

Zooids have lightly calcified side and rear walls whilst the front is primarily
membranous (Gordon and Mawatari 1992; Hayward and Ryland 1998). Each zooid
has a set of spines at the distal corners – zooids on the interior of the branch have two
spines at either corner while zooids on the outer margin of the branch have three
spines, one sometimes quite long, on the outermost corner and two on the inner
corner (Figure 2.9) (Gordon and Mawatari 1992; Hayward and Ryland 1998).

Accompanying these ordinary autozooids are specialist heterozooids, called bird’s
head avicularia – first described by Charles Darwin but more recently defined by
Gordon and Mawatari (1992, p. 50) as “a zooidal polymorph, generally smaller than
ordinary feeding zooids, in which the zooidal operculum is modified as a mandible” –
attached by stalk approximately one-third to one-half way down the side (FehlauerAle et al. 2015; Hayward and Ryland 1998). Avicularia along the outer margins of the
branch are often larger than those in the middle (Hayward and Ryland 1998).

Ovicells are “globular” with some proximal flattening and house yellow embryos
(Gordon and Mawatari 1992; Hayward and Ryland 1998). Bugulina flabellata has
short-lived, lecithotrophic coronate larvae.
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Figure 2.6 Type specimen of Bugulina flabellata (Thompson in Gray 1848).
(Photo: Natural History Museum, www.nhm.ac.uk).

Figure 2.7 Dried colony of Bugula flabellata. This specimen was collected under the
wharf at Portobello Marine Laboratory, South Island, New Zealand (45° 49’ 40.24” S 170° 38’
23.64” E).
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Figure 2.8 Photo of living Bugulina flabellata growing in situ under Portobello
Marine Lab wharf, South Island, New Zealand (45° 49’ 40.24” S 170° 38’ 23.64”
E). Note multiple bifurcations in branches.

Figure 2.9 SEM of Bugulina flabellata showing brickwork-like pattern of zooids,
spines (sp), bird’s-head avicularia (av), and ovicells (ov). SEM: Hans De Blauwe
(http://www.marinespecies.org/aphia.php? p=image&pic=25672).
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2.3 Lifecycle and Growth of Bugulina flabellata
2.3.1 Lifecycle
Early studies of Bugulina flabellata concentrated on anatomy and behavior. Osburn
(1914), referring to a single colony of B. flabellata found attached to a colony of
Reteporella atlantica obtained from 22 m (12 fathoms) depth in the Dry Tortugas in
Florida, compared it to other colonies found at Woods Hole, Massachusetts with
respect to aperture of the ovicells. Grave (1930) investigated Bugulina flabellata in
the Woods Hole, Massachusetts region. He detailed larval release from ovicells, the
initial photo-positivity of the larvae and their subsequent photo-negativity just prior
attachment. He also found that colonies of B. flabellata reached sexual maturity at
approximately one month of age. Somewhat later, Lynch investigated the
modification in response to light and gravity of the larvae two species (B. flabellata
and Crisularia turrita) (Lynch 1949a) (as Bugula).

Dyrynda and Ryland (1982) provided an in-depth examination of the life history and
reproductive strategy of Bugulina flabellata and another bryozoan species, Chartella
papyracea, noting that reproductive strategy is a key factor in determining allocation
of resources throughout an organism’s lifetime. B. flabellata is a placental ovicellate
brooder so that, while the egg is smaller than those produced by non-brooders and
non-placental ovicellate brooders, it does receive sustained parental nutrition via a
simple placenta while it is retained in the ovicell. B. flabellata displays protogyny as
the egg matures before the spermatozoa. Placental nutritition is provided via “the
hypertrophied inner vesicle epithelium” (Dyrynda and Ryland 1982, p. 251).
Potential explanations for two reproductive events over the summer growth period
include considerable seasonality in the area of sample collection (Gower Peninsula,
Wales, UK) and possibility of semi-determinate growth (as opposed to indeterminate
growth) though there is no indication why this might be the case. Dyrynda and
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Ryland (1982) classified B. flabellata as an r-strategist in terms of reproductive
strategy, as opposed to, for example, Chartella papyracea which is a K-strategist.
According to Molles Jr. (2005) an r-strategy favours a higher population growth rate
and would be most strongly expressed in species colonizing new or disturbed areas
whereas a K-strategy favours a more logistic growth rate and a more efficient use of
environmental resources such as food and nutrients and would be most strongly
expressed by species that are at or near carrying capacity for the majority of the time.
Dyrynda and Ryland (1982) state that Bugulina flabellata may resort to this
reproductive strategy as a response to annual fluctuations in availability of habitat
space. Their conclusion is supported by B. flabellata’s physiological characteristics
that enhance larval productivity such as production of larvae by all polypide
generations from first to last as well as by having hermaphroditic autozooids.

In his 1930 study, Grave detailed the mode and means of attachment of Bugulina
flabellata larvae (Grave 1930). Colonies of B. flabellata are often found attached to
other bryozoans, usually an encrusting form and, usually, another cheilostomatous
species (Eggleston 1972b; Hayward and Ryland 1998). Stolons penetrating a
substratum colony often re-emerge to form daughter colonies (Eggleston 1972b;
Hayward and Ryland 1998).

Lynch, during the period from 1949 to 1958, undertook a suite of studies relating to
the larvae of B. flabellata. He investigated the acceleration and retardation of the
onset of metamorphosis in the larvae of the same two species (1949b). He
investigated various factors influencing metamorphosis of Bugula larvae (Lynch
1952), specifically, pH; chlorides of Ca, K, Mg and Na; and the addition of methylene
blue and neutral red dyes. Later, Lynch (1955) investigated the impact of neutral red
dye on the induction of metamorphosis in Bugula larvae while his 1956 study
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explored experimental modifications on the rate of metamorphosis of Bugula larvae.
The two later studies studies undertaken by Lynch (1958a, b) focused on the effect of
x-rays, irradiated seawater and oxidizing agents on the rate of attachment of Bugula
larvae (1958a) and the effects of organic compounds and antimitotic agents on the
rate of attachment of larvae of Bugulina flabellata (as Bugula) and Aplidium
constellatum (as Amaroecium, lapsus for Amaroucium), an ascidian (1958b).

Dyrynda and Ryland (1982), much like Grave (1930, 1933), Eggleston (1972a), and
Hayward and Ryland (1998), found that B. flabellata produced two generations per
summer growth season before dying back to ancestrula, stolon or tiny colony to
overwinter. Colonies began to produce new growth in the springtime; B. flabellata is
a perennial species. Branches, or “fronds” as Dyrynda and Ryland term them,
appeared in two 3-month-long cycles with larvae being produced almost from the
outset of frond growth. Grave (1930) noted that first-generation colonies of B.
flabellata were senescent by 3 months of age.

Crisp and Ryland (1960) examined the effects of the presence or absence of biofilms
on the settling of marine larvae and whether biofilms are preferred or even required
for settlement. They also examined the effect of surface texture on settlement. Crisp
and Ryland (1960) found that Bugulina flabellata showed a preference for clean,
unfilmed substrata as opposed to filmed ones, with a ratio of 9.39:1. They also found
that B. flabellata preferred a glossy or smooth substratum as opposed to a rough or
very rough one – 67% more larvae settled on the glossy and smooth substrata than on
tose with a rougher texture. In a more recent study examining the potential influence
of the age and composition of biofilms on larval settlement, Wieczorek and Todd
(1997) used similar substrates to those employed by Crisp and Ryland in 1960 –
polystyrene petri dishes – but used 1, 6 or 12 day old biofilms cultured from natural
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seawater from St. Andrew’s Bay. Their results supported those of Crisp and Ryland’s
1960 study; chiefly, B. flabellata showed inhibited settlement on those substrates
coated with biofilm. However, there was no significant difference in inhibition of
settlement with age, i.e., the level of inhibition to settlement did not increase with
film age. Wieczorek and Todd (1997) presented a possible explanation that the
presence of a biofilm may change the physical properties of a substrate thereby
inhibiting settlement of larvae. They went on to note that both their results and the
results of Crisp and Ryland’s 1960 study contravened the findings of Eggleston
(1972b) and Hayward and Ryland (1998), which showed a preference by Bugulina
flabellata to settle on other bryozoans and other structures such as stones and
boulders that would be certain to carry biofilms though no further discussion was
made beyond this observation. One further potential explanation for preference for
unfilmed substrate is that colonization of clean substrates may provide a “refuge in
size” as the first organisms to colonize would have a head start on growth before
other settlers arrived.

2.3.2 Growth and growth rate
Davenport (1890) studied budding in bryozoans and postulated that budding in
marine Gymnolaemata follows a set of laws for growth pattern, determined using
Crisularia turrita (as Bugula) as an exemplar. He noted that Bugulina flabellata
does not follow some of these rules, for example, branches are attached to the
substrate at the ancestrula, not along an erect axis, and, three to five branches are
gathered together instead of two as in C. turrita.

Loppens (1905) found that at five days post-settlement, B. flabellata larvae had
grown to colonies of two zooids on bricks in Nieuport [sic] Harbour in Belgium.
Furthermore, within 17 days post-settlement, colonies were found to have grown to
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approximately 7 mm in height with approximately 100 zooids per colony. These same
colonies already had “several branches”.

Grave (1930) recorded growth via rapid budding. He noted the growth of a single
colony as the following: settlement and metamorphosis of larva to ancestrula took
two days with a new series of buds arising every two days subsequently. This growth
rate allowed for a colony to grow from ancestrula to eight to ten zooids within a week
and to greater than 100 zooids within two weeks. In the United Kingdom, rapid
growth of B. flabellata colonies begins in March and continues throughout the
summer until die-off begins in September (Eggleston 1972a; Hayward and Ryland
1998).

Figure 2.10 Life cycle diagram for northern hemisphere Bugulina flabellata.
Steps (A) – (C) take place between late March to May for 1st generation; (C) – (D) growth to
mature colony June – July; * for second generation this growth phase lasts approximately 2
months September – October. (A – redrawn after Ryland 1970; B – D redrawn after Hayward
and Ryland 1998).

31

2.3.3 Note about North American studies relating to Bugulina flabellata
Researchers in North American have produced a number of studies regarding
Bugulina flabellata over the last century. While these studies comprise a significant
portion of the research conducted on B. flabellata to date, it is likely that they are not
applicable to B. flabellata as a species. Ryland (1967) states: “In papers by Lynch and
other American authors Bugula simplex has been called B. flabellata, a species which
in fact is absent from North America.” Hayward and Ryland (1998) adopt a more
diplomatic tone when stating: “Apparently of wide geographic distribution, … on the
eastern seaboard of America B. simplex was for long mistaken for B. flabellata.”
Therefore, the papers by Grave and Lynch may not apply to B. flabellata. The same
may be applicable to Davenport’s and Osburns works. It is unclear where Davenport
sourced his samples; his work was published as a contribution from the Zoological
Laboratory of the Museum of Comparative Zoology at Harvard College which may
imply samples were locally sourced. Osburn’s sole sample came from the Gulf of
Mexico.

2.4 Bugulina flabellata in New Zealand
Bugulina flabellata (Thompson in Gray, 1848) is a common adventive species in New
Zealand (Skerman 1958, 1959, 1960; Gordon and Mawatari 1992; Cranfield et al.
1998). Its distribution is typical of an adventive or non-native species, occurring at
the margins of its range in isolated pockets that are delimited by ports and harbours
(Ryland 1967). It is thought to have been introduced to New Zealand ports via hull
fouling before 1949 (Cranfield et al. 1998) and it is known to be a prolific fouler
(NIMPIS 2002). According to Gordon (1986) B. flabellata was first reported in
Wellington by Macken in 1958 but was most likely the undefined Bugula species
referenced by Ralph and Hurley in 1952. As of 1998, B. flabellata was found to be
present in all of New Zealand’s major ports and harbours with the exception of
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Gisborne, New Plymouth, Onehunga, Tarakohe, Timaru and Whangarei (Cranfield et
al. 1998). In the mid-2000s, NIWA produced a series of baseline surveys of nonindigenous species for thirteen international ports and harbours and three marinas
across New Zealand (see Inglis et al. 2005, 2006a – m). B. flabellata was found to be
present in twelve of the thirteen ports and harbours and one of the marinas. Given an
introduction date of 1949 it seems that B. flabellata has achieved a nearly national
distribution in the space of 60 years. Globally, B. flabellata is widely distributed
throughout temperate regions but again, when outside its native range, appears
restricted to areas in the immediate vicinity of ports and harbours.

Skerman’s surveys of fouling communities in some of New Zealand’s ports (1958,
1959) showed that, at least in the 1950s, larvae of Bugulina flabellata settled between
December and April (peak settlement in Lyttelton Harbour was between December
and February whereas peak settlement in Auckland was between March and April),
following the summer period of growth and reproduction. Harger (1964) studied
fouling of vertical surfaces in Devonport Naval yard in the Auckland Harbour and
found that B. flabellata, and its then congeners Bugula neritina and Bugula
stolonifera, were visible at two to three weeks immersion and dominant at four to six
weeks immersion on plates placed in the water between February and May. He also
found that domination by Bugula spp. differed between two successive years. In 1962
Bugula were the dominant species between mid-May and early August, whereas the
following year the period of domination was mid-May to early July. Bugula spp.
settling between December 1962 and January 1963 showed fastest growth rates
recorded, forming thick mats by late January to early February.

In a 1967 report on bryozoa in the Auckland area, Gordon found B. flabellata growing
on a variety of substrata: wharf piles, other bryozoans, algae, and stones and boulders.
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Dried colonies of B. flabellata were found beach cast at all sites Gordon surveyed. He
noted that, though most bryozoans do not survive desiccation for extended periods of
time, a colony found growing on Sargassum sinclarii revived when placed back in the
water after 24 hours in an open plastic bag.

Bugulina flabellata has been found on the structure of the Maui-A oil platform off
the Taranaki coast. It was recorded at depths of near surface down to 35 m (Foster
1982). Gordon and Mawatari (1992) provide a short species-specific description of B.
flabellata as well as notes on its geographical and depth-based distribution. Similar
information on its geographical distribution and status as an invasive species can be
found in Cranfield et al. (1998).

Grace (1983) undertook a survey to better understand the zonation of sublittoral
rocky-bottom marine organisms of the Hauraki Gulf. Specifically, he investigated
differences in communities and habitats in terms of range from the outer to the inner
Hauraki Gulf. He found Bugulina flabellata growing in the “very deep zone” (45 –
60 m depth) of the inner Gulf and Waitemata Harbour where it appeared to be well
adapted to the heavy silt load found there.

Smith (1998) investigated community structure, species diversity, and recruitment
processes in Fiordland. He found the greatest species diversity in the area around
Bauza Island which was mostly dominated by erect and arborescent species of
bryozoans. A Bugula-type bryozoan species is recorded as one of the dominant
species in the 10 – 18 m depth range. It is unclear whether this is Bugulina flabellata
or a different buguloid species as it is referred to simply as “Bugula type (thnwhttp)”.
A Bugula species is also recorded from Smith’s Crooked Arm and Ranson Head study
sites.
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Figure 2.11 Map showing the known distribution of Bugulina flabellata around
New Zealand. Black star locations of B. flabellata taken from Gordon and Mawatari 1992.
Outline star locations taken from Inglis et al. 2006a-m. Abbreviations in parentheses as
follows: a – aquaculture (pers. obs.); m – marina; o – oil platform (Foster 1982); and p – port.
NOTE: Gordon and Mawatari (1992) noted B. flabellata was found in the Port of Nelson,
however, Inglis et al.’s (2006) baseline survey of the Port failed to relocate the species.

Inglis et al. (2005, 2006a – m) and Stuart et al. (2009a, 2009b) undertook baseline
surveys for non-indigenous species of ports, harbours, and marinas around New
Zealand. Bugulina flabellata was found in all of New Zealand’s 13 major ports and
harbours except Nelson.
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Carter’s 2008 work investigated the functional morphology of avicularia in a number
of cheilostome bryozoan species. This included a comparative ultrastructural study of
the avicularia of two buguloidean species: a shallow-water one, Bugulina flabellata,
and a deep-water one, Nordgaardia cornucopioides. Carter found disparities in the
ultrastructure of the vestigial polypide between these two species that she postulated
to be a result of either differences in habitat or evolutionary development. Using B.
flabellata she also investigated the immunocytochemistry of its nervous system as
well as the musculature of its bird’s-head avicularia. Carter found that the avicularia
in B. flabellata served a mechanoreceptive function that allowed for detection and
entrapment of motile organisms moving across the zooid face.

Dunmore et al. (2011) used common household cleaning products such as washingup liquid and disinfectant as well as freshwater to assess their effectiveness at
exterminating members of a fouling community in situ. Additionally, the authors
investigated the effectiveness of various concentrations of solutions of these products
on the effectiveness of extermination of post-settlement larvae of two fouling
invertebrate species – the seasquirt Ciona spp. and Bugulina flabellata – in a
laboratory setting. Short treatments of one to ten minutes’ duration using washingup liquid and freshwater were found to be ineffective at killing B. flabellata. Ten and
sixty minute exposures to washing-up liquid solutions and freshwater as well as any
exposure to disinfectant solution greater than one minute were found to have one
hundred percent effectiveness.
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Figure 2.12 Life cycle diagram for southern hemisphere (New Zealand)
Bugulina flabellata. Steps (A) – (C) take place between late October – November for 1st
generation; (C) – (D) growth to mature colony December - September; * for steps (A) – (C)
take place late May – mid-June while steps (C) – (D) take place June - September. NOTE:
there is no definitive dieback here as in the northern hemisphere as large colonies persist. (A
– redrawn after Ryland 1970; B – D redrawn after Hayward and Ryland 1998).
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CHAPTER 3 – Life History of Bugulina flabellata
in New Zealand and How It Compares to
Northern Hemisphere Populations
3.1 Introduction
A full understanding of the attributes that enable an invasive species to be an invader
continues to be ambiguous (Primo et al. 2010). Equally as important, perhaps
moreso in terms of any response to an invader, is understanding how an invasive
species adapts to a novel environment for adapt it must if it is to succeed (Facon et al.
2006). Do the parameters of its life history change and, if so, how do they change?
Can the invader adapt to differing abiotic conditions – temperature, wave action, etc.
(Hellman et al. 2008)? Does it establish in an entirely different niche than has
previously been recorded? Take for example Undaria pinnatifida, an invasive algal
species native to the northwestern Pacific region (Japan, Korea, southeastern Russia)
and now well-stablished in New Zealand (Russell et al. 2008; Primo et al. 2010).
Primo et al. (2010) found differences in the pattern of U. pinnatifida sporophyte
abundances between several invaded ranges. Port Phillip Bay, Australia and New
Zealand populations were most similar exhibiting some periods where sporophtyes
were absent while in Argentinian populations sporophytes were never completely
absent. Tasmanian populations lag behind these and exhibit a total absence of
sporophytes in April (Primo et al. 2010). Russell et al. (2008) found U. pinnatifida to
have spread outside the relatively calm conditions of harbours initially invaded to
areas of persistent and high wave action indicating its adaptation to settle in a
broader range of niches than expected.

The life history of Bugulina flabellata has to date been subject to few investigations
and those undertaken have been done primarily in the northern hemisphere. Major
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studies have included a comprehensive study of B. flabellata’s embryology (Corrêa
1949), a broad-brush picture of reproductive seasonality, growth, and distribution in
the western United Kingdom (Eggleston 1963, Dyrynda and Ryland 1982), and
individual polypide recycling and sexual activity (Dyrynda and Ryland 1982).

Eggleston’s PhD thesis (1963) entitled “The Marine Polyzoa of the Isle of Man” forms
the basis of the Isle of Man portion of this study. It covered both entoprocts (Family
Loxosomatidae) as well as bryozoans (forty-one families, including Bugulidae).
Eggleston’s results, as published in his thesis (1963) and two subsequent articles
stemming from his thesis work (1972a, b), form the bedrock of much of what is
known about bryozoan species around Europe (Ryland 1970; Jackson 1977; Hayward
and Ryland 1979; Hayward and Ryland 1998; etc.). This is particularly true for his
findings on B. flabellata where his work is cited by Ryland (1970), Stebbing (1971),
Dyrynda and Ryland (1982), and others and it is for this reason Eggleston’s results
were chosen for comparison.

In New Zealand, the life history of Bugulina flabellata is relatively unstudied. The
presence and/or absence of the species were noted in various early studies of marine
fouling in ports, harbours, and on vessels (Ralph and Hurley 1952; Skerman 1958,
1959, 1960). In the early 2000s, New Zealand’s Ministry of Agriculture and Fisheries
(MAF) Biosecurity found B. flabellata in their baseline surveys of the major ports,
harbours, and large marinas around the country to identify non-indigenous species.
Again, this exercise was largely restricted to presence or absence of these species but
included the further information of location, depth, and method of collection for each
locale. The most recent research undertaken on Bugulina flabellata in New Zealand
investigated the functional morphology of its avicularia (Carter 2008).
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Does Bugulina flabellata maintain its northern hemisphere timing in its new
southern hemisphere setting, has it adjusted to the seasons, or is it entirely changed?
This chapter aims to clarify the picture by:

•

determining life-history parameters in a New Zealand environment using
the same broad-brush approach as Eggleston (1963); and

•

comparing results obtained from New Zealand study to those of Eggleston
(1963) from the Isle of Man.

3.2 Study environments
3.2.1 Comparison
Eggleston’s study area in the southwestern Isle of Man shares roughly the same
environmental variables – salinity, temperature range, rainfall amounts, sunlight
hours – as the Otago Harbour study area (Table 3.1) despite being nearly 10 degrees
further north of the equator than Otago Harbour is south of it. The annual
temperature range, in particular, is very similar for the two sites: 6-16°C in the Isle of
Man compared to ~ 7-16°C in the Otago Harbour area. The major differences
between the two sites are the hemisphere where each is located, Northern versus
Southern, and the reversal of seasons that this entails – Austral Summer is European
Winter, for example. Additionally, Eggleston’s study area had conditions more closely
aligned to open ocean, albeit inshore, than did Otago Harbour. The depth range of his
study was 0 – 54 m whereas that of the Otago Harbour study was 0 – 13 m (within
the Harbour itself; other sites investigated for the presence or absence of Bugulina
flabellata were in depths of up to 25 m). Maximum current velocities in the Isle of
Man study were, at times, just over double those found in Otago Harbour (2.01 m-s
versus 1.0 m-s). Finally, there was a lesser degree of variability in seabed composition
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within Otago Harbour, which is mostly sand interspersed with muddy pockets, in
comparison to that in the Isle of Man, which was mixed gravel, sand, stone, mud, and
fine sand.

More detailed descriptions for both the Isle of Man and Otago Harbour - including
climate and weather; water movement, temperature, salinity, tides, currents and
wave action; sediments and turbidity; and effects from human occupation – can be
found in Appendix 1.
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Table 3.1 Overview of environmental variables for Isle of Man and Portobello Marine Laboratory study sites.

Location
Seasons
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Salinity

Isle of Man
(1961–1962)
Approximately 54° 12’ N, 4° 45’ W
Meteorological
Spring = March-May
Summer = June-August
Autumn = September-November
Winter = December-February

New Zealand
(2009–2010)
Approximately 45° 49’ S, 170° 38’ E
Meteorological
Spring = September-November
Summer = December-February
Autumn = March-May
Winter = June-August

Shift to align seawater temperature to meteorological
season (temperature range °C)
Spring = May-July (9-14 °C)
Summer = August-October (14-11 °C)
Autumn = November-January (11-8 °C)
Winter = February-April (8-5 °C)
~35 psu with an overall 0.15 psu fluctuation throughout
the year

Seawater temperature closely follows atmospheric temperature at
PML thus no shift to align seawater temperature to meteorological
season was required.

Sea Temperature
Rainfall
Light
Depth

Annual range 6-16 °C (most years)
810.7 mm
1478.2 hours sunshine yearly
0-54 m; most (13 sites) within 36-54 m depth range

Water Movement

Current up to 4 kts (2.01 m-s) – max velocity in Calf
Sound
Mixed gravel, mixed sand, mixed stone, mud and fine
sand

Seabed
Composition

34.3 ± 0.09 psu Lower Harbour
32.6 ± 5.4 psu Upper Harbour
Note the variability in the Upper Harbour is due to increased
freshwater input form storm drains from Dunedin city and the
Water of Leith.
Annual range 6.7-16.3 °C (mean 1953-2007)
708 mm
1795 hours sunshine yearly
0-13 m (within Otago Harbour)
21.3 m off Taiaroa Heads (rocket removal)
6 m Port Pegasus (Stewart Island)
25 m Paterson Inlet (Stewart Island)
0-6 m Ulva Island and Golden Bay docks (Stewart Island)
8 m Oban ferry terminal dock (Stewart Island)
1.0 m-s, maximum, between PML and Quarantine Island
Majority sand interspersed with pockets of mud

Figure 3.1 Map of the Isle of Man. Approximate area of Eggleston’s 1963 PhD
study
shown
by
red
lines.
Adapted
from
Eric
Gaba
https://commons.wikimedia.org/w/index.php?curid=2139597; accessed 1 October 2016.
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Figure 3.2 Eggleston’s survey area and distribution of bottom types. Bottom types:
m = mud; ms = muddy sand; s = sand; and c = coarse (gravel/rocks). From Eggleston (1972b,
p. 247).

Figure 3.3 Map of Otago Harbour showing the location of Portobello Marine
Laboratory on the Portobello Peninsula about halfway along the length of the
Harbour. (Smith et al. 2010, p. 74)
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Figure 3.4 Monthly mean sea surface and air temperatures from the Isle of Man
(May 1961 – May 1962, top) and Portobello Marine Laboratory (September 2009
– October 2010, bottom). Sea surface temperatures recorded at Port Erin Marine Lab. Air
temperature data recorded at the Ronaldsway Airport, Isle of Man, approximately 16 km
from Port Erin. These data provided by K. Kennington and D. Brown, both employed by the
Government of the Isle of Man. Air and sea temperatures recorded daily from end of
Portobello Marine Laboratory’s fixed wharf at 9 am.
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3.3 Methods
3.3.1 Isle of Man, United Kingdom
Eggleston (1963) described the area of his study as follows: Niarbyl (on the Isle of
Man’s west coast – 54° 9’ 48.24” N, 4° 44’ 28.79” W) to 17 km west of Niarbyl (54° 9”
48.24” N, 4° 59’ 51.58” W) then south for 25.7 km (53° 56’ 16.15” N, 4° 59’ 51.58” W)
then east for 20.9 km (53° 56’ 16.15” N, 4° 40’ 28.29” W) then north to meet the
shoreline slightly to the west of Scarlett Point (54° 3’ 44.25” N, 4° 40’ 27.80” W) (all
latitudes and longitudes are approximate). He had three aims regarding the study of
Manx bryozoans: first, to investigate the distribution of species and, where possible,
to understand the importance of various environmental factors such as seabed
composition, water movement, type of substrata available for settlement, and depth
on bryozoan distribution; second, to garner information on the timing and extent of
reproduction in Manx bryozoans; and finally, to gain any further available general
information and data on Manx bryozoans. Table 3.2 compares the aims, materials,
and methods used for both the Isle of Man and the Portobello, Otago Harbour studies.

Eggleston employed various methods of sample collection. Shore collections were
made fortnightly in the immediate vicinity of the Port Erin Marine Laboratory. Small
stones and other easily carried substrata (e.g., shell) were removed at spring tides
from along the ruined outer breakwater and the outer surface of the inner breakwater
known as the T-block and taken back to the lab for examination. Shallow sublittoral
samples (to a depth of 30 m) were taken via snorkel or scuba. Off shore sampling was
undertaken using a scallop dredge lined with shrimp netting (majority of samples) or
via otter trawl (used in offshore muddy seabed areas). All trawls were an hour in
duration.
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Sample size and method of retention (here meaning random or non-random sample)
varied. For samples relating to distribution work, 2-3 L of randomly selected dredged
material was retained for examination in the laboratory from areas where bryozoa
were abundant. A slightly larger sample size of greater than 3 L was retained in areas
where bryozoans were less abundant. For samples being used to investigate timing
and extent of reproduction samples were not randomly selected but were instead
selected based on the amount of bryozoan cover of each substratum type. Sample
sizes were “often larger than the samples used for distribution purposes so that more
colonies of less common species would be obtained.” (Eggleston 1963, Part II, Section
1, p.5)

3.3.2 Portobello, Otago Harbour, New Zealand
This study was undertaken at the wharf at Portobello Marine Laboratory, Otago
Harbour (45° 49’ 40.24” S, 170° 38’ 23.64” E) using settling plates of powder-coated
steel, PVC, and slate. Settling plates were suspended horizontally 1 m below the
water’s surface from floating aluminium frames. Settling plates were in situ from
mid-September 2009 to end of October 2010 – a total of 408 days – and were
removed periodically for photographing.

Floating aluminium frames were constructed using Ullrich Aluminium (UA1228 75
mm diameter, 1.2 mm thick, 0.754 kg-m) extruded round aluminium tubing. Frames
were built from 160 cm section of tubing, mitre-cut and TIG-welded in the corners
resulting in a 160 x 160 cm frame structure. Cross-brace pieces were added across
corners for structural support (top left image, Figure 3.5). The floating frames were
used to suspend twelve 250 x 250 mm settling plates of varying types of substratum
(marine-grade ply coated in Altex #5 copper-based ablative anti-fouling paint;
powder-coated steel; sheet PVC; and slate) 1 m below the water’s surface. For this
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portion of the study only measurements taken using the slate substratum were used.
These settling plates were selected as the “natural” susbstratum as they were the
substratum type that most closely resembles those types found in the Isle of Man
where rocky shoreline is primarily Ordovician Manx slate (Hawkins et al. 2013). For
the purposes of this experiment differences in plate thickness were considered to be
inconsequential. Holes were drilled 25 mm from plate edge on each corner and a
pyramidal harness (top right image, Figure 3.5) was attached at these points both
above and below using UV-resistant cable ties. The length of the harness above plate
was 0.5 m and the length of the suspension cable from the frame was 0.5 m. Each
settling plate was weighted at the bottom with lead fishing weights commensurate to
ensure vertical suspension of the settling plate was maintained, insofar as possible, in
water column.

Harnessed plates were suspended from floating frame in random order by pot rope
(Bridon Cookes Danline 4 mm, 3-strand polypropylene pot rope, product code
18014045) and shark clip allowing for plates to be easily removed for photographing.
Suspension ropes were attached to the floating aluminuim frame 0.4 m apart via
triple clove hitch that was then wrapped in duct-tape to ensure it did not slip.
Floating frame structures were deployed in early September 2009 (bottom image,
Figure 3.5). Plates were attached in random order to the frame although three of each
type were required per frame to ensure balanced weighting for adequate
floatation/lift.

Plates were photographed as per the photo schedule in Appendix 2. Settling plates
were photographed using a 12.0 megapixel Fuji FinePix F50fd digital camera in a
bespoke (Fuji) waterproof housing. The upper and lower surfaces of the settling
plates were first photographed in their entirety before each surface was then
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thoroughly searched for colonies of B. flabellata. Colonies themselves were
individually photographed using the macro mode of the camera and a ruler for scale.
Only colonies attached to the settling plate surfaces themselves – i.e., not on
suspension ropes, plate edges, trailing hydroids, etc. – were recorded.

3.3.3 Comparison of data collected and analysis
3.3.3.1 Isle of Man, United Kingdom
Examination of all sample materials was undertaken using the low-power setting of a
binocular microscope in the laboratory.

For investigation regarding the distribution of bryozoan species the following
information was recorded: the number of colonies of each species; the number of
colonies of each species on each different substratum type; the total number of
bryozoa in the sample; the surface area of each substratum type in the sample; and
the total surface area of each sample.

For investigation relating to reproduction, Eggleston recorded the following for each
colony found in the sample: whether it was of mature size; the number of any eggs,
embryos, empty ooecia or ovicells present; and the number of small, immature
colonies of each species. Data recorded on the number of eggs, embryos, empty
ooecia or ovicells present was then used to plot monthly histograms for the following
parameters (depending on the life history of the bryozoan species in question): the
percentage of colonies with eggs; the percentage of colonies with embryos; the
percentage ooecia with embryos; and the number of eggs relative to the number of
empty ooecia. Data recorded for the number of small, immature colonies of each
species was used as an indicator for the growth to maturity of new generations of
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each species. For Bugulina flabellata Eggleston produced a histogram for the
percentage of colonies with embryos as B. flabellata is a placental ovicellate brooder.

3.3.3.2 Portobello, Otago Harbour, New Zealand
The number of colonies on upper (Top) and lower (Bottom) surfaces was recorded.
This provided information on the timing of recruitment of Bugulina flabellata in
Otago Harbour.

Sample photos were analysed using imageJ software (1.48v, Wayne Rasband,
National Institutes of Health, USA; http://imagej.nih.gov/ij; Java1.6.0_65 (64-bit)).
Images were scaled using the ruler in the photograph and colonies were measured
from point of attachment to substrate along the longest straight axis to colony tip to
obtain maximum length using the Straight Line Tool from ImageJ. The growth rate of
selected colonies was calculated using the range of zooid size provided in Gordon and
Mawatari (1992). The mean colony sizes for Top, Bottom and Plate Total were
calculated using 95% confidence interval by photo instance. A histogram showing the
number of colonies per size class (0-1 cm, 1-2 cm, 2-3 cm, 3-4 cm, 4-5 cm, >5 cm) by
photo instance was created to elucidate the potential number of generations per year.

Photos were further examined to determine the presence or absence of embryos. In
some instances, it was not possible to determine the presence or absence of embryos
and on these occasions those pictures that were not clear were excluded from the
record; thus, it is possible for the number of colonies with recorded embryos to be
lower than the total number of colonies recorded for a given photo instance.
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Table 3.3 provides an overview comparison of data recorded, method of examination,
and data analysis used for both the Isle of Man and the Portobello, Otago Harbour
studies.

Figure 3.5 Floating frame (top left), a plate harness (top right), and two floating
frames installed under PML (fixed) wharf (bottom).
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Table 3.2 Comparison of aims, materials, and methods of Isle of Man study (1961/62) and New Zealand study (2009/10).

Location
Aims

Sample collection
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Sample size

Isle of Man
(1961–1962)
Approximately 54° 12’ N, 4° 45’ W
1. Investigate the distribution of Manx bryozoans and,
where possible, the effects of environmental factors on
this distribution.
2. Gather information on the timing and extent of
reproduction in Manx bryozoans.
3. Gather any further available general information and
data on Manx bryozoans.
Shore collections
Shallow sublittoral (0-30 m) – snorkel and/or SCUBA
Off shore (30+ m) – scallop dredge lined with shrimp
netting or otter trawl (muddy seabed areas only). All
trawls an hour in duration.
Dependent on aim being investigated.

New Zealand
(2009–2010)
Approximately 45° 49’ S, 170° 38’ E
1. Gain an understanding of the life history, particularly
settlement and growth, of Bugulina flabellata in New Zealand.
2. Determine whether or not Bugulina flabellata exhibits a
preference for the type of substratum – natural or artificial/manmade – on which it will settle.

* Distribution samples – randomly selected, 2-3L in
volume in areas of high bryozoan abundance, 3+ L in
areas of lower bryozoan abundance

Individual photos taken of each colony.

* Reproduction samples – not randomly selected, rather
chosen for the amount of bryozoan cover of each
substratum type in an effort to include as many less
common bryozoan species as possible

Periodic photographing of – using macro function of 12.0
megapixel Fuji FinePix F50fd digital camera – slate settling plates
in situ at under wharf at Portobello Marine Laboratory
6 x 25 cm2 slate settling plates (3 m2 total surface area)

Table 3.3 Comparison of data recorded, method of examination, and data analysis of Isle of Man study (1961/62) and New
Zealand study (2009/2010).

Method of
examination

Isle of Man
(1961–1962)
Low power setting on binocular microscope in
laboratory

Data recorded

Dependent on aim being investigated.
* Distribution samples – location and depth of
collection; number of colonies of each species; number
of colonies of each species on each type of substratum;
total number of bryozoa in sample; surface area of each
substratum type in sample; and total surface area of
each sample.
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Statistics

* Reproduction samples – whether colony is of mature
size; the number of eggs, embryos, empty ooecia, or
ovicells present; and the number of small, immature
colonies of each species.
Distribution
* Location, type of substratum colonized

Reproduction
* Percentage of colonies with eggs.
* Percentage of colonies with embryos.
* Percentage of ooecia with embryos.
* Number of eggs relative to the number of empty ooecia.

New Zealand
(2009–2010)
Photos were analysed using imageJ software (1.48v, Wayne Rasband,
National Institutes of Health, USA; http://imagej.nih.gov/ij;
Java1.6.0_65 (64-bit))
Timing of recruitment.
Number of colonies (Top, Bottom, Total) per settling plate.
Length of each colony per photo instance.
Presence or absence of embryos per colony by photo instance.

Timing of recruitment.
Growth rate for selected colonies.
Mean colony size (Top, Bottom, Plate Total) per photo instance.
Number of colonies by size class (0-1 cm, 1-2 cm, 2-3 cm, 3-4 cm, 4-5
cm, >5 cm) by photo instance.
Percentage colonies with embryos.

3.4 Results
3.4.1 Eggleston’s Isle of Man observations
Bugulina flabellata was found to be the most common Bugula spp. in Eggleston’s
study occurring in “fair” numbers of between 5-20 colonies per “brekit” sample. B.
flabellata was located most frequently in two areas each with a different seabed
composition: the first was an area of intermediate composition between inshore
muddy sand and clean shell and sand whereas the second was an area of coarse
gravel, abundant shell and stones, and, notably, a strong current. It was found least
frequently in offshore muddy sand.

In terms of substratum selected for settling, Bugulina flabellata was found to be most
common on sessile marine organisms and shells, followed by stone. Eggleston did
find that though these types of substratum seemed to be the primary substratum
colonized, B. flabellata was, in fact, primarily attached to another bryozoan colony,
usually of an encrusting species. Most commonly these host species were Porella
concinna (Busk) and Celleporaria pumicosa (Hincks) (probably Cellepora pumicosa
Pallas, 1766). Other, less frequent host species were Schizomavella auriculata
(Hassall) and Cellaria spp.

Bugulina flabellata colonies overwintered as small colonies, stumps, or ancestrulaelike shoots in the Isle of Man. Eggleston recorded very few large colonies between
November 1961 and January 1962 and none between January and March 1962. Slow
growth was noted in the period between November and March and became more
rapid after this time. The period of growth between March-early May 1962 was
required to achieve sufficient size for colonies to become sexually mature.
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Eggleston found two generations of Bugulina flabellata colonies per year. The first
generation produced embryos in the period between May-mid-September 1962. The
second generation produced embryos from mid-September-October 1962. During
peak reproduction Eggleston noted differing zones of development in ooecia and
embryos along the length of colony branches.

Figure 3.6 Eggleston’s figure showing percentage colonies with embryos in each
month’s samples (June 1961-May 1962) for Bugulina flabellata. (Eggleston 1963, p.
214)

3.4.2 Portobello, New Zealand observations
The first colony of Bugulina flabellata to recruit to slate settling plates was recorded
eleven weeks post-installation of settling plate frame structures. A single colony was
recorded from the bottom position of a slate settling plate while taking photos on 7
December 2009 (sixth photo instance). The rate of recruitment was most rapid
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between 13 January and 4 February 2010(photo instances nine and ten, respectively)
where recorded colonies jumped from 6 to 46. The second most rapid period of
recruitment occurred between 10 February and 3 March (photo instances eleven and
twelve) where the number of recorded colonies increased from 37 to 65 (Figure 3.7).

The first colony of Bugulina flabellata recorded was 83 days post installation of
settling plates. At this time, the colony was 6.6 mm in height. The colony was not
visible on 26 November 2009 (fifth photo instance). Ten days elapsed between 26
November and 7 December, a growth rate of 0.66 mm per day, or roughly a zooid
length per day (Gordon and Mawatari (1992) describe approximate zooid length at
0.64-0.86 mm per zooid). The same colony had grown to 12.2 mm in height (nearly
double the height) when photographed on 22 December (seventh photo instance, 15
days elapsed time, ~0.37 mm-day). Similarly, one colony first recorded as 5.2 mm in
height on 22 December had increased in size to 9.8 mm by 1 January 2010 (10 days,
~0.46 mm-day) and 14.8 mm (twelve days, ~0.42 mm-day) by 13 January.
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Figure 3.7 Total number of Bugulina flabellata colonies recorded by date of settling plate examination. These are total raw numbers
for top/bottom plate position as well as overall total number of colonies is shown across all settling plate types.

The number of colonies per plate was variable. The mean number of colonies per
plate (by top/bottom plate position; raw data appears in Appendix 3) can be seen in
Figure 3.8. The highest mean number of colonies per plate (overall total) was 11.5 on
18 March 2010 (photo instance 13); the lowest mean was 0.17 colonies per plate
(overall total) on 7 December 2009 (photo instance 6). The mean number of colonies
was higher for the bottom plate position between 7 December 2009 and 20 May 2010
(photo instances 6 through to 19 – summer and autumn). The top plate position had
the highest mean number of colonies between 16 June and 29 September 2010
(photo instances 20 to 23 – winter). Two static periods, the first between 14 April and
6 May 2010 (photo instances 16 and 17) and the second between 29 July and 10
September 2010 (photo instances 21 and 22), appear to mark the end of the two
yearly generations of B. flabellata.

Mean colony size increased across the duration of the 12 months of this study (Figure
3.9). Large decreases in size, such as that seen for top plate position in I January
2010 (photo instance 8), generally indicate a decrease in total colony number(s); in
this example, the disappearance of the single established colony. The smallest colony
recorded was 0.15 cm in length (29 July 2010, photo instance 21) and the largest was
5.85 cm (10 September 2010, photo instance 22). Visible dieback was first noted on
31 March 2010 (photo instance 14) in a colony sited on the top plate position. Stumps
of a colony were first noted on 16 June 2010 (photo instance 20) however the
majority of colonies (>75%) persisted throughout.
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Figure 3.8 Mean number of Bugulina flabellata colonies by plate position and total number. Standard error is shown for each. *n = 6
for all dates except 7/12/2009 and 1/1, 12/1, 6/5, and 10/09/2010 where n = 5.
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Figure 3.9 Mean colony size of Bugulina flabellata for Top and Bottom plate position by date of settling plate examination.
Standard error is shown for each. *n = 6 for all dates except 7/12/2009 and 1/1, 12/1, 6/5, and 10/09/2010 where n = 5.

Ordering colonies of Bugulina flabellata by class size (Figure 3.10) shows dominance
by two class sizes, 1-2 cm and 2-3 cm for 11 of the 18 dates where colonies were
recorded. The third most prevalent size class is 3-4 cm in length. There are 3 “pulses”
of colonies of 0-1 cm (newly settled and juvenile colonies). The first and largest pulse
is seen between 4 February and 17 March 2010 (photo instances 10 to 13). The initial
large pulse is followed by two much smaller pulses – the first between 7 April and 14
May 2010 (photo instances 15 to 18), and the second between 29 July and 28
September 2010 (photo instances 21 to 23). The smallest size class was >5 cm.

No colonies had visible embryos until 13 January 2010 (119 days post-installation of
plate and frame structures, photo instance 9) (Figure 3.11). The percentage of
colonies of Bugulina flabellata with embryos can be split into thirds. The first third
(13 January to 17 March 2010, or first 5 photo instances) was dominated by colonies
in the 2-3 cm size class, followed by the 3-4 cm size class. The second third (31 March
to 14 May 2010, photo instances 14 to 18) was clearly dominated by colonies of 4-5
cm followed by colonies of 3-4 cm. The final third (20 May to 28 September 2010,
photo instances 19-23) was again dominated by colonies of 4-5 cm, followed by
colonies of the 3-4 cm size class. Only on 29 July (photo instance 21) and 28
September 2010 (photo instances 23) did colonies greater than 5 cm in size have
visible embryos.
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Figure 3.10 Bugulina flabellata colonies by class size by photo instance and date settling plates examined. The majority of colonies
fall into the 1-2 cm and 2-3 cm class ranges.
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Figure 3.11 Percentage of colonies of Bugulina flabellata with embryos by class size photo instance and date settling plates were
examined.
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Figure 3.12 Total number and percentage of colonies of Bugulina flabellata with embryos by photo instance and date of settling
plate examination.

The total number of colonies of Bugulina flabellata was steadiest between 31 March
and 29 July 2010 (photo instances 14 to 21) with the exception of an approximate 15
colony drop in the number of colonies in 6 May 2010 (photo instance 17). This drop
was, however, coincident with a change in n (6 down to 5) due to the failure of
suspension rigging on a settling plate. The percentage of colonies with embryos was
in the 50 to 65% range for just over half of the photo instances where embryos were
visible (8 out of 15 dates settling plates were examined).

3.4.3 Comparison – Isle of Man vs Portobello, New Zealand
In the Isle of Man Eggleston found that Bugulina flabellata was most commonly
found in two areas: first, in an area of inshore muddy sand to clean shell and sand,
and, second, in an area of coarse gravel, shell and stone. The current was faster in the
second of the two areas. B. flabellata was most commonly attached to sessile marine
organisms, shell and stone. It was, at first glance, attached to the substratum itself
but further investigation showed B. flabellata to be settled on another bryozoan
species, usually an encrusting one. Bugulina flabellata overwintered in one of three
forms: small colonies, stumps of colonies, or as ancestrula-like shoots. Few large
colonies persisted to January 1962 and none afterwards. The remaining small
colonies and shoots grew slowly between November 1961 and March 1962 after which
time a period of rapid growth occurred. There were two generations of B. flabellata
per year: the first between May and September 1961 and the second between
September and October 1961. Embryos were present for 6 months of the year.

At Portobello, Bugulina flabellata was found to settle on the slate settling plates that
were the focus of this portion of the study as well as on PVC and powder-coated plate
steel settling plates. In addition to varying types of substratum provided by settling
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plates, B. flabellata was also found settled on pot rope, tunicates, hydroids, and cable
ties in the immediate vicinity of the study site. All substrata settled were in an area of
fast flowing current. The colonies appeared to be attached to bare substratum and not
to another bryozoan species as found by Eggleston.

Though, as in the Isle of Man, there was some dieback of colonies to stumps or tatty
remnants, this was the exception and not the rule. Most colonies (>75%) persisted
through to plate removal in late September 2010. Growth of colonies was slow
between early December 2009 and early February 2010 when a period of rapid
growth was recorded. This period of rapid growth persisted for approximately a
month and a half before tapering off over the following six months. As in Eggleston’s
study, two generations of Bugulina flabellata were recorded at Portobello.
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Table 3.4 Overview comparison between life history of Bugulina flabellata in the Isle of Man and in New Zealand.

Recruitment
Embryos present
Larval dispersal

Generations per
year

Isle of Man
(1961-1962)
Assumed to be May-October
(Spring-Autumn)
May-October (Spring-Autumn)
“present investigation has indicated that many species are
more or less limited to a particular type of support and are
not distributed at random.” Lecithotrophic and short-lived;
limited dispersal distance.
Two – 1st June-September (Summer)

New Zealand
(2009- 2010)
December (early Summer)-onwards
January-September (Summer-Winter)
Planktonic; short-lived, lecithotrophic; limited
dispersal distance
Two – 1st early December-mid-April
(Summer-early Autumn)

2nd September-October (Autumn)
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Overwintering
stage
Primarily attached
to
Substrate
colonized

Ancestrulae, small colony, stump of large colony, or shoots
from rhizoids
Another bryozoan, usually an encrusting species often
another Cheilostome
Shells, rocks, Laminaria saccharina

2nd early May-mid-June
(Autumn-Winter)
Degenerating/tatty colonies, few stumps, normal
colonies, smaller colonies
Bare substratum
Coated steel, slate, PVC, pot rope, tunicates,
hydroids, cable ties

3.5 Discussion
This study investigated whether or not the life history of Bugulina flabellata differed
between its northern hemisphere home and a site of its transplantation in the
southern hemisphere. As expected there were both similarities and differences
between the two locales. B. flabellata experienced a period of rapid growth in both
the Northern and Southern Hemisphere study sites. In the Isle of Man, this period of
rapid growth took place between March and early May (approximately 2 months). At
Portobello this period of rapid growth took place between mid-January and the
beginning of March (approximately 1.5 months). The mean growth rate of selected
colonies in Portobello during this period of rapid growth was 0.46 mm-day. This
growth rate is similar to that recorded by Loppens (1905) from B. flabellata colonies
found growing on bricks in Nieuport Harbour (0.44 mm-day or ~7 mm 16 days postsettlement).

Similarly, Bugulina flabellata was found to have two generations of colonies per year.
In the Isle of Man, Eggleston determined these two generations as follows: first
generation between June and September, and second between September and
October. In Portobello, B. flabellata’s generations were as follows: first generation
between January and mid-April, and second between early May to mid-June. Two
generations were also reported by Dyrynda and Ryland (1982) from Oxwich Bay on
the Gower Peninsula in south Wales and Gautier (1962) in the Mediterranean.

There were several major differences found between Bugulina flabellata in the Isle of
Man and Portobello. In Eggleston’s study embryos were found in colonies over a sixmonth period (May-October). Colonies in Portobello had embryos for a nine-month
period (January-September). Additionally, colonies in the Isle of Man had a different
overwintering strategy than those from Portobello. Eggleston found that Manx
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colonies of B. flabellata took one of three forms over the winter period: small
colonies, stumps of colonies, or ancestrula-like shoots. At Portobello more than 75%
of B. flabellata colonies persisted intact over the winter period. Eggleston recorded
few large colonies between November 1961 and January 1962 and none thereafter.
Several colonies of greater than 5 cm in length were recorded on removal of settling
plates in the austral spring of 2010 (September). Finally, growth continued over the
course of the winter period in Portobello, even in the larger colonies. While slow
growth was seen in Isle of Man colonies it was restricted to small colonies and shoots
only as no large colonies remained beyond January.

Figure 3.13 Life cycle diagram for northern hemisphere Bugulina flabellata.
Steps (A) – (C) take place between late March to May for 1st generation; (C) – (D) growth to
mature colony June – July; * for second generation this growth phase lasts approximately 2
months September – October. (A – redrawn after Ryland 1970; B – D redrawn after Hayward
and Ryland 1998).
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Figure 3.14 Life cycle diagram for southern hemisphere (New Zealand)
Bugulina flabellata. Steps (A) – (C) take place between late October – November for 1st
generation; (C) – (D) growth to mature colony December - September; * for steps (A) – (C)
take place May – mid-June while steps (C) – (D) take place June - September. NOTE: there
is no definitive dieback here as in the northern hemisphere as large colonies persist. (A –
redrawn after Ryland 1970; B – D redrawn after Hayward and Ryland 1998).

3.5.1 Discussion of differences
The differences seen between Bugulina flabellata in its northern hemisphere native
range and in its transplanted southern hemisphere locale could be influenced by a
number of factors. For example, embryos were found in colonies for six months out of
the year whereas at Portobello they were found for nine months. One potential reason
for this is day-length. Eggleston’s study area in the Isle of Man is located at 54° 12’ N
whereas Portobello is 45° 49’ S. This is a difference, roughly, of 9 degrees. At the
height of summer, day-length is longer at 54° N than at 45° S. For example, at the
summer solstice 60° N will receive approximately 19 hours of daylight, 50° N just
over 16 hours, and 40° N approximately 15 hours (Figure 3.15) (Burgess 2009). The
higher the latitude the greater the daily change in day-length. Because Portobello is at
lower latitude than the Isle of Man, the day-length changes less each day and has less
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variation over the course of the year. Though both locations share roughly the same
number of daylight hours over the course of the year (Table 3.1), the distribution of
these daylight hours is much different. This is one potential reason for the extended
presence of embryos in B. flabellata in New Zealand.

The lesser variation in day-length at Portobello may also be a factor in the persistence
of Bugulina flabellata colonies over the course of winter. Dyrynda and Ryland (1982)
posit seasonality of environmental conditions being one of the main drivers behind
the dieback seen in modular species such as bryozoans in shallow sublittoral
environments. Summer is “favourable” in terms of temperature, sunlight, food
availability (phytoplankton), and lower turbidity in the water column (presumably
due to less frequent storm events). At Portobello, the greater evenness in day-length
means that phytoplankton would be in ready supply for a greater duration than in a
higher latitude area where day-length changes more rapidly. Furthermore, when
viewed in conjunction with the difference in depths between the two studies (Isle of
Man 0-54 m with most in the 36-54 m range, Portobello settling plates suspended 1
m below water line and max depth investigated ~25 m; further detail for New
Zealand Table 3.1) light is a, possibly the, key factor for the differences between the
two sites.
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Figure 3.15 The effects of latitude on day-length. The above shows the length of
northern latitude days from sunrise to sunset as a function of day of the year. (Loomis and
Conner (1996) in Burgess (2009)).

Water temperature is not likely to be a factor in terms of the extended presence of
embryos in Portobello colonies of B. flabellata, nor for the persistence of colonies
over winter. The range in water temperature during the presence of embryos in the
Isle of Man was approximately 10.5-14°C. The range in water temperature at
Portobello when embryos were present was approximately 7-16°C. In terms of
colonies that overwintered intact, it can reasonably be argued that the wider range in
temperature recorded at Portobello would have been more likely to have deleterious
effects than a positive one.

Bugulina flabellata at Portobello had only one species of erect bryozoan to compete
against – Elzerina binderii. With the exception of sometimes densely-growing
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trailing hydroids, algae such as Ulva and Undaria, and the sea tulip Pyura
pachydermatina, the remainder of species colonizing the settling plates was either
low-growing (solitary and colonial ascidians) or encrusting (coralline algae, sponges,
and bryozoans such as Disporella spp.). Jackson (1977) described vertical growth
such as that exhibited by B. flabellata as “escape in size”. Erect growth removes
competition for space as well as for food supply. Though B. flabellata colonies at
Portobello did have to compete with hydroids producing a canopy length that was
perhaps twice its own, this was for a brief period only – a month or two at most. In
the Isle of Man, eighteen additional species of bryozoa exhibiting erect growth were
recorded as sharing at least one of the three types of substratum on which B.
flabellata was commonly found, seventeen species shared two of the three types, and
eleven species shared all three (Eggleston 1963). Thus, Bugulina flabellata at
Portobello experienced less competition for space and resources than colonies found
in the Isle of Man that might explain both its ability to produce embryos for a longer
period as well as to survive the winter.

A final reason why differences have been noted in the life history of B. flabellata
between the species as it exists in the Isle of Man and at Portobello might be ecotypic
adaptation. Sanford and Kelly (2010) define local adaptation as “the fine-tuning of
populations to their local environments via natural selection” (p. 510). For example,
Dyrynda and Ryland (1982) noted that differences between the results of their study
and that of Corrêa (1949) on polypide and sexual cycling could be attributable to
ecotype. Corrêa’s study on Brazilian colonies of B. flabellata showed a finite and
defined number of polypide cycles per individual autozooid as well as a slight
protandry in the same. Ecotypic adaptation would explain why B. flabellata at
Oxwich Bay, Bristol Channel, UK (51° 33.3’ N, 4° 8.8’ W) produced first-generation
colonies from June-August and second-generation colonies from August-October
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(note that here frond initiation is being referenced and not the presence of embryos
as in Eggleston (1963) which would, of necessity, lag behind these two timeframes).
Similarly, it would explain why Gautier (1962) found embryos in B. flabellata
colonies in the Mediterranean in April, October, and December.

Even within New Zealand there is variability in the timing of settlement (and thereby
the presence of embryos) in B. flabellata. Skerman (1958, 1959), during surveys of
fouling communities in some of New Zealand’s ports, found the timing of peak
settlement in Lyttleton Harbour to be between December and February but between
March and April in Auckland. In Devonport Harger (1964) looked at the impact of
seasonality on the settlement and development of fouling communities. He found
that settling plates immersed between February and May developed a species
composition dominated by B. flabellata and two congeners within 4-6 weeks postimmersion. Plates immersed between June and October were only sparsely settled in
December and January. Plates immersed between November and January again
developed a species composition dominated by B. flabellata and two congeners
within 4-6 weeks post-immersion. In this instance, Harger found that colonies
settling between December and the end of January showed the fastest growth rates of
any species found during his study. These differences in settlement around New
Zealand are likely attributable to ecotypic adaptation.

3.6 Summary and Conclusions
Eggleston’s study (1963) found that B. flabellata in Manx waters settled primarily on
sessile marine organisms, shell, and stone, invariably on another bryozoan species,
usually an encrusting one. B. flabellata produced two generations per year and had
visible embryos for six out of twelve months of the year. Colonies of B. flabellata
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would overwinter as stumps, shoots, or small colonies and would begin a period of
rapid growth between March and early May.

At Portobello, Bugulina flabellata was found to have a similar period of rapid growth
to that seen in the Isle of Man. It was also found to have two generations per year.
However, embryos were found to be present for nine months, three months longer
than in the Isle of Man. Colonies of B. flabellata at Portobello did not die back to
stumps or shoots, nor was there a prevalence of small colonies during the winter
period. Instead, the majority (~75%) of colonies remained intact until the plates were
removed in September 2010. Furthermore, they appeared to settle on bare
substratum and not exclusively on another bryozoan species as seen in the Isle of
Man. Finally, B. flabellata settled on a variety of substrata, both natural and artificial,
in Portobello whereas it was only found on natural substrata in the Isle of Man.

Timing and, to a lesser extent, duration of life-history stages in Bugulina flabellata in
its southern hemisphere adopted home are significantly different from the northern
hemisphere where it originated, suggesting that B. flabellata has undergone ecotypic
adapation to its New Zealand environment. Recruitment at Portobello takes place
from December onwards. The first generation of B. flabellata appears from
December to April – austral summer to early autumn; the second generation appears
from May to September – austral autumn to winter.
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CHAPTER 4 – Substratum Preferences of
Bugulina flabellata
4.1 Introduction
Within its native range Bugulina flabellata is not considered to be a fouling species.
Eggleston (1963) found B. flabellata to be most abundant in dredge samples taken
from two areas: the first having a bottom composition that was intermediate between
inshore muddy sand and clean sand and shell; the second having a coarse ground
composition of gravel, abundant shell, and stones. It appears that, naturally,
Bugulina flabellata is most common on coarse and sandy, shelly gravels and less so
on inshore and offshore muddy sand. Eggleston found B. flabellata on sessile
organisms (common); shells (common); and stones (occasional). Eggleston’s (1963)
study also established the reproductive seasons of B. flabellata in its native range.
The majority of his samples were obtained via various dredging methods from 35 –
55 m depths but a number were taken from the Port Erin Breakwater and the outer
surface of an inner breakwater (locally referred to as the “T-block”).

Elsewhere, e.g. in Australia and New Zealand, B. flabellata is considered to be an
invasive or, possibly, adventive species (adventive in the sense of Cranfield et al.
(1998) meaning an exotic marine species that has become established postintroduction to a non-native environment). Recent research has supported the theory
that invasive species will preferentially colonize anthropogenic or human-made
substrata (Bulleri and Airoldi 2005; Glasby et al. 2007; Bulleri and Chapman 2010;
Simkanin et al. 2012) and potentially utilise it as a “beachhead” for expansion into
surrounding areas. Cranfield et al.’s 1998 survey of literature relating to adventive
species in New Zealand found that B. flabellata met 7 out of 9 criteria (Table 4.1) for
adventive species and that its most likely method of introduction into New Zealand
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was as part of a hull-fouling assemblage. The distribution of B. flabellata – more or
less limited to ports and harbours – as shown in Chapter 2, Figure 2.11 would appear
to support this method of introduction. With the completion of surveys undertaken
during the austral summers of 2001/2002 and 2002/2003, B. flabellata has now
been recorded in 12 of New Zealand’s 13 major ports and harbours (Inglis et al.
2006b; see also Inglis et al. 2005, 2006a, 2006c-m). (It should be noted that Gordon
and Mawatari (1992) reported the presence of B. flabellata in the Port of Nelson
while Inglis et al.’s (2006) baseline survey of the Port did not, suggesting that B.
flabellata was either not present in the areas surveyed or is potentially no longer
extant in that location.) These environments are, for the most part, artificial, making
them suitable to be utilized as strategic expansion points.

At the time this experiment was undertaken Bugulina flabellata was present at
various locations around Otago Harbour. Figure 4.1 provides an overview of Otago
Harbour while Figure 4.2 gives details of locations where B. flabellata was found.
This section of the study aims to determine whether or not colonies of B. flabellata
exhibit a preference for a particular type of substratum – natural or artificial. The
null hypothesis is:

Ho: There is no preference exhibited by Bugulina flabellata for recruitment to
a particular type of substratum.
and the alternate hypothesis is:
Ha: There is a preference exhibited by Bugulina flabellata for recruitment to a
particular type of substratum.
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Recruitment here is in the sense of Butler (1986) meaning that the organism has
settled and grown so as to be indentifiable at time of sampling, not necessarily to the
stage of an adult colony. These hypotheses were selected to test the theory that
invasive species will preferentially settle on substrata of an anthropogenic or manmade origin (see Bulleri and Airoldi 2005; Glasby et al. 2007; Bulleri and Chapman
2010; Simkanin et al. 2012; and others). As B. flabellata was found in locations
where movement of both pleasure boating and commercial shipping take place but
not in places where the vessels themselves tie up for extended periods – with one
notable exception off Taiaroa Head (Figure 4.2) – a potential preference to settle on
man-made substrata may exist.
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Table 4.1 Criteria to identify adventive species.

Criterion
1
2
3
4
5
6
7
8

9

Met by Bugulina
flabellata?

Has the species suddenly appeared locally in an area
where it has not been previously found?
Subsequent to its sudden appearance has the species
spread elsewhere?
Is the species’ distribution associated to human vectors
of dispersal?
Is the species associated with or dependent on other
introduced species?
Is the species prevalent in or restricted to new or
artificial environments?
When compared to similar natives, does the species have
a restricted distribution?
Does the species have a disjunctive worldwide
distribution?
Are dispersal mechanisms of the species inadequate to
reach New Zealand and is passive dispersal in ocean
currents unlike to bridge ocean gaps to reach New
Zealand?
Is the species isolated from the genetically and
morphologically most similar species elsewhere globally?

Y
Y
Y
N
Y
Y
Y
Y

N

Note: Criteria numbers 1 – 6 test the distribution of a species within New Zealand
while numbers 7 – 9 test the species’ global distribution. Adapted from Cranfield et
al. 1998.
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Figure 4.1 Map of Otago Harbour. A, upper harbour; B, mid-harbour/Port Chalmers area; and C, lower harbour. All maps from Google Earth
(accessed 12 November 2016).

A

B
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C

Figure 4.2 Distribution for Bugulina flabellata in Otago Harbour. Green
diamonds represent areas where B. flabellata was present, red diamonds where it was absent.
A – Upper Harbour (left to right – Rattray, Victoria, and Leith wharves, Victoria Channel by
channel marker 52); B – mid-Harbour and Port Chalmers (top to bottom, Container wharf,
Beach Street wharf, Goat Island, Quarantine Island dock, Portobello Marine Laboratory
wharves, Portobello and Broad Bay village pontoons); C – Lower Harbour (top to bottom –
PVC pipe for experimental installation approximately 2km from Harbour mouth; Aramoana
Mole, including Paloona wreck, Harington Point transect on channel edge). All maps from
Google Earth (accessed 12 November 2016).
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4.2 Materials and methods
4.2.1 Study environment
This study was undertaken at the wharf at Portobello Marine Laboratory, Dunedin
(45° 49’ 40.24” S, 170° 38’ 23.64” E) using settling plates of powder-coated steel, PVC,
and slate. Settling plates were suspended horizontally 1 m below the water’s surface
from floating aluminium frames. Settling plates were in situ from mid-September
2009 to end of October 2010 – a total of 408 days – and were removed periodically
for photographing. Seawater temperature has been measured at PML since the early
1950s. Since its inception, the overall average seawater temperature – as measured at
the end of the PML wharf – is 11.7°C with average yearly extremes of 4.4°C and
20.0°C. The maximum peak flood tidal velocity in the area is 1.0 m-s while the mean
is 0.75 m-s (P. Russell, pers comm) (see Chapter 3, Section 3.3.2 for detailed site
description).

4.2.2 Experimental setup
This portion of the study utilized the same experimental setup as detailed in Chapter
3, Section 3.3.2. Changes in methodology appear in the paragraphs below. For the
purposes of this section of the study only nine months’ worth of photographs were
analysed – covering the period from installation of experimental set up to six months
post-settlement of first recorded colony. As this portion of the study sought to
elucidate a potential preference for a particular type of substratum the use of two
frames for suspension of settling plates was incidental and not a factor of
investigation. The four types of substrata (n=6 for each substratum type) used here
were as follows: marine-grade ply coated in Altex #5 copper-based ablative antifouling paint; powder-coated steel; sheet PVC; and slate.
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Settling plates were to be removed for photographing bi-weekly. Over the course of
the study this became problematic for several reasons: the length of time required to
photograph the plates increased with increasing coverage of the plate surfaces; and
photography had to be scheduled around tide times, weather, and available boat and
personnel (the latter two of which were frequently subject to change). Actual dates
that photographs of settling plates were taken appear in the photographic schedule
(see Appendix 2). Settling plates were photographed using a 12.0 megapixel Fuji
FinePix F50fd digital camera in a bespoke (Fuji) waterproof housing. The upper and
lower surfaces of the settling plates were first photographed in their entirety before
each surface was then thoroughly searched for colonies of B. flabellata. Colonies
themselves were individually photographed using the macro mode of the camera and
a ruler for scale. Only colonies attached to the settling plate surfaces themselves – i.e.,
not on suspension ropes, plate edges, trailing hydroids, etc. – were counted. The
number of colonies on upper (Top) and lower (Bottom) surfaces were recorded.
Recording the details of all sessile organisms on settling plates was not undertaken as
the focus of this thesis was Bugulina flabellata and here, more specifically, its
potential preference for a particular susbstratum type.

4.2.3 Data analysis
Presence/absence data were analysed using PRIMER (version 6.1.18) and
PERMANOVA+ (version 1.0.8) (Primer-E Ltd., Ivybridge, UK; http://www.primere.com). PERMANOVA+ was selected as data collected could not be guaranteed to
meet the limitations and assumptions required by parametric testing: specifically,
random sampling and a normal distribution of the data (Anderson 2001; Townend
2002). Using permutational ANOVA negates the necessity to meet these limitations
and assumptions (McArdle and Anderson 2001). Furthermore, greater precision of Pvalue is achieved by increasing the number of permutations made (Anderson 2001)
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Data were left untransformed as all recorded sample values across the duration of the
study were less than 20. There were six instances where a plate was missing at the
time of taking sample photographs (two instances each for each type of substratum).
To avoid missing values in data analysis and to err on the conservative side, missing
data points were filled using the value recorded from the preceding sampling instance.
A zero-adjusted Bray-Curtis similarity matrix was computed before running further
statistical analyses. To account for the large number of zero values recorded from
date of installation of experimental set up to initial colonization a dummy variable
was employed (Clarke and Gorley 2006).

To check the assumption of sphericity of the data, a Bray-Curtis dissimilarity matrix
was first calculated before using a distance-based test for homogeneity of
multivariate dispersions (PERMDISP) to evaluate dissimilarities in variance amongst
treatments (Anderson et al. 2008; Kroeker et al. 2013). PERMDISP used Substratum
for group factor and measured distances to the centroid. P-values were calculated
using 9999 permutations.

To assess potential substratum preference for colonization by Bugulina flabellata, a
repeated measures PERMANOVA was employed. The PERMANOVA design included
three factors: substratum type – fixed, three levels (slate, PVC and steel); plate
position – random, two levels (top and bottom); and time – fixed, 19 instances
(numbered 1 – 19), resulting in an unbalanced design (Anderson 2001; Airoldi and
Bulleri

2011;

Atalah

et

al.

2013).

The

highest

order

interaction

–

Position(Substratum)XTime – was removed from PERMANOVA analysis as no
replication within cells was possible as only one sample value was possible per photo
instance (Anderson et al. 2008). The number of permutations used for the analysis
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was 9999. Type III Sum of Squares was employed to ensure orthogonality of all
hypotheses in the PERMANOVA design.

4.3 Results
No colonization was observed on settling plates until the sixth photo instance (7
December 2009), eleven weeks post-installation of settling plate frame structures.
Two colonies were recorded at that time: one each from the bottom of a slate and a
steel settling plate. The number of colonies recorded fluctuated from photo instance
to photo instance with the exception of instances 16 and 17 (14 April and 6 May,
respectively) where numbers recorded remained unchanged across all substratum
types and plate positions (Table 4.3 for further details).

The mean seawater temperature during this time period was 11.9°C with an extreme
low of 8.5°C (corresponding to an early October cold snap) and an extreme high of
14.8°C (during the final week of November). The mean number of daylight hours
during this time period was 14 hours 11 minutes with a low of 11 hours 44 minutes
and a high of 15 hours thirty-five minutes.

PERMANOVA analysis of sample data found no significant difference with regards to
substratum preference (p=0.9315) (Table 4.2).

This result supports the null

hypothesis that there would be no difference exhibited by Bugulina flabellata for
recruitment to a particular type of substratum, as does the chart of the pooled total
number of colonies recorded for each substratum type plotted by photo instance
(time) (Figure 4.2). Both the factors of Time (p=0.001) and Position(Substrate)
(p=0.001) were found to be significant.
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Table 4.2 PERMANOVA analysis of substratum preference by Bugulina
flabellata.

Source
Substratum
Time
Position(Substratum)
SubstratumXTime

df

Pseudo-F

P(perm)

2

0.22134

0.9315

18

70.688

0.0001

3

8.9534

0.0001

36

0.62735

0.9903
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Table 4.3 Raw data for number of Bugulina flabellata colonies recorded for each substratum type by plate position. Totals are
pooled for each plate position by substratum type. Installation date 15 September 2009.

Substratum

Position
PVC

Slate

Steel

Photo
Instance
Days Postinstallation

Top

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

16
0

27
0

36
0

64
0

72
0

83
0

98
0

107
0

119
0

141
6

147
3

168
30

182
33

196
31

203
30

210
31

232
31

240
38

246
42

Bottom

0

0

0

0

0

0

4

4

9

24

20

28

29

26

25

18

18

23

23

Total

0

0

0

0

0

0

4

4

9

30

23

58

62

57

55

49

49

61

65

Top

0

0

0

0

0

0

2

1

1

10

9

19

23

14

24

19

19

28

25

89

Bottom

0

0

0

0

0

1

2

1

5

36

28

46

46

40

33

28

28

38

40

Total

0

0

0

0

0

1

4

2

6

46

37

65

69

54

57

47

47

64

65

Top

0

0

0

0

0

0

3

2

1

18

17

31

33

38

29

36

36

43

42

Bottom

0

0

0

0

0

1

5

7

10

29

25

32

38

29

24

18

18

22

33

Total

0

0

0

0

0

1

8

9

11

47

42

63

71

67

53

54

54

65

75

1
Oct
09

12
Oct
09

21
Oct
09

18
Nov
09

26
Nov
09

7
Dec
09

22
Dec
09

1
Jan
10

13
Jan
10

4
Feb
10

10
Feb
10

3
Mar
10

17
Mar
10

31
Mar
10

Calendar
Date

7
Apr
10

14
Apr
10

6
May
10

14
May
10

20
May
10
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Figure 4.3 Mean number of Bugulina flabellata colonies by each substratum type per 25cm2. Mean is calculated from the pooled value
[(top plate position + bottom plate position) x (n = 6)] for each type of substratum. Standard error is shown for each substratum type by photo
instance.

4.4 Discussion
4.4.1 Bugulina flabellata in Otago Harbour
There is a growing body of literature suggesting that anthropogenic structures,
especially near-shore ones such as piers, pilings, groynes, seawalls, etc., are
facilitating the establishment of invasive species (see Schwindt et al. 2014; Ignacio et
al. 2010; Simkanin et al. 2012; Glasby et al. 2007; and others). It was with this in
mind that it was hypothesized that Bugulina flabellata, as a non-indigenous or,
possibly, cryptogenic species (neither readily identifiable as native nor as introduced,
Carlton 1996) in New Zealand, would exhibit a preference for artificial (steel, PVC)
substratum for recruitment. Statistical analyses performed on the data recorded in
this study appear to contradict this this idea and support the null hypothesis. With
respect to the PERMANOVA results, the p-values for both Substrate alone and
SubstratumXTime were >0.9. Slate settling plates had the same or greater total
number of settled colonies of B. flabellata than on PVC settling plates in 9 of the 13
photo instances in which colonies were recorded (Table 4.3). Indeed, in 10 out of 13
photo instances for the bottom plate position, slate settling plates had higher
recorded numbers of settled B. flabellata colonies than either PVC or steel.

Outside its native range Bugulina flabellata is known as a fouling adventive as its
distribution is limited to ports and harbours as well as to structures associated with,
for example, aquaculture, oil extraction or energy creation. That said, Gordon (1967)
did record finding B. flabellata on beach-cast items as well as on artificial structures,
such as wharf piles; other bryozoans; algae; and stones and boulders, which suggests
a possible acclimatization or naturalization to Auckland’s marine environment and a
subsequent range extension outside those normally associated invasive species.
Acclimatization to environment would explain then why no significant preference
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was shown for any of the three experimental substrata provided here. All three types
were located in close proximity to a larval supply and would then be equally likely to
be settled. This theory is somewhat undermined by an absence of Bugulina flabellata
in those areas of Otago Harbour surveyed outside the immediate proximity of port
infrastructure – such as the Aramoana Mole, Harington Point, and Victoria Channel
(pers. obs.) (see Figure 4.2). B. flabellata is found in Port Chalmers; in the town basin
at Rattray Wharf, Victoria Wharf, and Leith Wharf; on docks and pontoons along the
southern side of the harbour (e.g., PML, Portobello, Broad Bay, etc.); and on a PVC
pipe approximately two kilometres from the tip of Aramoana Mole (pers. obs.).
Depending on the date of introduction in Otago Harbour, it is possible that an
insufficient amount of time has elapsed to allow for the spread or acclimatization of
the species here. The results found in this study appear to support this supposition.

4.4.2 Preference of invasive species for artificial substrata
Results obtained in this study are also in opposition to those found in similar studies
utilizing artificial substrata to investigate preferential settlement by non-native or
invasive species. Tyrrell and Byers (2007) used four natural (shell, marble, slate, and
wood) and four artificial (aluminium sheet metal, Styrofoam, PVC, and rubber)
substrata to study settlement and percentage cover of native versus non-native (they
use “exotic”) species over a six-month period. Though they found that both artificial
and natural substratum types had similar total numbers of species colonizing them
and shared common taxa and different pattern emerged on artificial substrata with
continued community development. Native species declined in abundance while
exotic species rapidly increased in abundance, an increase mainly attributable to two
colonial tunicate species, Botrylloides violaceus and Botryllus schlosseri. Their
results support the hypothesis that any competitive advantage held by native species

92

in a given environment may be nullified or muted in the presence of artificial
substrata.

Wasson et al. (2005) found that artificial hard substrata in their study area – an
estuarine system heavily modified by docks, pontoons, jetties, etc. – was much more
heavily invaded than soft substrata in the same area. They postulated that this
pattern was potentially caused by a lack of sessile native species normally occupying
hard substrata and corresponding creation of habitat suitable for invasive colonizers
of hard substrata. Preferential settlement of hard substrata by invasive species was
thought to be further enhanced by activities undertaken in estuary; two in particular,
shipping traffic (and hull-fouling associated with this mode of transport) and
shellfish cultivation, are well known vectors for introduction of invasive species
inhabiting hard substrata.

Holst and Jarms (2007) used five types of substrata (concrete, machined wood,
polyethylene, glass, and shells) to investigate substrate choice and preference in
various species of scyphozoa (jellyfish). Free-swimming scyphozoan planula larvae
settle on hard substrata where they then metamorphose to become sessile polyps.
These polyps then undergo a process called strobilation, a method of repeated
asexual segmentation that produces numerous juvenile medusae (Duarte et al. 2012;
Holst and Jarms 2007). They found that the preferred surface for settlement was the
underside, that artificial substrata were preferentially settled by three out of the five
jellyfish species being used in the study and that polyethylene plastic, in particular,
was most attractive to two of the five species including Aurelia aurita which has a
circumglobal distribution. Lo et al. (2008) found that aquaculture rafts in a coastal
Taiwanese lagoon enhanced populations of the jellyfish Aurelia aurita by providing
areas with ideal settlement conditions for its larvae. The rafts were constructed of
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natural materials – bamboo – but served to limit water circulation within the lagoon
as well as creating shaded overhangs that is preferentially settled by this species.
Hoover and Purcell (2009) found that scyphozoans preferentially settled certain
substrata (EPS foams and polyethelene plastics over rubber or wood) in a lab setting
and that this preferential settlement of a given substrate type might be compounded
in the field by limited space in which to settle. Field studies undertaken by Duarte et
al. (2012) in both Chesapeake Bay (Maryland, USA) and in the Mediterranean Sea
resulted in planula larvae from two different jellyfish species settling in densities
comparable to or higher than those on natural substrata even when the two substrata
types – natural and artificial – were placed side by side. Jellyfish blooms are
becoming increasingly more common with global warming and continued
eutrophication of coastal seas. Duarte et al. (2012) postulate that this increasing
frequency is also attributable to “global ocean sprawl” – increased activity in coastal
industries such as shipping and aquaculture and expansion of the infrastructure that
supports them. Though larval forms of scyphozoan (jellyfish) will settle on natural
hard substrata, this apparent preference for artificial hard substrata has the potential
to further increase the frequency of these blooms.

Several of the studies postulating that artificial structures – and thereby artificial
substrata – are preferentially colonized by invasive species (e.g., Schwindt et al. 2014;
Connell and Glasby 1999; Glasby et al. 2007, Dafforn et al. 2008, Dafforn et al. 2009,
among others) sampled either vertical surfaces or vertically suspended sampling
panels instead of the horizontally suspended ones utilized in this study. Glasby et al.’s
(2007) study in Sydney Harbour used vertically-oriented sampling panels for two out
of its five scenarios: effects of position on recruitment of non-indigenous species (NIS)
and natives; and effects of movement on recruitment of NIS and natives. For the
effects of position on recruitment of non-indigenous species (NIS) and natives
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scenario, Glasby et al. used vertically suspended compressed concrete panels and
found that significantly more natives recruited to the panels attached to reefs and
that similar numbers of NIS recruited to both reef and pontoon panels at two out of
three sites. At the third site, more NIS recruited to reef panels than to pontoon panels.
With respect to the effects of movement on recruitment of NIS and natives scenario,
Glasby et al. deployed sandstone panels vertically in three configurations: fixed,
vertical movement permitted, and rotating. This movement/lack of movement
deployment was used to test the hypothesis that increased water flow around a
substratum would lead to greater recruitment of NIS. It was found that NIS recruited
to the rotating sandstone panels in significantly greater numbers than to either the
fixed or vertically-moving panels and that water flow around the rotating panels was
significantly greater than around the fixed or vertically moving ones.

Dafforn et al. (2008) used vertically-suspended fibro-cement plates in Port Jackson,
New South Wales, Australia, to mimic materials used in the construction of pier
pilings to test the effects of anti-fouling paints on fouling assemblage development in
either commercial or recreational embayments. At five months post-deployment NIS
percentage cover was greater in recreational embayments than commercial ones.
Non-indigenous species had greater percentage cover at both five and ten months
post-deployment on panels that had been copper-treated than on control (untreated)
panels or panels treated with tributyltin anti-foulant paint. Twenty-four fouling
species were recorded during the course of the study, thirteen of which were
classified as non-indigenous. Bugulina flabellata was one of the thirteen NIS
recorded.

Using vertically-oriented Perspex plates either suspended from moving frames to
maintain a constant depth in the water column or frames affixed to jetties, Dafforn et
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al. (2009) in a commercial port (Port Kembla, New South Wales, Australia) used to
investigate the hypothesis that NIS are more prevalent on floating structures either
because of proximity to water surface or because of water movement. Specifically, the
model predicted that NIS would be more prevalent on shallow, moving structures.
This conjecture was borne out by the disproportionally greater abundance of NIS on
shallow (0.5 m depth), moving panels than on deep (2.0 m) fixed or moving panels.
As a group, Dafforn et al. found NIS to be more abundant on shallow moving surfaces;
this observation was not, however, consistent for all species across all sites as there
was some indication of localized effects. Of the thirty-nine taxa identified in the
study, sixteen were identified as NIS and eight as cryptogenic. Bugulina flabellata
was recorded as an NIS but did not exhibit any significant localized effects. This
greater abundance of NIS on shallow moving panels may relate to their ability to
withstand adverse environmental conditions. Shallow surfaces are more likely to
experience greater variability in light, temperature, salinity, and water movement
such as swash. This ability to cope with physical disturbance as an NIS makes sense
with regards to Bugulina flabellata as its circumglobal spread has been attributed to
hull-fouling, a vector that would require surviving transit through multiple bodies of
water of varying characteristics in both temperate and tropical zones.

4.4.3 Future implications for Bugulina flabellata in Otago Harbour
No statistically significant difference was found to indicate a preference for
recruitment to an artificial substratum by Bugulina flabellata in this study. This
result was not as expected because a growing body of literature supports the reverse.
Some potential reasons for these inverse findings were the use of horizontallysuspended settling plates as opposed to the vertically-suspended ones used in many
of the reference studies; a small sample size restricted to a single locale; not viewing
all substratum types used as artificial, at least in positioning if not composition; and,
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finally, the supposition that artificial substrata, when used in experiments relating to
recruitment and colonization, might yield “totally erroneous results” (McGuinness
1989).

The implications of the results of this study are that if Bugulina flabellata does not
preferentially settle on artificial substrata, expansion of its range will continue
unabated. Initial incursions into new environments will continue via vectors such as
hull-fouling, transport of aquaculture equipment, and relocation of oil and gas rigs.
Duarte et al. (2012) estimate that new artificial structures are being created in coastal
regions at rates between 3.7% and 28.3% per year (harbour space and offshore wind
farms, respectively). Directly across the harbour from Portobello Marine Lab, where
this study was undertaken, Port Otago Ltd. (media release – 28 September 2016) is
currently undertaking a suite of works – from channel and berth deepening to allow
“new generation vessels” such as the 169,000 tonne mega cruise ship The Ovation of
the Seas to berth, to extending the existing 300 m multipurpose wharf at Port
Chalmers by an additional 135 m. Bugulina flabellata is currently located on pilings
within the existing port structure and will no doubt spread to new hard-substratum
structures as they become available.

One further potential reason that this study’s results did not bear out the hypothesis
that artificial substrata are preferentially colonized by invasive species is that the
substrata used – two entirely of anthropogenic and artificial origin and one of
naturally occurring composition – could all be viewed as artificial. The slate plates
were selected as a reasonable approximation of naturally-occurring substrata in the
area as they were readily available, easily manipulated and relatively inexpensive.
Nonetheless, slate does not naturally occur around the Otago Harbour area, certainly
not in the uniform shape and size used for the settling plates in this experiment. Thus,
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at the very least, they could be argued to be artificial in positioning and use if not in
composition.

It would be wise to repeat this substratum preference experiment in a lab setting to
see if results differ. Additionally, a repeated in situ experiment where new substrata
were introduced with each season (Bulleri 2005 and others referenced therein) could
provide further clarity as timing of installation has been shown to alter development
of community structure. Different results might be obtained for substrates installed
in seasons other than spring.

Bugulina flabellata has been established in New Zealand since at least the early
1950s. The species is now present in 12 of New Zealand’s 13 major ports and harbours
(Inglis et al. 2006b; see also Inglis et al. 2005, 2006a, 2006c – m). Too much time
has elapsed since its introduction to do anything except to monitor any potential
further expansion around the country. New Zealand does not shy away from attempts
to eradicate invasive species (e.g., Styela clava, the clubbed tunicate) but in order to
do so it must be both technically and economically possible. Campbell (2008) details
the procedure – the Organism Impact Assessment (OIA) – for risk analysis of postincursion management of invasive species. Biosecurity within New Zealand is
measured against four core values – environmental, economic, social, and cultural –
each of which has several subcomponents. The OIA procedure has six steps:
1.

identifying core-value subcomponents;

2.

quantifying the value of these subcomponents;

3.

determining the likelihood of the invasive species’ incursion in different
regions;

4.

determining the consequences of the invasive species’ incursion;
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5.

determining risk; and

6.

assessing uncertainty. (Campbell 2008)

An OIA can be more or less time consuming depending on the availability of previous
scientific research on the species as well as the necessity to convene focus groups for
relevant stakeholders. With current knowledge about Bugulina flabellata, we can at
least say that incursion into further areas around New Zealand is likely and has the
potential to have wide-ranging consequences. These consequences would be
primarily economic in nature – costs related to hull maintenance, increased fuel costs
due to drag on fouled hulls, fouling of aquaculture equipment are some examples –
though environmental, social, and cultural impacts cannot be ruled out. For action to
be taken risks to core values as well as consequences of inaction must be severe
enough to warrant action be taken. Furthermore, the earlier any action is taken
against an incursion by an invasive species, the greater the likelihood that the
invasive species can be eradicated or controlled (Figure 4.4).

Figure 4.4 Diagram showing the ability to eradicate an invasive species over
time. Early detection and action before population explosion of an invasive species provides
a greater likelihood of eradication or control. As Bugulina flabellata is already established in
ports and harbours nationwide, it would therefore fall to the right on this diagram (Adapted
from Campbell 2008).
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4.5 Summary and Conclusions
Bugulina flabellata is considered a fouling species in those places where it has
become established outside its native range. A growing body of literature suggests
that it and other non-indigenous species (NIS) preferentially settle artificial substrata.
This study used two artificial substrata – powder-coated steel plate and sheet PVC –
and one naturally occurring one – slate – to investigate a potential substratum
preference for settlement in Bugulina flabellata. PERMANOVA analysis showed no
significant difference in settlement between the three types of substratum used here.
These results were in opposition to multiple studies that have shown significant
preference to settle artificial substrata by NIS. This preference for artificial substrata
exhibited by NIS is especially of concern as coastal areas continue to be developed by
people.

The results obtained in this study suggest that, unlike recently established invasive
species, Bugulina flabellata has adapted to this New Zealand environment well
enough to settle on a variety of substrata. This adaptation makes it more likely that,
with time, the species will spread outside the relatively restricted range – areas
associated with the shipping trade or boating – it currently inhabits. This has the
potential to be costly and problematic should, for example, Bugulina flabellata
spread to areas such as shellfish farms where it would not only compete for food with
the shellfish “crops” themselves but may also overgrow their shells making them less
marketable without post-harvest shell cleaning. Any further spread from its current
environments will, naturally, make it more difficult to manage and would incur
further costs in attempting to do so. With regard to Bugulina flabellata in New
Zealand, it has reached the point of entrenchment and any attempts to eradicate it as
a species would be both costly and unlikely to succeed.
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CHAPTER 5 – Synthesis
5.1 Bugulina flabellata – Portobello, Otago Harbour, New Zealand
Bugulina flabellata exists in Otago Harbour in a series of geographically unconnected
areas. These areas are instead connected by the currents moving through the
Harbour as well as by the activities taking place within it. Colonies of B. flabellata are
found in the Upper Harbour in the turning basin (Rattray Wharf), Victoria Wharf
(between the T/U and X/Y sheds), and Leith Wharf, in mid-Harbour at Port
Chalmers on both the Container and Cruise Ship Berth and Beach Street Wharf.
Transects in parts of the Victoria Channel, along Harington Point, and the wreck of
the Paloona and along the base of the structure of Aramoana Mole itself where the
Paloona and other hulks rest failed to locate any colonies. Thus, B. flabellata appears
restricted to port and harbour structures such as wharves, pilings, pontoons, jetties,
and other such artificial structures.

The life history of Bugulina flabellata to date was known from an area close to its
native range in Cork, Ireland and was poorly understood from a southern
Hemisphere perspective. Would it retain the same parameters in the Southern
Hemisphere (SH) as it had in its Northern Hemisphere (NH – Isle of Man) range or
would there be wide-scale differences between the two locales? As it turns out,
differences do exist, as do similarities. The main differences between the two locales
are length of time embryos are present (six months NH versus nine months SH),
substratum primarily to which attached (another bryozoan species NH versus bare
substratum SH), overwintering strategy (stumps, shoots, and small colonies NH
versus normal colonies, a few degenerating colonies, a few stumps and a few smaller
colonies SH), and types of substratum colonized (shell, rock, seaweed NH versus slate,
powder-coated steel plate, PVC, cable ties, hydroids, tunicates, and pot rope SH).
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Similarities between the two locales are found in the number of generations per year
(two for each locale), current speed (fast flowing in both locales), and an initial period
of rapid growth at the outset of the growing season (1.5-2 months duration). The
differences seen for Bugulina flabellata at Portobello, Otago Harbour appear to be
the result of ecotypic adaptation – adjusting to new environment variables following
its translocation.

In terms of the types of substratum colonized by B. flabellata it was expected that, as
an adventive species with a range that is, at present, primarily restricted to ports and
harbours within New Zealand, it would preferentially colonize artificial substrata and
not natural ones. This hypothesis was rejected for Bugulina flabellata at Portobello
as no significant difference was found in the number of colonies of B. flabellata
settled on three types of substratum (two artificial: powder-coated steel plate, sheet
PVC; one natural: slate tiles). This is not what was expected as numerous recent
studies (Bulleri and Airoldi 2005; Glasby et al. 2007; and others) have found a
significant trend in adventive species (as in the sense of non-indigenous fouling
species) colonizing anthropogenic hard substrata more frequently than natural ones.
Bugulina flabellata met seven of the nine criteria set out by Cranfield et al. (1998) to
identify adventive species (see Chapter4, Table 4.1 for full listing of criteria) and was
supposed to have been introduced to New Zealand as part of a fouling assemblage on
ship hulls. This supposition is supported by its currently more or less limited pattern
of distribution across the country.

5.2 Bugulina flabellata – a general perspective
The differences found in the life history of Bugulina flabellata between New Zealand
and the Isle of Man indicate that existing information (e.g., Eggleston 1972a;
Hayward and Ryland 1998; Dyrynda and Ryland 1982; and others) for the species
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should be viewed as guidelines only and not as canonical. Even the results presented
here cannot be assumed to be applicable to the whole of New Zealand, let alone the
whole of the Southern Hemisphere. For example, peak settlement of B. flabellata in
the Port of Lyttleton (~43° 36’ S 172° 43’ W) was found to be between December and
February but in Auckland (Manukau Harbour ~ 37° 0’ S 174° 39’ E; Waitemata
Harbour ~36° 49’ S 174° 44’ E) the peak period of settlement was March to April
(Skerman 1958, 1959). Harger (1964; Devonport ~ 36° 49’ S 174° 49’ E) found two
series of settling plates – one series immersed between February and May, a second
between November and January – both developed a species composition dominated
by Bugulina flabellata and two congeners within four to six weeks of immersion. The
first of these series tallies with settlement (if not in domination of species
composition) found in Otago Harbour (Portobello 45° 49’ S 170° 38’ E) but the
second does not, preceding rapid settlement in Otago Harbour by approximately two
months.

In the UK a similar difference in timing of reproduction can be seen. Eggleston (1963)
reports embryos in Bugulina flabellata colonies from May to October in the Isle of
Man (~ 54° 6’ N 4° 45’ W). Ryland (1960) noted embryos in colonies in Menai (North
Wales ~ 53° 13’ N 4° 10’ W) from August to October. Dyrynda and Ryland (1982) note
frond growth at Oxwich Bay (Gower Peninsula, South Wales ~ 51° 33’ N 4° 8’ W)
initiated in June and completed in October. Though the specific timing of presence of
embryos is not stated for Oxwich Bay it is noted that “[l]arval release commences
within 1 mo[nth] of frond initiation and continues at maximal level up to frond death.”
(Table 1, p. 254) Embryos would therefore be present from approximately mid-June
to October in South Wales.
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As an r-strategist (Dyrynda and Ryland 1982) B. flabellata produces the maximum
number of propagules possible. This is a recognized trait of “weedy” species.
Bryozoans are also thought to have “evolved adaptations for an opportunistic, ‘weedy’
existence” as a means of overcoming competition for space (Watts et al. 1998). In a
review of invasive nonindigenous plant species (NIPS) Theoharides and Dukes (2007)
detailed a four-stage process of invasion: transport, colonization, establishment, and
landscape spread. Accidental introductions of terrestrial plants, usually of a ruderal
or weedy species, have taken place via several of the same transport vectors (e.g.,
shipping, cargo transport, travelers, etc.) as marine invasive species. Repeated
introductions provided a greater likelihood of successful colonization (repeated
innoculations by ships in ports and harbours from home population to transplant
population) and probably a greater potential in genetic variability. In disturbed
environments (such as ports and harbours with constant movement of ships,
introduction of foulants (e.g., fumes, oil slicks) little propagule pressure was believed
necessary to facilitate colonization. Following colonization, a “self-sustaining,
expanding” population must develop. This phase may take considerably longer than
colonization and may experience a significant lag-period because it generally occurs
across a greater spatial scale. Highly fecund and fast-growing species (like B.
flabellata) have a greater chance of establishment than do slow-growing and slowreproducing ones. This lag period can also be influenced or extended by obstacles to
adaptation due to a lack of genetic variability or by time required for small, isolated
populations to gain sufficient size to overcome space as a barrier to expansion
(Theoharides and Dukes 2007). Local environmental variables such as inhospitable
conditions and availability of suitable habitats can also extend lag periods. Once
successfully established, expansion generally occurs by slow and steady localized
spread, interspersed with relatively few longer-distance dispersal incidents (e.g,
spread of propagules via storm events such as tornadoes or hurricanes which can
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cover tens to hundreds of miles). Territorial expansion is assisted by both
anthropogenic (e.g., land development) and natural disturbances (e.g., fire resulting
from a lightning strike burning off undergrowth in a temperate forest).

Bugulina flabellata in New Zealand (and in most places it is found outside its native
range) is, for the most part, confined in its distribution to ports, harbours, marinas,
and other areas associated with shipping traffic or the movement of marine
structures. It has, however, been recorded as appearing on stones and boulders, algae
(Sargassum sinclairii), and unattached as beach drift as well as on wharf piles in the
Auckland region (Gordon 1967). In Western Australia B. flabellata can be found on
stones, shells, and other bryozoans (such as Bugula neritina) while still being
considered a major biofouler in ports and harbours (Wells et al. 2009). Western
Australia was colonized in the 1820s – Albany was established in 1827, New Swan
River in 1829 (www.australia.gov.au/about-australia/Australian-story/Europeandiscovery-and-colonisation, accessed 1 October 2016). Auckland was colonized
slightly

later

than

Western

Australia

–

1841

(www.nzhistory.govt.nz/keyword/Auckland, accessed 1 October 2016). In Auckland
as well as in Western Australia, it appears the lag-period referenced by Theoharides
and Dukes (2007) has been surpassed allowing range expansion to take place. Results
reported in this study show that Bugulina flabellata exhibited no preference for the
type of substratum on which it settled. Thus, Portobello and the rest of Otago
Harbour (established 1848 – www.nzhistory.govt.nz/keyword/Dunedin, accessed 1
October 2016) might be on the threshold of crossing the lag-time/range expansion
border. It could be further surmised that this surpassing of the lag-time barrier could
eventually happen in most places to which Bugulina flabellata has been transplanted.
Bugulina flabellata has a truly cosmopolitan distribution (Appendix 4). The levels of
global warming predicted for the future in conjunction with this cosmopolitan
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distribution may create a decrease in the lag-time to range expansion phases of
invasion (Gordon et al. 2009; Theoharides and Dukes 2007).

5.3 Implications for Bryozoa
There are approximately 6,000 extant species of Bryozoa known world-wide (Gordon
et al. 2009). Cheilostome species, of which Bugulina flabellata is one, account for
about 90% of these known bryozoans (Thomsen and Håkansson 1995). Assuming
that ecotypic adaptation is the driver behind the differences found in the life history
of B. flabellata between the Southern and Northern Hemispheres reported here, and
assuming that global warming proceeds to the extent anticipated (according to the
Intergovernmental Panel on Climate Change (IPCC) this is estimated to be between
0.6°C

(best

case

scenario)

www.ipcc.ch/publications_and

and

4.0°C

(worst

case

scenario)

by

2099,

_data/ar4/wg1/en/spmsspm-projections-of.html,

accessed 30 December 2016) in the coming decades, as many as 5,400 species of
bryozoans may be in for a period of rapid change. While the work undertaken for this
thesis did not cover potential changes in distribution of B. flabellata under various
climate change scenarios other research has been undertaken that indicates its
investigation is merited.

O’Dea and Okamura (2000) reported that locality had a highly significant effect on
the mean annual incremental growth of Flustra foliacea whereas genotype did not.
Furthermore, changes in zooid size over time are reported as likely directly
attributable to response to seasonal temperature variations (O’Dea and Okamura
1999). Jackson and Cheetham (1999) suggest that the breakdown in oceanic barriers
that would result from incipient climate change may lead to punctuated speciation in
clonal marine animals.
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Climate change, despite the vociferous protestations of climate change deniers, is no
longer a matter of “if”, but “when”. The impact of climate change will necessarily
affect various marine species in different ways, and not necessarily in the manner
that might be expected. Harley et al. (2006) posit that species with greater heattolerance and eurythermality might actually be more susceptible to climate change
than less heat-tolerant species because they live closer to their extreme limits of
tolerance. They extend this position to latitudinal distribution as well by reasoning
that lower-latitude species are closer to their thermal limits than higher latitude ones.

Harley et al.’s (2006) theory, however, would not appear to apply to cosmopolitan
species (e.g., invasive species) such as those transported by hull-fouling. Countries
such as New Zealand and Australia were founded as colonies of the United Kingdom;
many of the fouling species found in their ports and harbours are of a European
origin. In order to become established in the Southern Hemisphere, these fouling
species must have necessarily passed from temperate through tropical and back to
temperate climes and survived in sufficient good health to reproduce and populate
these new environments. Being a fouler has been found to allow for geographic range
expansion in bryozoans and many other species (Watts et al. 1998). Climate change
can only serve to extend the geographic range of invasive fouling species.

5.4 Conclusions
•

Bugulina flabellata in the Southern Hemisphere has an altered life history
in comparison to that of Northern Hemisphere populations.

•

The differences seen in the life history of Bugulina flabellata at Portobello,
Otago Harbour, New Zealand are most likely attributable to ecotypic
adaptation.
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•

Bugulina flabellata appears to be on the threshold between lag-time and
range expansion (as proposed in the four stages of invasion by nonindigenous species in Theoharides and Dukes 2007) in Otago Harbour and
has achieved range expansion in the Auckland area as well as in Western
Australia.

•

Range expansion in most areas where Bugulina flabellata has been
translocated seems to be only a matter of time given proposed levels of
global warming predicted in the future.
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APPENDIX 1 – Environmental Details for Isle of Man
and Portobello, Otago Harbour, New Zealand
Isle of Man, United Kingdom
Location and general description
The Isle of Man is located in the northern Irish Sea roughly equidistant between
Newcastle, Northern Ireland, and Barrow-in-Furness, England. It is an autonomous
Crown dependency belonging to the United Kingdom but responsible for its own laws
and legislation via the Tynwald, or parliament. Port Erin, the site of the former Port
Erin Marine Laboratory belonging to the University of Liverpool, is located in the
southwestern Isle of Man (Chapter 3, Figure 3.1). He described the area of his study
as follows: Niarbyl (on the Isle of Man’s west coast – 54° 9’ 48.24” N, 4° 44’ 28.79” W)
to 17 km west of Niarbyl (54° 9” 48.24” N, 4° 59’ 51.58” W) then south for 25.7 km (53°
56’ 16.15” N, 4° 59’ 51.58” W) then east for 20.9km (53° 56’ 16.15” N, 4° 40’ 28.29” W)
then north to meet the shoreline slightly to the west of Scarlett Point (54° 3’ 44.25” N,
4° 40’ 27.80” W) (all latitudes and longitudes are approximate).

Atmosphere – Weather and climate
Rainfall and hours of sunshine are recorded at the Ronaldsway Airport on the Isle of
Man. This location is approximately 16 km from Port Erin where sea surface
temperatures are recorded. For the 1961-1962 period covered by Eggleston’s study,
the annual mean rainfall recorded was 810.7 mm while the annual mean hours of
sunshine recorded was 1478.2 hours (D. Brown, Meteorology Forecaster, Isle of Man
Government, pers. comm.). Meteorological seasons for the Northern Hemisphere are
the reverse of those of the Southern Hemisphere: Spring is March-May; Summer is
June-August; Autumn is September-November; and Winter is December-February.
For the purposes of his study, Eggleston shifted these seasons to be more aligned
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with seawater temperature; thus, his Spring ran from May-July; Summer, AugustOctober; Autumn, November-January; and Winter, February-April (Chapter 3, Table
3.1 provides an overview of environmental variables for each study site).

Water – Temperature, salinity, tides, currents, waves
The Isle of Man has a semi-diurnal tidal regime with tides differing greatly in range.
At Port Erin the mean high water spring tide is 5.29 m while the mean low water
spring tide is 0.50 m. A maximum range of 6.06 m has been recorded (all
measurements are in Admiralty Chart Datum figures; Kennington and Hisscott 2013).
With an average flow rate of 2 – 8 km-day, the residence time of water in the Irish
Sea is approximately one year. The maximum tidal velocity (4 m-s) in Eggleston’s
study area is found in the channel between the Calf of Man and the main island
(Kenington and Hisscott 2013).

Water temperatures to the west of the Isle of Man are generally warmer than those to
the east as there is significantly less riverine input. Seawater is generally vertically
mixed from October to April with a weakly northward (approximately 0.015 m-s)
circulation that is attributable to wind action. From April to October waters to the
Isle of Man’s west become stratified in periods of settled weather and are therefore
generally cooler than those to the east. Sea surface temperatures at Port Erin are
strongly seasonal though they do experience a lag period of a “few weeks”
(Kennington and Hisscott 2013). Yearly mean lows are 5-6°C (February) to 15-16°C
(August). Salinities in the vicinity of Isle of Man are generally ~35 psu with an overall
0.15 psu fluctuation throughout the year.
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Waves in the area of Eggleston’s study are primarily wind-driven with winds coming
from the northeast and the west-southwest. Fetch along with wind speed and
duration are responsible for wave size (Kennington and Hisscott 2013).

Sediments, turbidity
The overall depth in Eggleston’s study area was less than 55 m with coastal areas
being significantly shallower (10 m or less). There are significant muddy deposits
found on the seabed in the west and southwest Isle of Man though within the
confines of Eggleston’s study area there exists an assortment of shelly gravel, mixed
stone and fine sand (especially in the region of Port Erin; Chapter 3, Figure 3.2).

Human effects – sedimentation, dredging, reclamation
Humans have been part of the landscape of the Isle of Man since the Mesolithic
period (~ 8,000 – 4,000 BC) in the form of hunter-gatherers (Johnson et al. 2013);
thus, the island has been subject, to a greater or lesser degree, to modification by
people for approximately 10,000 years. All of the Isle of Man’s main settlements –
Ramsey, Douglas, Castletown, Peel, Port Erin – are coastal and it is this coastal
environment that has been the most modified (Johnson et al. 2013). Coastal
modifications include harbours, breakwaters, groynes and other hard-substratum
constructions that have modified water flows as well as the benthic environment
(Hartnoll et al. 2013). Numerous shipwrecks, including many in Calf Sound, cause
localized disruption to benthic environments. The sea floor has been further
disturbed by commercial fishing practices such as scallop-dredging and bottomtrawling (Hanley et al. 2013) and installation of sub-sea telecommunication cables
(Harper et al. 2013).
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The growth of human coastal settlements brought with it pollution in many forms.
Raw sewage was discharged into the waters around the Isle of Man until early 2005.
Coastal mining for lead, zinc, copper, and iron, an activity in practice from the 1300s
to the 1920s allowed for increased concentrations of naturally occurring trace metals
into the marine environment (Kennington et al. 2013). Aquaculture and agriculture,
as well as urban runoff, caused nutrification of coastal waters. Additional chemicals
have been introduced by way of shipping (hydrocarbons, tributyl tin antifoulant),
application of pesticides (polychlorinated biphenyls, e.g., PCBs, DDT), and
reprocessing of spent nuclear fuels (radioactive particles such as technetium-99 from
the Sellafield nuclear decommissioning site on the Cumbrian coast).

Portobello, Otago Harbour, New Zealand
Location/geometry
Otago Harbour is a shallow estuarine system of approximately 46 km2 extending
along a southwest to northeast axis and located on the southeastern coast of New
Zealand’s South Island (45o 50’ S 170o 38’ E) (Grove and Probert 1999; Hunter and
Tyler 1987). Because it is fairly shallow – average depth is 4.5 m, maximum depth is
approximately 30 m, and as much as 30% of its total area can be exposed at spring
tide – the Harbour’s waters generally remain vertically well-mixed (Hunter and Tyler
1987; Probert 1991). The Harbour is 23 km long and is separated into two nearly
equal sections – Upper and Lower – by Goat and Quarantine Islands as well as by the
Portobello and Port Chalmers peninsulas (Grove and Probert 1999). The main
Victoria Channel runs between Goat and Quarantine Islands while a secondary,
Eastern Channel runs between Quarantine Island and the tip of the Portobello
peninsula (Probert 1991).
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Portobello Marine Laboratory lies roughly in the middle of Otago Harbour on the tip
of the Portobello peninsula. Originally a hatchery built in the early 1900s as a facility
to raise potentially viable commercial exotic species – e.g., the Atlantic lobster,
Homarus americanus – it saw limited use as a scientific resource until it was taken
over by the University of Otago as a research facility in 1951. It has both a fixed wharf
(45° 49’ 40.24” S 170° 38’ 23.64” E) and a floating pontoon (45 49’ 40.99” S 170° 38’
23.22” E) each of which are used for boat mooring and experimental installations.
Additionally, the fixed wharf carries the housing for the intake pipes for Portobello
Marine Laboratory’s flow-through seawater system. The seabed underneath both of
these wharves is predominantly sandy with a few small patches of mud (less than 5%,
pers. obs.). An area of scouring of the seabed persists immediately shoreward as well
as underneath the floating pontoon due to the long-term mooring of both the RV
Beryl Brewin (floating pontoon) and the RV Polaris II (fixed wharf) (pers. obs.). The
maximum depth under the Portobello Marine Laboratory wharves at high tide is
approximately 6 m.

Atmosphere – Weather and climate
The areas around Portobello received a mean of 708 mm rain per year between 1 Jan
2009 and 1 Jan 2011 (National Climate Database, accessed 5 July 2017). The same
areas received a mean of 1795 hours of sunshine per year for the period 1 January
2009 to 1 January 2011 (National Climate Database, accessed 5 July 2017)

Water – Temperature, salinity, tides, currents, waves
The major sources of freshwater to Otago Harbour is the Water of Leith located on
the northern shore of the Upper Harbour (Grove and Probert 1999; Hunter and Tyler
1987) and storm water drains from Dunedin City. Because of this input the Upper
Harbour experiences greater variability in salinity (mean psu 32.6 ± 5.4 standard
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deviation for 12 month period 1993-1994 (Wells 1996)) than does the Lower Harbour
where salinities more closely resemble those of the open ocean (34.3 psu ± 0.09
standard deviation for 12 month period 1993-1994; Wells 1996). Residence time of
water in the Upper Harbour is approximately 4 – 30 days (Grove and Probert 1999;
Hunter and Tyler 1987). Smith and Croot (1993a,b) found that flushing rates in the
Upper Harbour were primarily affected by rainfall and associated surface water
runoff from Dunedin City stormwater drains which had the ability to reduce flushing
time in the Upper Harbour to 3 – 8 days. Residence time in the Lower Harbour is
estimated to be 1.2 tidal cycles (Grove and Probert 1999).

Strong tidal currents run between the Portobello Peninsula and Quarantine Island;
the mean peak flood tide velocity is 0.6-0.7 m-s and the maximum peak flood tide
velocity is 0.8-1.0 m-s (P. Russell, pers. comm.). Tides in the harbour are semi-diurnal
with a slight asymmetry – the outgoing tide takes approximately an hour longer to
fall than an incoming tide takes to rise (Batham 1956; Probert 1991). The average
tidal amplitude is 1.75 m and the maximum is 2.3 m (taken for Port Chalmers,
http://www.linz.govt.nz/sea/tides/tide-predictions/standard-port-tidal-levels).
Wave direction and height are predominantly wind-driven with the harbour’s shape
and orientation serving to funnel the predominant winds (south-westerlies and
north-easterlies) (Batham 1956).

Seawater temperature has been measured at Portobello Marine Laboratory since the
early 1950s. Since its inception, the overall mean seawater temperature – as
measured at the end of the Portobello Marine Laboratory wharf – is 11.7°C with mean
yearly extremes of 4.4°C and 20.0°C. The average sea temperature during the period
of this study was 11.9°C with an extreme low of 6.4°C and an extreme high of 19.0°C.
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Freshwater input in the immediate vicinity of Portobello Marine Laboratory is
restricted to run-off from land, the majority of which is mostly paddock or grazing
land with the exception of paved surfaces in the immediate environs of the laboratory.

Sediments and turbidity
Bottom composition varies between the two main sections of the Harbour with the
Upper Harbour bottom dominated by fine sand with little to no silt and the Lower
Harbour being approximately 17% fine sand, 40% silt, and 40% clay (Probert 1991).
Victoria Channel is lined in places by a shell-gravel lag (Smith et al. 2010). Smith et al.
(2010) produced a carbonate budget for Otago Harbour that estimated approximately
14,000 tonnes of calcium carbonate sediments being produced each year. These
sediments come from either in situ production from species such as Austrovenus
stutchburyi (Wood, 1828), the New Zealand cockle, or longshore sediment transport,
mainly from the Clutha River located to the south along the coast from Otago
Harbour (Smith et al. 2010).

Human effects – sedimentation, dredging, reclamation
Otago Harbour has been extensively developed since it was first colonized by
European settlers (Grove and Probert 1999). From 1809 onwards navigation aids
were erected in the form of buoys (Carter 2012). The Otago gold rush of the 1860s
brought a greater number of ships to the area during which time a pilot station and
lighthouse were erected at Pilot’s Beach and Taiaroa Head, respectively. The dredging
of a shipping channel began in 1876 and the Victoria Channel was opened in 1881
following the removal of nearly a million cubic yards of spoil (Carter 2012).
Construction of the Aramoana Mole followed soon afterwards (1884) and by the time
construction on it stopped (1887) it extended some 1.2 km from the beach and had,
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by redirecting the force of tidal scour at the harbour mouth, caused the depth of the
southern harbour channel to increase by nearly 5 m (Carter 2012).

Numerous artificial hard structures exist in Otago Harbour, including Aramoana
Mole, the hard-armouring of the southern side of Victoria Channel, sea walls, and
wooden jetties. A much smaller mole was built at Deborah Bay as part of the Deborah
Bay Submarine Mining Station where the torpedo boat Taiaroa was stationed
(Hunter 2010). There are approximately 40 km of sea walls around the Harbour built
in part to prop up reclaimed land on which roads, rail lines, and industrial estates are
built (Carter 2012). Reclaimed land has infilled about 8% of the original area of Otago
Harbour (Smith et al. 2010). Logan Park, site of the former Pelichet Bay and Lake
Logan, was once an approximately 25 hectare wetland (Probert 1991). Popular
Dunedin attractions such as the Dunedin Chinese Gardens and Queens Gardens, the
stone courthouse, jail and railway station, and Forsyth Barr Stadium are all built on
the approximate 400 hectares of reclaimed foreshore (Probert 1991; Carter 2012).

Otago Harbour has five sites where ships were intentionally run aground, in part at
least, and left to rot away (Carter 2012). Both Careys Bay and Deborah Bay were areas
of boat and shipbuilding; vessels beached here were often stripped bare and the parts
used in the fitting out of new and maintenance of older ships. Vessels were
intentionally sunk along the inner wall of Aramoana Mole to strengthen its structure
(Carter 2012). Similarly, two vessels were sunk at Quarantine Island to prevent
deterioration of the stone jetty located there. Back Beach in Port Chalmers was a
dumping ground for hulks for approximately 90 years (1870s to 1960s) until it was
cleaned up to provide a recreational swimming area for local residents (Carter 2012).
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Commercial fishing was prevalent in the Harbour to the mid-1900s. An estimated 20
seine boats worked, at one time, in the Lower Harbour and targeted fish such as
flounder, mullet, and warehou (Probert 1991). Most fishing since this time has been
either customary or recreational. However, in 2009 Southern Clams Ltd. was granted
a special permit by the Ministry of Fisheries to allow for experimental commercial
harvesting of the cockle (or little-necked clam), Austrovenus stutchburyi, from the
Harbour’s middle banks (either side of Goat and Quarantine Islands) (Ministry of
Fisheries letter dated 10 July 2009). (Extension of this special permit is currently still
under consideration.)

Pollution in the Harbour has stemmed from multiple sources. Wastewater, in the
form of untreated to minimally-treated (filtered by large mesh screening only)
sewage,

was

released

into

the

Harbour

until

2000

(www.dunedin.govt.nz/services/wastewater/musselburgh-and-tahuna, accessed 10
November 2016). Stormwater from Dunedin City and the many hamlets lining either
side of the Harbour contains enhanced levels of lead, copper, zinc, and polycyclic
aromatic hydrocarbons from road debris and industrial land usage (Browne and
Peake 2006). Chromium-rich effluent from the chrome-tanning process employed by
the Glendermid Tannery in Sawyers Bay was discharged into the Harbour until its
closure in 1994 (Thrush 1980; Rainbow et al. 1993; Farquhar 2006). Fertilizer has
been produced from raw phosphate rock at Ravensbourne – the only plant in New
Zealand to do so – since 1931 (Farquhar 2006). Shipping activities as well as
recreational boating release pollutants into the water column, sometime intentionally
as with ablative anti-foulant coatings such as tributyltin (now banned), sometimes
unintentionally, for example, small fuel spills when refilling outboard motors.
Pesticides from agricultural uses make their way into the Harbour via runoff from the
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hills surrounding the Harbour as well as from further afield in the catchment area via
the Water of Leith (Probert 1991).

Directly across the Harbour from Portobello Marine Laboratory, where this study was
undertaken, Port Otago Ltd. (media release – 28 September 2016) is currently
undertaking a suite of works – from channel and berth deepening to allow “new
generation vessels” such as the 169,000 tonne mega cruise ship The Ovation of the
Seas to berth, to extending the existing 300 m multipurpose wharf at Port Chalmers
by an additional 135 m. Bugulina flabellata is currently located on pilings within the
existing port structure and will no doubt spread to new hard substrata structures as
they become available. The continued removal of dredge spoil – estimated by a Ryder
Consulting report (2010) to be an amount of nearly 34 million m3 since the 1850s –
and land reclamation have the potential to change the Harbour’s hydraulic patterns
to a significant extent (Probert 1991).
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APPENDIX 2 – Photo Instances and Corresponding
Dates
Photo
Instance
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

Days PostDate
installation
1/10/09
16
12/10/09
27
21/10/09
36
18/11/09
64
26/11/09
72
7/12/09
83
22/12/09
98
1/01/10
107
13/01/10
119
4/02/10
141
10/02/10
147
3/03/10
168
17/03/10
182
31/03/10
196
7/04/10
203
14/04/10
210
6/05/10
232
14/05/10
240
20/05/10
246
16/06/10
273
29/07/10
317
10/09/10
360
28/09/10
378
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APPENDIX 3 – Raw Values for Number of Bugulina
flabellata Colonies on Top and Bottom Surfaces of Slate
Settling Plates
Photo
Instance
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

Date
1/10/09
12/10/09
21/10/09
18/11/09
26/11/09
7/12/09
22/12/09
1/01/10
13/01/10
4/02/10
10/02/10
3/03/10
17/03/10
31/03/10
7/04/10
14/04/10
6/05/10
14/05/10
20/05/10
16/06/10
29/07/10
10/09/10
28/09/10

Top
0
0
0
0
0
0
2
1
1
10
9
19
23
14
24
19
19
28
25
27
26
26
22
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Position
Bottom
0
0
0
0
0
1
2
1
5
36
28
46
46
40
33
28
28
38
40
25
28
23
23

Total
0
0
0
0
0
1
4
2
6
46
37
65
69
54
57
47
47
66
65
52
54
49
45

APPENDIX 4 – Global distribution of Bugulina
flabellata
This should not be considered to be an exhaustive listing of the distribution of
Bugulina flabellata world-wide. It does provide a good general overview of the
cosmopolitan nature of its range. Provided is the reference in which it appears and its
locale.
(Eggleston 1963)
North Sea and coasts of Europe from Skagerrak to Portugal
Atlantic Coast of Morrocco
Mediterranean
Adriatic
Mauritius
Brazil
(López Gappa 2000)
Argentina
(d’Hondt and Ben Ismail 2008)
Algeria
(Astudillo et al. 2009)
Chile
(Mead et al. 2010)
South Africa
(Gordon and Mawatari 1992)
New Zealand
(Wells et al. 2009; Campbell and Hewitt 2011)
Australia
(Koçak and Aydin Önen 2014)
Turkey
(Ramalhosa et al. 2016)
Madeira
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