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ABSTRACT
Green-lipped, or Greenshell™ mussels (Perna canaliculus) are the single most important
species for New Zealand’s aquaculture sector in terms of volume and value of production.
High losses of recently settled seed mussels, or “spat” during the early stages of Greenshell™
aquaculture is a major problem for the industry due to the resulting inefficient production and
the creation of a shortage of spat supply which constrains the growth of the industry. Despite
the severity of the problem, few studies have documented the timing and magnitude of spat
losses on Greenshell™ farms, and little is known about the causes. Therefore, the research
presented in this thesis, aimed to quantify the timing and magnitude of spat losses on
Greenshell™ farms in relation to a range of possible causes, and several possible solutions to
the problem. The magnitude of spat losses were estimated across the Greenshell™ industry as
a whole, and the resulting estimate was confirmed at the farm scale in a subsequent series of
field experiments (i.e., losses of > 99%). The timing and magnitude of spat losses were
compared among farm sites throughout the Coromandel mussel growing area at multiple
times throughout the year using spat from two sources (i.e., Kaitaia spat and line-caught
spat). The impact of seeding density (11,000, 17,000 and 59,000 spat-1 m-1) and the physical
structure of grow ropes on spat losses were also examined, and co-seeding of Kaitaia spat
with a red macroalga (Pterocladia lucida), and the nursery rearing of spat in floating
upwelling systems (FLUPSYs) were investigated for their potential to improve spat retention.
Most spat losses were found to occur early on in production, shortly after seeding out, and
were consistent among farm sites and spat sources. Secondary settlement behaviour was
identified as a likely predominant cause of spat losses, along with the process of seeding out
with large quantities of macroalgae that comprises Kaitaia spat material, which appears to
prevent spat from successfully migrating onto the structure of the grow rope. The use of high
seeding densities resulted in avoidable spat losses. Modifying the structure of grow ropes had
no effect on spat retention. The co-seeding of Kaitaia spat with the macroalgae Pterocladia
lucida improved spat retention by 33% relative to controls, by encouraging a greater
proportion of spat to migrate onto the grow rope, most likely through the production of
natural chemical cues. Finally, the introduction of a FLUPSY-based nursery system into the
Greenshell™ production cycle was shown to reduce spat losses compared to spat grown
directly in adjacent coastal waters (i.e., 78% vs 99.8%). Overall, the results of this research
increases the understanding of the timing and magnitude of spat losses on Greenshell™ farms,
identifies some possible causes of the problem, and presents some practical solutions. These

results will facilitate further, more targeted research into the problem, and provide a starting
point for further research into developing more effective solutions.
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Chapter One: General Introduction

CHAPTER ONE: GENERAL INTRODUCTION
1.1. Aquaculture
Over the past few decades, aquaculture has developed rapidly from a small-scale ‘traditional’
industry, into the fastest growing food production sector in the world (Edwards, 2015; Naylor
et al., 2021). Aquaculture’s rapid expansion has seen it surpass wild capture fisheries as the
largest source of all seafood consumed globally (Campbell & Pauly, 2013; Subasinghe et al.,
2009). Production from aquaculture reached 73.8 million tonnes in 2014, worth an estimated
$160.2 billion USD, with 16.1 million tonnes worth $19 billion USD coming from the
farming of molluscs alone (FAO, 2016). Growth in the sector is projected to continue, with
aquaculture expected to account for an even larger share of global seafood production in
coming years (Anderson et al., 2017) . For the sector to maintain its rapid rate of growth, an
emphasis will need to be placed on developing farming practices that encourage more
efficient use of natural resources.

1.2. Mussel aquaculture and the inefficient use of spat
Worldwide, mussel aquaculture is becoming increasingly important, with significant
industries established in Europe, China and the USA (FAO, 2020; Smaal, 2002). In New
Zealand, mussel aquaculture has grown to account for the majority of the country’s total
aquaculture production (Aquaculture New Zealand, 2020a). Globally, two key farming
methods are used for the cultivation of mussels; bottom culture, where mussels are grown on
the seabed, and off-bottom culture, whereby the mussels are grown on structures that suspend
the cultured mussels in the water column (McKindsey et al., 2011). Each approach relies
almost entirely upon the use of wild mussel seed or spat, which are often harvested from
natural sources, before it is attached to various growing substrata and left to grow until it
reaches a suitable size for market (Alfaro et al., 2004; Avdelas et al., 2021; de Vooys, 1999;
Kamermans & Smaal, 2002; Newell et al., 1991).
The heavy reliance of mussel aquaculture upon wild-caught seed can create issues, which
affect the industry’s production. For example, past irregularities in seed supply have severely
limited production of Greenshell™ mussels in New Zealand (Alfaro et al., 2010), and have
led farmers throughout the world to increase their efforts to catch wild spat at the site of their
farms (de Vooys, 1999; Garcia et al., 2003; Kamermans & Smaal, 2002; Smaal, 1991). In
1
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addition, high losses of mussel seed from farm growing structures, creates major production
issues for mussel aquaculture. For instance, high losses of blue mussel (Mytilus edulis) seed
from bottom-culture plots significantly reduces biomass production in the Netherlands
(Capelle et al., 2016a), and high losses of Greenshell™ mussel (Perna canaliculus) seed from
longline farms in New Zealand severely constrains the industry’s growth (Jeffs et al., 1999;
South et al., 2017; South et al., 2019; South, et al., 2020a). The cause of this poor retention of
mussel spat is not well understood, although it has been attributed to a range of factors
including predation (Richard et al., 2020; Šegvić-Bubić et al., 2011), nutritional condition
(Carton et al., 2007; Supono et al., 2021), transport conditions (South, Quirino et al., 2020;
Webb & Heasman, 2006), genetic factors (Phillips, 2002), and secondary settlement
behaviour (Buchanan & Babcock, 1997; Lane et al., 1985; Lane et al., 1982). Despite this,
poor spat retention continues to plague mussel aquaculture, with effective mechanisms for
reliably reducing spat losses yet to be identified. Therefore, if mussel aquaculture is to
continue to expand and grow, research aimed at understanding the causes of poor spat
retention will be essential.

1.3. Mussel aquaculture production cycle
Generally, the mussel farming process can be broken down into a few distinct stages. Firstly,
mussel spat need to be collected or harvested, and transported to farm locations. The methods
for spat collection vary among countries and the species being cultured. For example, spat
may be harvested directly from the seabed, or can be caught on fibrous ropes in the vicinity
of existing farms (Kamermans & Capelle, 2019). Some spat may also be sourced directly
from hatcheries, however, globally, the contribution of hatcheries to mussel spat production
remains minimal because the cost of production is usually much greater than the collection of
wild seed mussels (Laxmilatha et al., 2011). After spat have been collected, mussel spat enter
the nursery phase where they are seeded out onto growing structures and allowed to grow in
sheltered conditions for a short period of time. At the end of the nursery phase, juveniles are
removed from the growing structures, before being reseeded at lower densities for a final
growing phase (Fig. 1.1).

2
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Fig. 1.1. A generalized production cycle of off-bottom mussel aquaculture, showing each of the three key stages
involved in the farming of mussels (seed collection, nursery phase and final grow-out phase). Wild spat are
collected and seeded out onto fibrous grow ropes for the nursery phase, followed by removal and reseeding at
lower densities for the final grow-out phase (Figure taken from FAO.org).

High losses of seed mussels during the nursery phase make the early stages of mussel
aquaculture inefficient and costly. The exact causes of these high losses of seed mussels are
unclear, and as a result, poor spat retention continues to limit production and constrain
industry growth. In order to identify future research directions, this review will summarise
what is known about the possible causes of poor spat retention during mussel aquaculture.
This review will focus on poor spat retention during Greenshell™ mussel aquaculture in New
Zealand, where the issue is particularly pronounced, with spat losses in excess of 90%
thought to be commonplace.

1.4. Mussel life cycle
The early life cycle of mytilid mussels can be grouped into three distinct developmental
stages; (1) pelagic larval development, (2) primary settlement and metamorphosis, and (3)

3
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secondary settlement behaviour (Ackerman et al., 1994). Throughout their pelagic larval
development, mussel larvae are planktotrophic, and spend weeks feeding in surface waters
(Widdows, 1991). For the larvae to survive this developmental period there must be adequate
supplies of food, along with suitable environmental conditions and a lack of predation
pressure (Widdows, 1991). Larval development ends when veliger larvae encounter substrate
suitable for settlement and undergo metamorphosis whereby the larvae transition into benthic
plantigrades, in a process termed primary settlement (Ackerman et al., 1994; Martel et al.,
2014; Thorson, 1950). Primary settlement is an active process, where plantigrades show a
preference to settle onto filamentous substrate by the means of byssal adhesion (Ackerman et
al., 1994; Alfaro & Jeffs, 2002). Often, primary settlement is followed by a second dispersive
phase, where the highly mobile plantigrades undertake a series of post-settlement migrations
either by crawling or through passive water-borne dispersal facilitated by the production of
long mucus and byssus threads (Bayne, 1964; Buchanan & Babcock, 1997; Lane et al., 1985;
Lane et al., 1982).
Spat retention may be influenced by factors that act upon mussels at each stage of their life
cycle, affecting pre-settlement, settlement and post-settlement mechanisms. Factors affecting
pre-settlement development and primary settlement regulate the number and condition of spat
available to enter aquaculture production, whereas post-settlement factors determine the
number of spat remaining in the production cycle. Combined, these factors likely lead to the
patterns of poor spat retention often seen during mussel aquaculture. This review will
summarise the impacts each of these groups of factors may have on spat retention.

1.5. Factors affecting spat retention
1.5.1. Pre-settlement factors
Prior to metamorphosis and primary settlement, a wide range of pre-settlement factors
contribute to the number and condition of spat available to aquaculture (Arellano & Young,
2010; Martel et al., 2014). While these factors are outside the control of farmers, they may
influence later juvenile mussel performance (Pechenik et al., 1998). The contribution of presettlement factors to poor spat retention is unknown, although it appears likely that latent
effects from experiences during larval development will be a source of variability in
subsequent retention. In addition, many of these factors can be controlled in hatcheries, and
therefore, should be included when examining potential causes of poor spat retention.
4
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Stressed adult broodstock sometimes produce less viable larvae, which display inhibited
growth rates and development (Bayne et al., 1975; Bayne et al., 1978; Parker et al., 2015). In
contrast, larvae produced by well-conditioned broodstock are often of better condition and
have better rates of both growth and survival than their poorly conditioned counterparts
(Helm et al., 1973; Millican & Helm, 1994). For example, M. edulis broodstock grown in
food-limited conditions produce larvae with reduced lipid content, which increases the
subsequent larval mortality by reducing their available energy reserves required for normal
development (Bayne et al., 1975; Bayne et al., 1978). Similar effects are seen in oysters,
where larvae produced from broodstock which have had restricted nutritional intake, exhibit
decreased growth rates (Helm et al., 1973). Therefore, the condition of broodstock throughout
reproductive conditioning may have latent effects on the mussel larvae they produce, which
can ultimately carry through to negatively impact later performance such as retention
(Marshall & Keough, 2004; Pechenik et al., 1998; van der Sman et al., 2009).
Environmental influences during larval development may also have carry-over effects on
later life stages of mussels and other marine invertebrates (Phillips, 2002). For example, M.
galloprovincialis larvae reared in conditions of limited food availability, grow into juveniles
with reduced growth rates (Phillips, 2002). Limited food availability during larval
development also appears to delay metamorphosis in this species, which in turn is also known
to increase rates of mortality (Marshall & Keough, 2004; Pechenik et al., 1998). Delayed
metamorphosis also reduces growth and survival in subsequent life stages of the echinoderm
Asterina miniata and the abalone Haliotis discus hannai (Basch & Pearse, 1995; Takami et
al., 2002). Since mussel larvae are likely to experience fluctuations of environmental
conditions throughout their development, carry-over effects may be important to
understanding the root causes of poor spat retention. With hatcheries being able to control
many of these pre-settlement factors, comparisons of spat performance between wild-caught
and hatchery-reared spat may be useful in order to quantify the relative importance of preand post-settlement factors to spat retention.

1.5.2. Settlement factors
Primary settlement marks the end of the planktonic larval phase and is characterised by
metamorphosis of pediveliger larvae into a post-larval plantigrade, and by attachment to a
suitable substratum (Thorson, 1950). Settlement rates affect mussel aquaculture, by
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determining the supply of spat available for industry use. Periods of low settlement have
seriously affected mussel aquaculture production in the past and therefore, the efficient use of
any available spat is important. In many countries where usual supplies are unable to meet
demand, farmers are beginning to catch spat in situ, making the understanding of factors
influencing settlement important to ensuring continuity of production (Alfaro & Jeffs, 2003a;
Garen et al., 2004; Kamermans & Smaal, 2002; Smaal, 2002; Smaal, 1991).
Settlement rates often determine the spatial distribution and abundance of adult mussels in
wild habitats (Porri et al., 2006). Therefore, the abundance of pelagic larvae prior to primary
settlement is likely to have strong impacts on the structure and distribution of wild adult
populations (Bownes & McQuaid, 2009; Porri et al., 2006). A range of factors contribute to
the abundance of pelagic larvae, including environmental conditions, predation, competition,
reproductive output of broodstock, and local hydrodynamic conditions (Arellano & Young,
2010; McQuaid & Lawrie, 2005). However, since larvae are generally poor swimmers, their
delivery to settlement substrates is strongly determined by complex hydrodynamic conditions
(Le Corre et al., 2013).
The availability of suitable settlement substrata also influences settlement rates in mytilid
mussels, which often display a clear preference to initially settle on finely branching
filamentous algae but may also settle directly into adult mussel beds (Alfaro, 2006a; Bayne,
1964; Bertolini et al., 2017; Dobretsov & Wahl, 2001; McGrath et al., 1988; McQuaid &
Lindsay, 2005; Widdows, 1991). The mechanisms mussels use to choose their settlement
substrata may include chemical cues, the presence of conspecifics, the fine scale morphology
of a substrate, or a combination of all three (Alfaro & Jeffs, 2002; Alfaro, 2006a; Dobretsov
& Qian, 2003; McQuaid & Lindsay, 2005; Sánchez-Lazo & Martínez-Pita, 2012; South et al.,
2017). Understanding the preferred settlement substrata of each cultured mussel species may
result in improvements in retention if growing structures can be modified to better meet their
innate behavioural preferences.
While improving settlement of mussel spat may not directly improve rates of retention, it
could still result in considerable advances for the industry. For example, understanding what
promotes settlement could enable the upscaling of hatchery production, enabling them to
supply more of the industry’s seed requirements. Likewise modifying growing structures to
promote primary settlement, may enable recent settlers to offset some of the high spat losses
commonly experienced by the industry. Once settled, spat densities are rapidly modified by
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post-settlement factors, which may include losses due to secondary settlement behaviour
(Bayne, 1964), and predation by fish (Šegvić-Bubić et al., 2011).

1.5.3. Post-settlement factors
Post-settlement factors (e.g., migration, mortality and competition) are those, which alter
initial densities of primary settlers, often resulting in large-scale changes in population
structure and composition (Fraschetti et al., 2003; Hunt & Scheibling, 1997; Thorson, 1950).
Since mussel aquaculture is based on the retention of mussels on artificial growing substrata,
any factors that modify these densities directly affect production. Therefore, improving our
understanding and management of the effects of post-settlement factors could potentially
greatly improve retention, and subsequent rates of production. To date, much of the work into
spat retention has been based on controlling the effects of post-settlement factors in the
laboratory, with few field-based studies. Therefore, field-based studies that measure spat
performance in relation to a wide range of variables, are likely to result in significant gains in
this area.
Post-settlement migration (secondary settlement) is a widespread mechanism of dispersal in
post-larval plantigrade bivalves (Bayne, 1964; Buchanan & Babcock, 1997; Lane et al., 1985;
Lane et al., 1982). In mytilid mussels, these migrations (i.e., through crawling or mucus
drifting) appear to occur in response to exposure to potential stressors, or unfavourable
environmental conditions, seemingly in an attempt to locate habitats that are more suitable for
permanent settlement (Widdows, 1991). Crawling, in combination with byssal adhesion,
disperses plantigrades over small spatial scales (mms to cms), often over much smaller
distances than is typically achieved by mucus drifting, which can disperse individuals over
potentially large distances, e.g., >1 km (Baker & Mann, 1997). Mucus drifting is an effective
means of post-larval dispersal that was first observed in M. edulis and involves exuded
buoyant mucus threads which are sufficient to suspend, and carry spat in water currents
passively (Bayne 1964). This mucus drifting behaviour can be repeated multiple times, which
increases their dispersive potential before the plantigrade becomes more established in a
location (Widdows, 1991). After observing a lack of primary settlement into adult mussel
beds, it was hypothesized that mucus drifting was the method used by plantigrades to recruit
into established adult mussel beds (Bayne, 1964). However, later observations of primary
settlement occurring directly into adult mussel beds has bought this hypothesis into question,
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with evidence now existing both in favour and in opposition (Buchanan & Babcock, 1997;
Cáceres-Martínez et al., 1994; Ceccherelli & Barboni, 1983; Lasiak & Barnard, 1995; Le
Corre et al., 2013; McGrath et al., 1988; McKindsey et al., 2011). Irrespective of the reason
for the behaviour, mucus drifting greatly increases the mobility of post-larval plantigrades,
making them difficult to both catch and retain (de Montaudouin, 1997; Pulfrich, 1996). As
such, this behaviour has been implicated as the major cause of high spat losses during mussel
aquaculture (Hayden & Woods, 2011). Therefore, research into understanding the potential
triggers for secondary settlement behaviour, is likely to result in methods, which minimize
the behaviour and improve spat retention during mussel aquaculture.
The cause of secondary settlement in mussels is unclear, and there are many factors that may
contribute to the behaviour. Secondary settlement may be promoted by local environmental
conditions that create sub-lethal stressors, such as food limitation (Alfaro, 2005; Alfaro,
2006a; Carton et al., 2007; Hayden & Woods, 2011), hydrodynamic conditions that affect the
strength of byssal attachment, and the threat of cannibalism by larger conspecifics (Alfaro,
2006b; Porri et al., 2008). Determining the relative importance of each of these to secondary
settlement will be important for improving understanding of poor spat retention.
Sub-lethal stressors caused by variations in environmental conditions may, encourage
secondary settlement in mussels by encouraging them to attempt to escape the stressor
(Widdows, 1991). Starvation and desiccation are sub-lethal stressors, which decrease
retention of P. canaliculus spat following seeding out to mussel farms (Carton et al., 2007).
These stresses may become present prior to harvesting of seed, during transport of seed to
mussel farms, or following seeding out. For example, when P. canaliculus spat material
washes ashore, it will undoubtedly experience periods of exposure before it is harvested,
where it could become desiccated. If spat is stressed by desiccation or starvation prior to
being seeded out, subsequent retention will likely be poor. Transport conditions and duration
may also subject spat to sub-lethal stressors such as desiccation or temperature shock through
the inability to feed, and sudden exposure to refrigerated conditions (Chandurvelan et al.,
2013; Webb & Heasman, 2006). This, in turn, would leave spat in poor condition prior to
seeding out. Finally, following seeding out, natural variability in food availability and
temperature during the nursery phase may serve as stressors and promote secondary
settlement.
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Numerous studies have identified local hydrodynamic conditions as having an effect on
secondary settlement in mussels (Alfaro, 2005; Alfaro, 2006; Hayden & Woods, 2011). For
example, retention of P. canaliculus can be improved with increased water velocity and
agitation, which appears to supress secondary settlement behaviour (Alfaro, 2005; Hayden &
Woods, 2011). The mechanism for this is unclear, but could be due to enhanced food
delivery, or through stronger attachment to settlement substrata, in an attempt to avoid being
dislodged (Alfaro, 2006c; Hayden & Woods, 2011). Evidence from experiments on M. edulis
suggest water agitation reduces secondary settlement by strengthening byssal attachment, as
individuals were found to increase byssus production when agitation increased (Eyster &
Pechenik, 1987). These results would suggest that farms located in areas with strong water
currents should have better spat retention.
The presence of conspecifics may also influence the propensity of mussel post-larvae to
undertake secondary settlement migrations. Cannibalism occurs within populations of P.
canaliculus (Alfaro, 2006b), Perna perna and M. galloprovincialis (Porri et al., 2008),
suggesting plantigers may secondarily settle to avoid high densities of adults. In contrast, the
presence of adult conspecifics may also reduce secondary settlement by signalling suitable
settlement sites to plantigers (Dobretsov & Wahl, 2001). However, a recent study on P.
canaliculus found that the presence of adult conspecifics had no impact on spat retention, but
did increase biofouling (South et al., 2017).
A key difficulty in studying the impacts of post-settlement factors on spat retention is
differentiating the roles of migration and mortality on losses, especially in the field. Recent
laboratory work on P. canaliculus found that recently detached spat were still alive, and able
to resettle elsewhere (South et al., 2021), suggesting most losses of this species are due to
secondary settlement behaviour. However, spat losses have also been attributed directly to
mortality by predation (Clynick et al., 2008; Hunt & Scheibling, 1997; Kirk et al., 2007;
Šegvić-Bubić et al., 2011). For example, the presence of shellfish aquaculture structures act
as three-dimensional habitat and attract predators such as fish and diving ducks (Clynick et
al., 2008; Kirk et al., 2007). Attraction of fish to mussel farms in Croatia led to increased
predation, which caused a significant decline in production (Šegvić-Bubić et al., 2011).
Mortality has also been attributed to biological disturbance, such as feeding behaviour by
grazers, and physical disturbance, such as rough hydrodynamic conditions, although these
have received less attention (Hunt & Scheibling, 1997). Nevertheless, mortality may be a
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significant post-settlement factor that contributes to high spat losses, and therefore warrants
further research.
Competition for limiting resources can strongly regulate the abundance of primary settlers.
This may take the form of intraspecific competition for resources between conspecifics, or as
interspecific competition with biofouling species that readily colonise farm structures. For
example, bottom-cultured M. edulis juveniles frequently display density dependent selfthinning when seeded out at high initial densities (Capelle et al., 2014; Cubillo et al., 2015;
Lauzon-Guay, et al., 2005a; Lauzon-Guay, et al., 2005b; Mallet & Carver, 1991). High
seeding abundances may result in rapid depletion of local resources such as food and space,
thereby serving as a trigger for spat to migrate. Mytilus edulis have also been shown to
redistribute themselves into patches with lower conspecific densities following translocation,
suggesting conspecific density regulates secondary settlement behaviour (Bertolini et al.,
2017; Capelle et al., 2014). Biofoulers may interact with cultured mussels, by directly
competing for resources, smothering the mussels and interfering with their mechanical
feeding (Fletcher et al., 2013; Sievers et al., 2013). For example, biofouling by the invasive
tunicate Styela clava creates a huge problem for the farming of M. edulis in Canada, where it
causes declines in mussel condition, presumably by competing with the mussels for food
(LeBlanc et al., 2007). The effects of biofouling and conspecifics on spat retention in mussel
aquaculture are unknown, but secondary settlement away from growing structures in response
to increased competition in either case appears likely.
Poor spat retention in mussel aquaculture currently constrains industry growth, and limits
production. Therefore, understanding the causes of secondary settlement behaviour is likely
to alleviate the constraints limiting growth, and make the production process more efficient.
Post-settlement factors appear to have a significant effect on spat retention, and as such,
research in this field has the potential to result in practical solutions to the problem of poor
retention. Once understood, many possible causes of spat losses have the potential to be more
easily managed, and result in improvements to current practices, thereby maximising mussel
aquaculture efficiency.

1.6. Spat retention in New Zealand’s Greenshell™ mussel aquaculture industry
The production of Greenshell™ mussels, P. canaliculus dominate New Zealand’s aquaculture
industry (Jeffs et al., 1999). Overexploitation of wild stocks and subsequent declining catches
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led to the development of the Greenshell™ industry, which began small-scale operations in
the 1970’s (Jeffs et al., 1999). Since then, Greenshell™ aquaculture has grown rapidly, and
now produces 100,000 t of mussels annually, worth an estimated $360 million NZD in
revenue (Aquaculture New Zealand, 2020a). Most Greenshell™ production (approx. 89% of
sales) is shipped offshore to supply large export markets, such as the USA and China, where
it is highly regarded as a premium eating mussel and sold predominantly in the half-shell
frozen format (Aquaculture New Zealand, 2020a; Jeffs et al., 1999). In comparison, the
domestic market is small, accounting for only 11% of total annual sales (Aquaculture New
Zealand, 2020a). Growth in the Greenshell™ industry has been driven by intensification, and
more recently, the development of large offshore farming blocks. However, growth in the
industry is now limited by the supply and inefficient use of seed.
The Greenshell™ industry is largely dependent on wild seed, which is harvested after it
washes ashore on Ninety Mile Beach in Northland, attached to algae (50% by wet weight)
and other general debris (such as sponges, hydroids, and driftwood) at densities of between
200 and 2 million per kg (Hickman, 1976; Jeffs et al., 1999; Jeffs et al., 2018). Once
harvested from the beach, the spat-algae assemblages (commonly known as Kaitaia spat, Fig.
1.2) are packaged in plastic bags and loaded into refrigerated trucks, ready to be transported
to farms throughout the country. Depending on the location of farms, transportation of spat
can take up to 72 hrs, with the majority being transported to the Marlborough and
Coromandel regions (70% and 20% respectively). Despite its irregular supply and
unpredictable availability, Kaitaia spat currently supplies around 80% of the mussel seed
used by the industry (Jeffs et al., 1999). In response to the highly variable supplies of wild
seed, spat collecting operations have been established in locations throughout the country,
including in Golden and Tasman Bays, Marlborough Sounds, and Aotea Harbour, where spat
are caught on fibrous grow ropes. A small-scale hatchery in Nelson also produces some spat,
accounting for the remaining 5% of seed used by the industry. The industry’s high reliance on
wild seed has caused issues in the past, where a lack of supply has greatly constrained mussel
production (Alfaro et al., 2004).
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Fig. 1.2. A photograph of Kaitaia spat after being loaded into plastic bags and transported to farm sites in the
Coromandel (left), and a closeup of a single P. canaliculus spat attached to a fragment of macroalgae (right).
Spat wash ashore at Ninety Mile Beach attached to algae and other debris at densities in excess of 1 million per
kg of substrate.

During seeding out, spat material (algae in the case of Kaitaia spat, and coir in the case of
hatchery spat) is wrapped around fibrous grow ropes, before being encased in a mussel
seeding sock (mussock). The mussock serves to hold the spat material in place for long
enough for juveniles to migrate off the spat material and onto the growing rope. Over time,
the spat material and mussock disintegrate, leaving the grow rope covered with juvenile
mussels (Fig. 1.3). Therefore, for spat to remain in the production cycle, they must migrate
off the spat material onto the growing rope, as staying attached to the spat material or
mussock will result in them being lost from the growing infrastructure. Following seeding
out, the retention of spat on grow ropes is often poor, with high losses frequently reported
(Jeffs et al., 1999; Woods et al., 2012). Recently, there has been increased urgency to
investigate poor retention of P. canaliculus, as growth in the Greenshell™ industry is now
greatly limited by spat supply. In addition, the harvesting of wild seed from Ninety Mile
Beach was brought under quota control in 2004, which placed further restrictions on industry
access to spat.
12
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Fig. 1.3. Diagram showing the seeding out process on Greenshell ™ mussel farms. Kaitaia spat material
containing macroalgae and other beachcast material with attached mussel spat is seeded alongside a fibrous
polypropylene culture rope before being encased in a layer of protective stocking, or “mussock” (left), however,
spat begin to detach and move off the culture ropes. Over time, the mussock and Kaitaia spat material begin to
degrade and the spat either reattach to the culture rope or depart (middle). After a few months, only the culture
rope remains with only the spat that are prepared to remain attached to this substrate (right) (modified from
Chapter 5, Skelton & Jeffs, 2020).

The causes of high spat losses in Greenshell™ aquaculture are unclear but appear to be caused
predominantly by secondary settlement behaviour. Plantigers of P. canaliculus been observed
mucus drifting and pedal crawling up until up until they reach 6 mm in length, showing they
are capable of the behaviour as a means of dispersal (Buchanan & Babcock, 1997).
Furthermore, the settlement of large plantigrades on fibrous grow ropes hung within the
vicinity of farms, and size specific substrate preferences demonstrated by this species, also
point to secondary settlement as the major cause of losses (Alfaro & Jeffs, 2002; Alfaro &
Jeffs, 2003). Laboratory studies have also found that recently detached plantigrades remain
alive and are able to subsequently resettle elsewhere (South et al., 2021). Secondary
settlement is likely to be the mechanism allowing juveniles to migrate, and settle on
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suspended grow ropes, and on preferred substrates. Therefore, research into the potential
causes of secondary settlement behaviour of this species is warranted.
There is some evidence that fish predation may play a role in spat losses on Greenshell™
farms, but the effects of fish predation have not yet been well quantified in a commercial
setting (Hayden, 1995). Mussel farms in New Zealand, and throughout the world create threedimensional structure where it previously did not exist, attracting fish, some of which are
invertebrate predators (Clynick et al., 2008; Šegvić-Bubić et al., 2011). For example, high
abundances of coastal fish species, Notolabrus celidotus, Parika scaber and Pagrus auratus,
have been recorded within the vicinity of Greenshell™ farms, which are all known to prey on
small invertebrates, including molluscs (Morrisey et al., 2006). Anecdotal reports from
mussel farms in the Coromandel indicate that fish predation, particularly by P. auratus often
results in complete removal of all spat from growing ropes. In response, to limit predation,
the industry sometimes uses high-grade anti-predation mussock, and may also avoid seeding
out at times of the year when fish predation appears more common. Therefore, quantifying
the effects of fish predation on spat retention relative to secondary settlement behaviour may
provide an additional opportunity to further understand the causes of high seed losses.
Much of the research to date into Greenshell™ mussel spat retention has been into the
possible triggers of secondary settlement behaviour, with the desire to make current farming
methods more efficient. However, a large portion of this work has been laboratory-based
(Alfaro, 2005; Alfaro, 2006c; Hayden & Woods, 2011), missing the opportunity to address
the issues on commercial farms under typical farming conditions. Laboratory studies may
also fail to take into account the relative importance of the multiple and synergistic factors
affecting secondary settlement. Due to the complex and multifactorial nature of poor spat
retention, field-based studies appear most likely to result in understanding that can be directly
applied to industry practice in the attempt to improve retention.
1.7. Conclusions
The causes of poor spat retention on mussel farms remain unclear, largely due to the
complexity of the issue and the many interacting factors that likely contribute to the cause.
Considerable hatchery-based research has resulted in the control of many pre-settlement
factors, which may influence retention, but in contrast, post-settlement factors have received
less attention. Therefore, research focusing on the relative importance of post-settlement
factors to high spat losses, seems most likely to result in improved rates of retention. In order
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to ensure the results of any such research are directly applicable to current industry practice,
future research should be focused on field-based studies, which are most able to detect the
relative importance of each factor tested at levels typically present in the field.
1.8. Research aims
Understanding the nature of spat losses (i.e., their timing and magnitude) and identifying
some of their possible causes will be critical to improving the efficiency of the early stages of
mussel aquaculture. Therefore, the two broad aims of this research are firstly, to quantify the
timing and magnitude of spat losses on Greenshell™ mussel farms in New Zealand and to
identify some of their possible causes, and secondly to develop and test some practical
solutions aimed at reducing spat losses.
The research presented in Chapter 2 - “Spat losses on Greenshell™ mussel (Perna
canaliculus) farms: an industry perspective” uses a combination of industry datasets to
quantify the extent of spat losses that occur when seeding out with Kaitaia spat, on an
industry-wide scale.
The research presented in Chapter 3 - “The loss of spat following seeding onto coastal
Greenshell™ mussel (Perna canaliculus) farms” builds on the research presented in Chapter 1
by measuring the timing and magnitude of spat losses on Greenshell™ farms in the
Coromandel mussel growing area using a combination of Kaitaia and line-caught spat. The
results from this chapter have been published in Aquaculture in 2021 in volume 544, 737115.
The research presented in Chapter 4 - “The impact of seeding density on spat losses on New
Zealand’s Greenshell™ mussel (Perna canaliculus) farms” investigates the role that seeding
densities play on spat losses when seeding out with Kaitaia spat at two mussel farms in the
Coromandel. The results from this chapter have been published in Aquaculture in 2021 in
volume 546, 737409.
The research presented in Chapter 5 - “The importance of physical characteristics of
settlement substrate to the retention and fine-scale movements of Perna canaliculus spat in
suspended longline aquaculture” determines whether modifications to the physical structure
of grow ropes can reduce spat losses and encourage a greater proportion of spat to migrate
onto the structure of the grow rope itself rather than seeding materials. The results from this
chapter have been published in Aquaculture in 2020 in volume 521, 735054.
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The research presented in Chapter 6 - “An assessment of the use of macroalgae to improve
the retention of Greenshell™ mussel (Perna canaliculus) spat in longline culture” investigates
whether co-seeding of Kaitaia spat material with the red macroalga, Pterocladia lucida,
which may produce chemical cues that encourage the settlement of P. canaliculus spat, can be
used as an approach for reducing spat losses. The results from this chapter have been
published in Aquaculture International in 2021 in volume 29(4), 1683-1695.
The research presented in Chapter 7 - “Evaluation of a floating upwelling system for nursery
culture of the Greenshell™ mussel (Perna canaliculus)” examines the potential for a
FLUPSY-based nursery culture stage to be added into the Greenshell™ production cycle to
rear spat to larger sizes in contained conditions prior to seeding out, so that larger spat that
are unable to undergo secondary settlement migrations can be used to initiate the production
cycle. The results from this chapter have been published in Aquaculture Research in 2021 in
volume 52(8), 3649-3659.
Each of the chapters in this thesis includes the results of original research (i.e., Chapters 2, 3,
4, 5, 6, and 7), which is presented as a self-contained manuscript to facilitate the ongoing
publication of the work in peer reviewed scientific journals. The research presented in each
chapter is linked by the common research aims in this chapter (i.e., to quantify the timing and
magnitude of spat losses on Greenshell™ farms, and to develop and test some practical
solutions to the problem). The significance of the collective findings is discussed in the
General Discussion (Chapter 8).
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CHAPTER TWO: SPAT LOSSES ON
GREENSHELL™ MUSSEL (PERNA
CANALICULUS) FARMS: AN INDUSTRY
PERSPECTIVE
2.1. Introduction
Marine mussels are a group of bivalve molluscs that form the basis of a significant and
growing, global aquaculture industry. Production in the global mussel aquaculture industry
has grown rapidly since the 1950s, resulting in the industry now being ranked 10th by total
volume and 6th by total value for the world’s aquaculture sector, excluding China (Cai et al.,
2019). According to the FAO, a total of 12 mussel species (mainly from the Mytilus and
Perna genera) are farmed across 44 countries, with the main mussel aquaculture producers in
2017 being China (42.9% of the 2.2 million tonnes of production), Europe (20%), Chile
(15.8%), Spain (11.2%), and New Zealand (4.6%) (Avdelas et al., 2021; Cai et al., 2019;
FAO, 2020). However, while global mussel aquaculture production has been increasing,
production in several regions has begun to stagnate in recent years, often due to issues
associated with the supply, and use of the seed mussels (commonly referred to as ‘spat’), that
are used to begin production (Avdelas et al., 2021; Capelle et al., 2016a; Guillou et al., 2020;
Kamermans & Capelle, 2019; Chapter 5; South et al., 2020a).
Most of the spat used to seed the world’s mussel farms are wild-caught, either dredged
directly from existing mussel beds, or caught on specialised spat-catching ropes in the water
column as larval settlers (Aghzar et al., 2012; Capelle et al., 2017; Filgueira et al., 2007;
Fuentes & Molares, 1994; Garcia et al., 2003; Kamermans et al., 2002; Kamermans &
Capelle, 2019; Walter & Liebezeit, 2003). However, the availability of wild-caught spat can
vary considerably between years and depends largely on naturally fluctuating levels of
recruitment (de Vooys, 1999; Le Corre et al., 2013; Molinet et al., 2017; Peteiro et al., 2007).
As a result, periods with natural shortfalls in wild spat supply have severely impacted
industry production in the past (Alfaro, 2006a). Further compounding the issues associated
with unpredictable spat supplies, is the highly inefficient use of spat. Following seeding out,
large numbers of spat (in some instances up to 99%) are often lost from production, resulting
in declines in production, and substantial economic losses (Capelle et al., 2016a; Kamermans
& Capelle, 2019; Peteiro et al., 2010; Chapter 5, Skelton & Jeffs, 2020; Chapter 7, Skelton et
al., 2021; South et al., 2020a; Supono et al., 2020).
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Despite the severity of the problem, little is known about the causes of spat losses on mussel
farms. A wide range of factors which may contribute to the problem have been identified,
including high stocking density (Capelle et al., 2014; Lauzon-Guay et al., 2005a; LauzonGuay et al., 2005b; Senechal et al., 2008), mortality through disease or predation (Jones et al.,
1996; Peteiro et al., 2010; Richard et al., 2020; Šegvić-Bubić et al., 2011), stressors
associated with the harvest and transport of spat (Calderwood et al., 2014; Chandurvelan et
al., 2013; South et al., 2020b; Webb & Heasman, 2006), the nutritional condition of spat
(Carton et al., 2007; Sim-Smith & Jeffs, 2011; Supono et al., 2020; Supono et al., 2021), and
the natural migratory behaviour of mussel spat (Baker & Mann, 1997; Bayne, 1964;
Buchanan & Babcock, 1997; Lane et al., 1985; Chapter 5, Skelton & Jeffs, 2020; South et al.,
2020a). However, little is known about the relative importance of each of these factors, and
as a result, spat losses cannot currently be effectively managed or prevented. Reducing the
magnitude of spat losses on mussel farms will be crucial to enabling the industry to continue
to grow, particularly in regions where production is increasingly limited by wild spat catches.
New Zealand’s mussel aquaculture industry is based entirely upon the longline culture of the
endemic green-lipped, or Greenshell™ mussel (Perna canaliculus) (Jeffs et al., 1999).
Production in the Greenshell™ industry has grown rapidly since its inception in the 1970s,
with annual production now reaching approximately 100,000 t and worth more than $240
million USD (Aquaculture New Zealand, 2020a). However, despite the industry’s rapid
growth, production in the industry is now limited by the availability and inefficient use of
spat. Most of the spat used to seed Greenshell™ farms are wild-caught. The majority is
harvested from Ninety Mile Beach (NMB) in the far north of the country, where it washes
ashore attached at high densities to a variety of macroalgae, hydroids, and other general
debris (collectively referred to as Kaitaia spat, named after a nearby town) (Hickman, 1976;
Jeffs et al., 2018). However, the supply of Kaitaia spat to NMB is highly irregular and
unpredictable, and the source of the spat and the factors that cause it to wash ashore are
unknown (Alfaro, 2006a; Alfaro et al., 2010; Alfaro et al., 2011). This unpredictable and
irregular supply of Kaitaia spat makes the early stages of mussel aquaculture in New Zealand
extremely difficult to manage, with extended periods of limited supply leading to significant
logistic and financial constraints. Furthermore, the early stages of Greenshell™ production
can be extremely inefficient, with the majority of spat (i.e., frequently > 90%) often lost from
production in the first few months following seeding out (Chapter 5, Skelton & Jeffs, 2020;
Chapter 7, Skelton et al., 2021; South et al., 2017; South et al., 2019; South et al., 2020a;
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Supono et al., 2020). However, while several studies have measured spat losses on
Greenshell™ farms on individual instances, there has been no attempt to estimate the
magnitude of industry-wide spat losses in the Greenshell™ industry. As a result, it is unclear
whether the highly varied spat losses that have been measured at individual farms are
representative of the magnitude of spat losses across the Greenshell™ industry as a whole. A
better understanding of industry-wide losses of spat has important implications for
management of spat resources in the country. For example, if the extremely high spat losses
reported from some farms are representative of industry-wide spat losses, then the
Greenshell™ industry is on track to face critical spat shortages in the coming years, which
will prevent the planned further expansion of the industry.
Therefore, in this study, industry and government datasets relating to the harvesting of
Kaitaia spat on NMB, the density of spat within Kaitaia spat material, and the production of
market-ready mussels from aquaculture over the past 30 years were compiled and contrasted
to estimate the extent of spat losses on Greenshell™ farms across the industry as a whole.
Patterns in the density of spat within Kaitaia spat material, and the arrival of the material onto
NMB were also examined using unique historical datasets.

2.2. Methods
Information from three separate datasets (Kaitaia spat landings dataset, Kaitaia spat densities
dataset, and Greenshell™ aquaculture production dataset) was compiled to form a complete
dataset containing records of Greenshell™ spat harvests from NMB (i.e., Kaitaia spat) and
industry-wide mussel aquaculture production from 1991-2020. This complete dataset then
enabled spat harvests to be compared with the aquaculture production of the numbers of adult
mussels to provide an estimate of the extent of spat losses across the entire Greenshell™
industry.
2.2.1. Datasets
2.2.1.1. Dataset of landings of Kaitaia spat material
This dataset was obtained from the Ministry for Primary Industries (MPI) and contained the
reported commercial landings of Kaitaia spat material from NMB by month for each fishing
year (FY) from 1991 – 1998 (yearly landings), and 2004 – 2020 (monthly and yearly
landings). Each FY begins on 1 October that year and ends on 30 September the following
year. Where there were FYs with missing, or incomplete records (i.e., 1998 – 2004), data on
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reported landings of Kaitaia spat material were retrieved from earlier industry reports to the
MPI, which were based on the personal catch records of all commercial spat fishers (Alfaro et
al., 2011), and combined with the dataset.
Harvesting of Kaitaia spat material from NMB began in the 1970s following observations
that macroalgae, which washed ashore on the beach often contained millions of recently
settled P. canaliculus spat (Hickman, 1976). This harvesting activity has been managed
within New Zealand’s Quota Management System (QMA) since 2004, when Greenshell™
mussels were introduced into this wild fisheries management system. Landings of Kaitaia
spat material are reported in kg, and since there is no practical way to weigh mussel spat
separately from the macroalgal component, a combined ratio of spat:macroalgae has been
used for reporting, Prior to 1 October 2018, the ratio used for reporting assumed that Kaitaia
spat material was comprised of equal weights of spat and macroalgae, and therefore, 100 t
reported represented 200 t of material being harvested from the beach. From 1 October 2018,
the ratio used for reporting landings was changed to 25:75 of spat: macroalgae to better
reflect the actual composition of Kaitaia spat material. Therefore, from 1 October 2018, 100 t
reported to MPI represented 400 t of material being harvested from the beach.
2.2.1.2. Dataset of Kaitaia spat densities
This dataset was obtained from the New Zealand Coromandel Marine Farmer’s Association
and contained the densities of spat (spat kg-1) in Kaitaia spat material harvested from
individual spatfall events from 2002 – 2020. Following each spatfall event that occurred
during this period, a randomly selected sample of Kaitaia spat material was transported to a
laboratory where replicate samples of spat material were weighed then separated from the
macroalgal components of the material and counted in a standardised manner and the results
combined to calculate a mean spat count per kg of harvested spat material.
2.2.1.3. Dataset of Greenshell™ production
This dataset contained monthly and annual harvests of adult mussels (kg) by the Greenshell™
industry from 1991 – 2020. Harvests for each FY from 2007 – 2020 were retrieved from
Aquaculture New Zealand’s production reporting, with data for FYs prior to 2007 being
obtained from earlier industry reports (Alfaro et al., 2011).
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2.2.2. Analyses
2.2.2.1. Kaitaia spat material harvests
To determine the quantity of Kaitaia spat material harvested from NMB each year, landings
reported prior to 1 October 2018 were multiplied by 2 to reflect the reporting ratio for this
period (i.e., 50:50 for spat:macroalgae), and landings reported after 1 October 2018 were
multiplied by 4 to reflect the updated reporting ratio (i.e., 25:75 for spat:macroalgae). The
proportional contribution for each month to the total quantity of Kaitaia spat material
harvested from NMB within each FY from 2004 – 2020 was determined by dividing the
quantity of Kaitaia spat material harvested from each spatfall within a month by the total
quantity of Kaitaia spat material harvested for each of those years.
2.2.2.2. Kaitaia spat harvests
The number of Kaitaia spat harvested from NMB each year FY was determined by
multiplying the mean density of spat within Kaitaia spat material from spatfall events during
each year, by the total quantity of spat material harvested from NMB. For the years 1991 –
2001 where there were no spat density estimates, the average spat density for all the
proceeding years combined (i.e., 873,418 spat kg-1) was multiplied by the total quantity of
Kaitaia spat material harvested from NMB to estimate the number of spat harvested for each
of those years.
Estimates of the number of Kaitaia spat harvested from NMB each month during each FY
were determined by multiplying the mean densities of spat within Kaitaia spat material from
each spatfall event in that month by the total quantity of Kaitaia spat material harvested for
that spatfall event. The proportional contribution of each month to the total number of Kaitaia
spat harvested from NMB for each FY from 2002 – 2020 was determined by dividing the
number of spat harvested for each month by the total number of Kaitaia spat harvested for
that year.
2.2.2.3. Greenshell™ production
The total annual harvest of adult mussels harvested by the Greenshell™ industry each FY was
determined by multiplying the number of tonnes of harvested adult mussels produced by
20,000, which is an industry estimate for the number of adult mussels in 1 t of harvested
mussels, for which the vast majority is of a similar harvested size range (i.e., 90 – 115 mm
shell length) due to market expectations.

21

Chapter Two: Spat losses on Greenshell™ farms: an industry perspective
2.2.2.4. Statistical analyses
The mean percentage contribution for each month to the total quantity of Kaitaia spat
material harvested each FY from 2004 – 2020 was compared among months using a one-way
analysis of variance (ANOVA) to determine seasonal differences in the importance of spat
harvesting.
The mean density of spat attached to Kaitaia spat material from separate spatfall events was
compared among months across the 2002 – 2020 FYs regardless of year using a one-way
ANOVA to determine seasonal differences in spat density in harvested material from NMB.
The mean percentage contribution of each month to the total number of Kaitaia spat
harvested each FY from 2002 – 2020 was compared among months using a one-way
ANOVA to determine seasonal differences in spat numbers harvested from NMB.
The assumptions for each ANOVA were checked by examining the distributions of residuals,
and plots of residuals versus means, and percentage data were arc-sine transformed prior to
analysis. For each analysis, where there were significant main effects, pairwise Tukey HSD
post-hoc tests were used to identify differences among individual means.

2.3. Results
2.3.1. Kaitaia spat material harvests
Despite an overall increasing trend, there has been considerable interannual variability in the
quantity of Kaitaia spat material harvested from NMB over the 29-year period represented in
this dataset (Fig. 2.1). On average, a mean of 290 t of Kaitaia spat material is harvested from
NMB each year, reaching as high as 602 t in the 2001 – 2002 FY, and as low as 80 t in the
1991 – 1992 FY. There were FY with notably low harvests of Kaitaia spat material,
particularly the 2001 – 2002 FY, where toxic algal blooms prohibited the movement of spat
material due to the risk of translocating toxic dinoflagellate (Gymnodium catenatum) cysts
into aquaculture areas (MacKenzie, 2014), and the 2008 – 2009, and 2010 – 2011 FY, where
natural shortages of Kaitaia spatfall significantly impacted subsequent industry production
(Alfaro, 2006a).
The mean percentage contribution for each month to the total number of Kaitaia spat material
harvested from NMB each FY from 2002 – 2020 was not consistent among months (F11, 128 =
9.65, P < 0.01) (Fig. 2.2). Post-hoc comparisons showed that August contributed a greater
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percentage of Kaitaia spat material to the total quantity of Kaitaia spat material each year
(28.2% ± 5.32 SE) than January (1.1% ± 0.52 SE, P < 0.01), February (1.81% ± 1.04 SE, P <
0.01), March (1.69% ± 0.62 SE, P < 0.01), April (7.04% ± 3.86 SE, P < 0.01), May (5.36% ±
1.36 SE, P < 0.01), June (5.14% ± 1.49 SE, P < 0.01), July (10.7% ± 2.68 SE, P = 0.01), and
December (5.68% ± 1.36 SE). Furthermore, September (22.9% ± 3.8 SE) contributed a
greater percentage than January (P < 0.01), February (P < 0.01), March (P < 0.01), April (P =
0.03), May (P < 0.01), and June (P < 0.01), October (16.9% ± 3.59 SE) contributed a greater
percentage than January (P < 0.01), February (P < 0.01), and March (P = 0.01), November
(18.7% ± 4.4 SE) contributed a greater percentage than March (P < 0.01), and June (P =
0.03).

Fig. 2.1. Annual harvest of Kaitata spat material (tonnes) from NMB each FY from 1991 - 2020.

23

Chapter Two: Spat losses on Greenshell™ farms: an industry perspective

Fig. 2.2. Mean percentage contribution (± SE) for each month to annual Kaitaia spat material harvests for each
FY from 2004 – 2020.

2.3.2. Kaitaia spat harvests
The number of spat harvested from NMB each year has been increasing steadily over the
study period (Fig. 2.3) with an estimated 62.2 billion spat harvested from NMB during the
1991 – 1992 FY, increasing to an average of 344 billion over the 2015 – 2019 FYs, with a
peak of 487 billion in the 2001 – 2002 FY. There has also been considerable interannual
variability in the number of spat harvested from NMB, which corresponds directly with the
extent of harvesting of Kaitaia spat material. The mean density of spat in Kaitaia spat
material across the 2002 – 2020 FYs ranged between 500,000 and 1,500,000 kg-1 (Fig. 2.4)
but was not consistent among months (F11, 368 = 2.23, P = 0.01). Post-hoc comparisons
showed that the only significant difference between the mean density of spat in Kaitaia spat
material was between April (1.58 million spat-1 kg-1 ± 404,000 SE) and October (475,000
spat-1 kg-1 ± 79,000 SE) (P = 0.01).
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The mean percentage contribution of each month to the total number of Kaitaia spat
harvested from NMB each FY from 2002 – 2020 was not consistent among months (F11, 304 =
6.67, P < 0.01) (Fig. 2.5). Post-hoc comparisons showed that August contributed a greater
percentage of spat to the total number of Kaitaia spat harvested each year (9.6% ± 1.44 SE)
than January (0.87% ± 0.4 SE, P < 0.01), February (0.82% ± 0.29 SE, P < 0.01), March
(2.32% ± 0.8 SE, P < 0.01), May (2.69% ± 0.82 SE, P < 0.01), June (2.54% ±0.63 SE, P <
0.01), October (4.61% ± 0.96 SE, P = 0.01) , and December (3.47% ± 0.79 SE, P = 0.02).
Furthermore, November (7.77 % ± 1.16 SE) contributed a greater percentage of Kaitaia spat
to total annual spat harvests than January (P = 0.02), February (P < 0.01), March (P = 0.03),
and June (P < 0.01), and September contributed a greater percentage than January (P = 0.05).
April contributed a mean percentage of 5.92% (± 2.48 SE) of the annual Kaitaia spat
harvested from NMB, and July contributed a mean percentage of 5.52% (± 0.91 SE).

Fig. 2.3. Estimated annual harvest (billions of individuals) of spat from NMB each FY from 1991 - 2020.
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Fig. 2.4. Mean (± SE) density of spat within Kaitaia spat material from spatfall events for each month taken
over the period of 2002 - 2020.
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Fig. 2.5. Mean percentage contribution (± SE) of each month to annual spat harvests for each FY from 2002 –
2020.

2.3.3. Greenshell™ production
Annual harvests for the Greenshell™ industry have grown rapidly from the 47,000 t harvested
in the 1991 – 1992 FY, but has begun to plateau over recent years, hovering between 80,000
and 100,000 t, or between an estimated 1.6 and 2.0 billion adult mussels per year (Fig. 2.6).
Based on the average annual number of spat harvested across all years for the period of 1991
– 2020 FYs (239 billion), these harvest numbers indicate that at the most only between 0.6
and 0.8% (based on 80,000 and 100,000 t of production) of spat harvested from NMB are
retained in production from seeding through to harvest each year. This figure is an
underestimate given that other wild and hatchery supplies are reported to be supplying around
20-30% of spat needs to the industry (Aquaculture New Zealand, 2020b)
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Fig. 2.6. Annual production of Greenshell™ mussels in New Zealand from 1991 - 2020.

2.4. Discussion
2.4.1. Spat losses in the Greenshell™ industry
The results from this study highlight the highly inefficient use of spat by the Greenshell™
industry in New Zealand. Over the last ten years overall Greenshell™ production has levelled
off, fluctuating around 100,000 t (or 2 billion adult mussels), following strong growth from
the early 1990’s (Fig 2.6). Currently, less than 1% of the average of 244 billion spat
harvested from NMB each year and seeded onto Greenshell™ farms throughout the country
are retained from seeding through to harvest, regardless of additional spat supplies
contributing to the industry (i.e., an additional 20-30% of the total spat supply). This
represents an estimated loss of at least 242 billion spat annually, which if had been grown to
harvest would have provided an additional 12.1 million tonnes of harvested product
(assuming 20,000 adults per tonne), which is over five times the total global annual
aquaculture production for all mussels (Avdelas et al., 2021; FAO, 2016). On this basis, if the
Greenshell™ industry was to improve spat retention by 25%, this would increase the size of
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the industry to 3 million tonnes, worth over $4 billion USD annually, and make New Zealand
the largest mussel producer in the world (Avdelas et al., 2021). The industry is well placed
for expansion, given that it is currently utilising only around a third of the ~15,000 ha of
coastal space approved for mussel aquaculture, with spat supply being a major constraint for
industry expansion.
It is also likely that the results from this study are underestimating the magnitude of spat
losses across the Greenshell™ industry. Kaitaia spat accounts for around 70-80% of all the
spat used by the industry, with the remaining 20-30% being wild line-caught or supplied by a
single hatchery (Aquaculture New Zealand, 2020b). Anecdotal reports suggest that spat
losses when seeding out with line-caught spat are similar to those experienced when seeding
out with Kaitaia spat and spat losses at 5 months after seeding out with hatchery spat have
been measured reaching as high as 81% (South et al., 2017), although lower rates of losses of
hatchery spat have also been reported, e.g., 70% (Bradley, 2020). Therefore, when
considering spat from these two sources, it is likely that the Greenshell™ industry is even
more inefficient than suggested in this study, with likely significantly more than 216 billion
spat lost from production each year.
Despite an overall marked increase in both the quantity of Kaitaia spat material harvested
(i.e., from 80 t in 1991 - 1992 FY to an annual average of 315 t from 2010 - 2019 FY – nearly
fourfold increase), and the number of spat harvested from NMB (i.e., from 62.2 billion in
1991 - 1992 FY to an annual average of 268 billion from 2010 - 2019 FY – nearly 4.5 fold
increase) over the 29 year time period of this study, the production from the Greenshell™
industry has not increased concordantly (i.e., 48,000 t in 1991 – 1992 to 96,000 t in 2020 –
less than 2 fold increase). This increasing inefficiency in the use of spat (i.e., the efficiency of
use of spat halved over 30 years), is underestimated given that in recent years other supplies
of spat from the wild and hatchery sources have been estimated to contribute an additional
20-30% of the spat used industry wide (Aquaculture New Zealand, 2020b). Collectively, this
indicates a marked decrease in industry-wide efficiency of spat utilisation in the 30 years
since the early 1990s, which is consistent with anecdotal accounts from industry members
(Aquaculture New Zealand, 2020b). The cause of this decline in the efficiency of the use of
spat is uncertain but has been suggested to be due to increasing fish predation of spat in some
areas, disease, increased over-seeding of spat in an effort to mitigate subsequent losses,
increased coastal climatic variation, changes in water quality associated with altered land use,
and removal of spat food sources by farmed mussels in spat nursery areas. There is little
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evidence to support or reject any of these hypotheses, despite the significance of this issue to
the profitability and growth potential of this industry.
These results suggest that in terms of the utilisation of spat the Greenshell™ industry is one of
the most inefficient mussel aquaculture industries in the world. High spat losses have been
recorded in mussel aquaculture industries in other parts of the world. For example, spat losses
have been measured to reach as high as 82% on Mediterranean mussel (Mytilus
galloprovincialis) farms in Italy (Ceccherelli & Barboni, 1983), 80% on Mediterranean
mussel farms in Morocco (Idhalla et al., 2017), 90% on blue mussel (Mytilus edulis) farms in
the UK (Dare & Edwards, 1976), and 70% on blue mussel farms in Ireland (Ferreira et al.,
2007), although none of these reach the scale of spat losses measured in the Greenshell™
industry. Therefore, throughout the world, there is enormous potential to increase mussel
aquaculture production, provided solutions to high spat losses can be developed.
2.4.2. Causes of spat losses
The causes of high spat losses on Greenshell™ farms are unclear, although they could be due
to a combination of several factors including, the small size of spat at the time of seeding
(Supono et al., 2020), secondary settlement behaviour (Buchanan & Babcock, 1997; Chapter
5, Skelton & Jeffs, 2020; Chapter 7, Skelton & Jeffs, 2021; South et al., 2017; South et al.,
2020a), stresses associated with harvesting and transport (South et al., 2020b; Webb &
Heasman, 2006), and the nutritional condition of spat at the time of seeding out (Carton et al.,
2007; Supono et al., 2021). However, of these, secondary settlement behaviour is thought to
be the dominant cause of spat losses on Greenshell™ farms. Unlike other mussel aquaculture
industries, which harvest their wild-caught spat to seed their farms at comparatively large
sizes (e.g., Mytilus edulis > 10 mm shell length (SL)) (Kamermans & Smaal, 2002; Newell et
al., 1991), the Greenshell™ industry is wholly reliant upon small spat (i.e., < 6 mm SL) for
seeding its farms. Greenshell™ spat retain the ability to undertake secondary settlement
migrations until they reach up to 6 mm SL (Buchanan & Babcock, 1997), and therefore, the
Greenshell™ industry has to contend with the natural tendency for spat to migrate off seeded
mussel farm structures, whereas this may not occur in other mussel aquaculture industries
using other species with spat at a larger size. This strong innate propensity for P. canaliculus
spat to undergo secondary settlement may explain why spat losses in the Greenshell™
industry are considerably higher than those measured elsewhere.
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2.4.3. Possible solutions to spat losses
The exact triggers for secondary settlement behaviour in P. canaliculus spat are unclear, and
therefore, potential solutions to high spat losses on Greenshell™ farms should focus on
attempting to eliminate or reduce the effects of this behaviour in recently seeded spat. One
approach to achieve this, would be to raise spat to larger sizes in containment (i.e., sizes
where they are no longer able to undergo secondary settlement, > 6 mm SL) in nursery
culture before seeding onto farms (Buchanan & Babcock, 1997; Supono et al., 2021). This
could include land-based nursery systems, or sea-based nursery systems, such as FLUPSYs,
which have shown promising results for the nursery culture of this species (Chapter 7,
Skelton et al., 2021).
Attempts could also be made to determine the exact triggers for secondary settlement
behaviour in this species, however, despite considerable effort to identify these triggers to
date, (Alfaro, 2005; Carton et al., 2007; Gribben et al., 2011; Hayden & Woods, 2011;
Chapter 5, Skelton & Jeffs, 2020; Chapter 7, Skelton et al., 2021; South et al., 2017; South et
al., 2019; South et al., 2020a; South et al., 2020b; Supono et al., 2020; Supono et al., 2021;
Webb & Heasman, 2006), they remain unclear. Therefore, it appears that developing
approaches to Greenshell™ farming that involve seeding with spat that are no longer capable
of undergoing secondary settlement may be a more effective approach to solving the
problem.
2.4.4. Patterns in the density of Kaitaia spat material and its arrival on NMB
Despite the importance of Kaitaia spat material to the Greenshell™ industry, little is known
about the location and condition of the populations that produce the spat, the densities of spat
within different components of the Kaitaia spat material, and the processes that lead it to
wash ashore on NMB in such large quantities (Hickman, 1976; Jeffs et al., 1999; Jeffs et al.,
2018). Previous studies have shown that the arrival of spat on NMB is strongly correlated
with the frequency of storm events, and strong offshore winds, which are both more common
during winter months (Alfaro et al., 2004; Alfaro et al., 2010; Alfaro et al., 2011). These
storm events are thought to produce the large quantities of detached and drifting macroalgae
that subsequently arrive at NMB encrusted with large quantities of mussel spat and are
available for harvest. In this study, from 2004 – 2020, most of the annual harvests of Kaitaia
spat material were collected from NMB from late winter to late spring (i.e., August to
November) when strong storm events and offshore winds are more likely to occur, with spat
harvested during these months accounting for 86% of all the spat harvested during this 1431
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year period. Accordingly, the arrival of large quantities of Kaitaia spat material also resulted
in the majority of spat harvested from NMB each year being harvested during winter and late
spring (i.e., August to November), with the number of spat harvested during these months
accounting for 26% of all the spat harvested over the 14 - year period. This is despite spat
densities within Kaitaia spat material in this study from 2002 – 2020 remaining fairly
consistent throughout the year (i.e., between 500,000 spat-1 kg-1 and 1.5 million spat-1 kg-1
and except for a difference in mean spat densities in this study between the months of April
and October). These results support earlier observations that despite a spawning season from
June to December, Greenshell™ larvae are present in the water column around NMB
throughout the year, indicating that a background level of continuous spawning likely takes
place year-round (Alfaro & Jeffs, 2001; Alfaro & Jeffs, 2003a; Alfaro et al., 2003b; Alfaro,
2006a; Hickman & Illingworth, 1980). This presents a considerable opportunity for the
Greenshell™ industry to mitigate against the uncertainties associated with the supply of
Kaitaia spat material by developing spat line-catching sites within the vicinity of NMB.
Doing so would reduce the industry’s vulnerability to any unforeseen natural processes that
may limit the arrival of the Kaitaia spat material onto NMB which has happened during
several periods historically, with significant impacts on Greenshell™ production.

2.5. Conclusions
This is the first study to estimate the magnitude of spat losses on Greenshell™ farms on an
industry-wide scale, and the results show that the vast majority of spat (> 99%) seeded onto
Greenshell™ farms are lost from production, and that the use of spat in aquaculture
production has become markedly less efficient over the last 30 years. Furthermore, despite
increasing spat harvesting, the development of hatchery spat production, and extensive new
areas of wild spat catching on ropes over the last ten years, the industry has been failing to
increase total aquaculture production of Greenshell™. Currently, the Greenshell™ industry
produces ~100,000 t of mussels annually, and by reducing spat losses by 25%, production
would increase to 3 million tonnes, generating an extra $4 billion USD each year without any
need to increase spat harvests.
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CHAPTER THREE: THE LOSS OF SPAT
FOLLOWING SEEDING ONTO COASTAL
GREENSHELL™ MUSSEL (PERNA
CANALICULUS) FARMS
3.1. Introduction
Mussel aquaculture has grown rapidly in the past few decades to form an important global
industry, with production exceeding 1.6 million tonnes in 2018 and accounting for around
13% of global marine bivalve production (Wijsman et al., 2019). However, mussel
aquaculture still relies heavily upon irregular supplies of recently settled juveniles (also
known as ‘spat’), which are harvested from a range of wild sources before being transported
to farm sites and seeded onto farming substrata to initiate the production cycle (Walter &
Liebezeit, 2003; Filgueira et al., 2007; Alfaro et al., 2010; Kamermans & Capelle, 2019).
Hatchery production of mussel spat has been increasing in recent years, as an attempt to
improve the security of spat supplies, although the contribution of hatchery spat only
accounts for a small proportion of the total spat used in mussel aquaculture globally (Galley
et al., 2010; Laxmilatha et al., 2011). Irrespective of the spat source, the seeding out process
on mussel farms is extremely inefficient, with large numbers of spat (frequently > 95%) lost
from production after only a few months in the water (Peteiro et al., 2007; South. et al., 2017;
South et al., 2019; Chapter 5, Skelton & Jeffs, 2020). The seeding out process varies
depending on the farming approach (e.g., bouchot culture, bottom-culture or off-bottom
longline culture), but essentially involves coupling loose spat, or spat attached to primary
settlement substrata, such as macroalgae, with farming substrata, e.g., longlines, grow ropes,
and bottom culture plots (Cáceres-Martinez et al., 1994a; Cáceres-Martínez et al., 1994b;
Pulfrich, 1996; Maguire et al., 2007; Cubillo et al., 2012). Once spat have been seeded out
onto farm structures, they are normally left in situ to grow to larger sizes during a period
referred to as nursery culture (Kamermans & Capelle, 2019). Once established and grown to
a larger size where crowding becomes problematic, the spat may be stripped from farming
substrata and reseeded at lower densities to ensure more even and continuing growth. High
spat losses, or conversely poor spat retention, during nursery culture are extremely
problematic for the mussel aquaculture industry, as the inefficient use of spat compounds the
industry’s susceptibility to natural fluctuations in the extent of wild spat supplies and costs
the industry millions each year in lost production (South. et al., 2017).
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The exact causes of high spat losses during the early stages of mussel aquaculture are unclear,
although they may be caused by mortality (Castinel et al., 2019) through density dependent
competition (Capelle et al., 2014) and stress (Calderwood et al, 2014), predation (Morrisey et
al., 2006; Kamermans et al., 2009; Šegvić-Bubić et al., 2011; Capelle et al., 2016b), or the
innate migratory behaviour of mussel spat (Buchanan & Babcock, 1997). Following a pelagic
larval stage, mussel pediveligers undergo primary settlement and metamorphosis and
transition to a benthic mode of existence (Bayne, 1964; Ackerman et al., 1994). Primary
settlement is an active process, with pediveligers preferentially seeking out suitable
settlement substrata, such as fibrous hydroids, or filamentous macroalgae, often away from
adult mussel beds (Hickman, 1976; McGrath et al., 1988; Dobretsov, 1999; Alfaro et al.,
2001; Alfaro & Jeffs, 2002; Yang et al., 2007; Le Corre et al., 2013; Jeffs et al., 2018).
However, following primary settlement, mussel spat remain highly mobile and can repeatedly
detach from their primary settlement site and drift away to resettle elsewhere in a process
termed secondary settlement (Bayne, 1964; Sigurdsson, 1976; Lane et al., 1985; Buchanan &
Babcock, 1997). This secondary settlement behaviour is postulated to be the mechanism that
allows small mussel spat (i.e., < 2 mm in species within the Mytilus genus, and < 6 mm in the
Perna genus) to recruit from their primary settlement sites and into adult mussel beds (Bayne,
1964; Buchanan & Babcock, 1997; Le Corre et al., 2013). While this two-stage recruitment
process appears to be beneficial to mussel spat by enabling them to avoid competition and
cannibalism by adult mussels (Alfaro, 2006; Porri et al., 2008), it is also extremely
problematic for mussel farmers who seek to maximise the retention of recently seeded spat on
farming structures despite a tendency toward natural losses.
The endemic green-lipped, or Greenshell™ mussel (Perna canaliculus) dominates New
Zealand’s aquaculture industry, where production generates over $200 million USD each
year (Aquaculture New Zealand, 2020a). However, despite an increase in the total area of
consented farm space and increased spat catching efforts, industry production has stagnated
for over 10 years due to the inefficient use of spat. The Greenshell™ industry relies almost
exclusively on wild-caught spat, with the majority harvested from Ninety Mile Beach (NMB)
at the northern tip of the country, where it washes ashore attached to a range of macroalgae,
hydroids and other general debris and is often referred to locally as ‘Kaitaia’ or ‘Te Hiku’
spat (Alfaro et al., 2004; Alfaro et al., 2010; Hickman, 1976; Jeffs et al., 1999; Jeffs et al.,
2018). A recently established small-scale hatchery also provides the industry additional small
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quantities of mussel spat, as do local spat-catching farms where spat are caught as larval
settlers on specialised spat-catching ropes (i.e., “line-caught spat”).
Greenshell™ farming in New Zealand uses modified Japanese longlines, which consist of two
parallel backbone lines that are suspended near the water’s surface by rows of up to 40 large
plastic floats that typically extend over a line of around 200 m in length. Fibrous grow ropes
are then hung from the backbone lines in continuous loops, or ‘droppers’, which are seeded
with mussel spat (Jeffs et al., 1999). The seeding out process involves encasing spat covered
primary substrate with these fibrous dropper ropes, which are then hung in the water column,
where the spat are left to transfer their attachment to the fibrous dropper ropes. In the case of
Kaitaia spat, seeding out involves wrapping the spat (which can range anywhere from 0.3 mm
to 3 mm in size at the time of seeding) covered seaweed around the fibrous ropes, which are
then encased in a protective cotton stocking or “mussock”. Over time, the macroalgae and
mussock disintegrate leaving only the spat that have transferred their attachment directly to
the grow ropes (Chapter 5, Skelton & Jeffs, 2020; Skelton & Jeffs, 2021b). In the case of
line-caught spat (which can range anywhere between 0.3 mm and 10 mm in size at the time
of seeding), the spat-covered ropes are transported to coastal mussel farms where they are resuspended in the water column. A layer of protective mussock may be added to the ropes if
the spat are larger in size to prevent losses due to dislodgement during the seeding process,
however, if the spat are small the ropes can be placed into the water column without any
mussock. Finally, in the case of hatchery spat, spat covered coir rope is encased in mussock
before being seeded onto grow ropes, which are then themselves encased in a further layer of
mussock before being suspended at a mussel farm (South. et al., 2017).
The early stages of Greenshell™ aquaculture (i.e., seeding out and nursery culture) usually
take place at sheltered, coastal sites throughout the country (Jeffs et al., 1999). However,
anecdotal reports from farmers suggest that some farm sites may be more suitable to the early
stages of Greenshell™ aquaculture than others, with particular sites observed to consistently
experience fewer spat losses (Dr Rodney Roberts, SPATnz Ltd, pers. obs.). The reasons for
the differences in spat losses among farm sites are unclear, although it is thought that
differences in environmental conditions among sites may play an important role. Similar
results have been confirmed overseas, where performance of mussel spat (i.e., growth and
survival) from the same source has been shown to vary significantly among farm sites
(Dickie et al., 1984; Mallet et al., 1987; Yanick et al., 2003; Ramón et al., 2007) and at
different times of the year (Diaz et al., 2014), suggesting that the location of a farm site and
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time of seeding may also have an impact on spat losses. Another factor thought to influence
spat losses on Greenshell™ farms is the source of spat (i.e., geographic location and type of
spat, Kaitaia, line-caught or hatchery). Mussel spat of other species sourced from different
locations appear to perform differently when seeded at the same farm site (Fuentes et al.,
1992; Ramón et al., 2007), so it is possible that seeding out with Greenshell™ spat sourced
from different locations may result in differences in the magnitude of subsequent spat losses.
However, despite these anecdotal reports, and findings in other mussel species, which appear
to support these reports, the influence of these factors on spat losses on Greenshell™ farms
has not yet been determined.
Therefore, the aim of this study was firstly to quantify the timing and magnitude of spat
losses on Greenshell™ farms, and secondly, to determine whether spat losses are consistent
among sites at different times of the year, or if they vary among spat procured from different
sources (i.e., Kaitaia spat from NMB, or line-caught spat from Aotea Harbour).

3.2. Materials and methods
3.2.1. Study sites and source of mussel spat
Four separate experiments were conducted, each measuring spat losses after seeding out with
spat from a single source onto multiple farm sites located in the eastern Hauraki Gulf, in
north-eastern New Zealand (Fig. 3.1). The eastern Hauraki Gulf includes the Firth of Thames
and the Coromandel Harbour, and is the second largest Greenshell™ farming region in the
country, accounting for approximately 30% of New Zealand’s total Greenshell™ production
by weight. Spat used in each experiment were sourced from either NMB (Kaitaia spat) or
Aotea Harbour on the west coast of the North Island (line-caught spat). Prior to each
experiment, spat were harvested and transported to the Coromandel overnight, where they
were seeded out the following day as part of commercial seeding runs. The arrival of Kaitaia
spat on NMB is highly irregular and unpredictable, which prevented line-caught and Kaitaia
spat from being seeded out in a single experiment simultaneously.
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Fig. 3.1. Map of New Zealand showing; (a) Ninety Mile Beach and the location where the majority of Kaitaia
spat wash ashore (A), (b) the eastern Hauraki Gulf with the location of each farm site (C – Coromandel Harbour,
D – Esk Point, E – Manaia Harbour, F – Deadmans Point, and G – Wilson Bay), and (c) Aotea Harbour, and the
location of the spat catching farm (B) near the entrance of the harbour.

3.2.2. Experimental design
The four experiments were conducted at different times within a one-year period: Experiment
I from December 2017 to April 2018, Experiment II from February 2018 to May 2018,
Experiment III from July 2018 to August 2018, and Experiment IV from August 2018 to
October 2018. Spat used in experiments I and III were sourced from Aotea Harbour and spat
used in experiments II and IV were sourced from NMB.
For each experiment, spat from a single cohort were seeded onto polypropylene grow rope in
a manner consistent with commercial seeding practices, before being cut into short sections
(~ 0.25 m) and attached to a dropper line, which were suspended from the backbone lines of
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the coastal mussel farms. Each dropper consisted of a 5 m length of 10 mm polypropylene
rope, which had the short sections of seeded out grow rope attached to it via stainless steel
shark clips. Three replicate sections of grow rope were attached to each dropper in
experiments I and II, and five replicate sections in experiments III and IV. A 2.5 kg lead dive
weight was attached to the end of each dropper to ensure it stayed weighed down in the water
column. At the beginning of each experiment, a length of seeded out grow rope (~ 8 m long)
was retained to determine the size and density of spat on the grow ropes at the time of
seeding out.
Environmental variables were also measured at each of the farm sites in each experiment
using environmental loggers. In experiments I and II, temperature and salinity was measured
at each site at a depth of 1.5 m using a temperature-salinity logger (Model U24-002-C, Onset
Corporation model) set to record continuously at one-hourly intervals. However, following
the poor performance of these loggers due to biofouling, more environmental sondes with
wipers were sourced for experiments III and IV (Model YSI Exo, Xylem Inc.), which
measured temperature, salinity, turbidity and chlorophyll α at a depth of 3.5 m at each farm
site, at three-hourly intervals. Heavy biofouling within the sensor guard of the sondes during
Experiment III meant that the turbidity data could not be used. Issues with instrument
calibration drift during Experiment IV meant that the salinity records could not be used.
3.2.3. Sampling protocol
The deployment and subsequent recovery of dropper lines relied upon logistic support from
the commercial Greenshell™ mussel aquaculture vessels operating in the area with a
hydraulic crane to lift the farm’s backbone lines and retrieve the droppers. At times, adverse
weather conditions and logistical constraints meant that the simultaneous recovery of
droppers in each experiment was not always possible. However, sampling events were
aligned as much as possible despite these constraints.
3.2.3.1. Experiment I
Fifteen droppers, each with three short sections of seeded grow rope with line-caught spat
from Aotea Harbour encased in mussock were deployed onto the backbone lines of a farm at
Deadmans Point on 15 December 2017. Three days after the initial deployment, five droppers
were moved from Deadmans Point to a farm at Wilson Bay, and a further five were moved to
a farm at Esk Point. At each subsequent sampling event, one dropper was retrieved from each
of the three farm sites. The first samples were retrieved from Deadmans Point and Esk Point
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after 13 days, but inclement weather conditions meant that the samples from the more
exposed Wilson Bay farm could not be retrieved. The second samples were retrieved from all
farm sites after 23 days, and the third samples, after 80 days. A final sample was retrieved
from Esk Point after 123 days. The final samples from Deadmans Point and Wilson Bay were
either damaged or lost, and therefore could not be retrieved.
3.2.3.2. Experiment II
Fifteen droppers, each with three short sections of grow rope seeded with Kaitaia spat and
encased in mussock were deployed on 1 February 2018. Ten droppers were initially deployed
onto the backbone lines of a farm in the Coromandel Harbour, and five to the backbone lines
of a farm at Esk Point. After 11 days, five of the droppers on the farm in the Coromandel
Harbour were relocated to a farm at Deadmans Point. The first samples were retrieved from
the farms at Esk Point and in the Coromandel Harbour after 12 days, since no samples had
been relocated to the farm at Deadmans Point, so samples were retrieved from that site. The
second samples were retrieved from all the farm sites after 21 days, and the third samples
from Deadmans Point and the Coromandel Harbour after 33 days. A sample could not be
collected from Esk Point during this sampling event due to logistical constraints. The fourth
samples were collected from the Coromandel Harbour and Deadmans Point after 76 days, but
the sample from Esk Point was damaged whilst retrieving to the boat. The final samples from
Coromandel Harbour and Esk Point were retrieved after 103 days, however, the final sample
from the more exposed Deadmans Point farm was lost during a storm event.
3.2.3.3. Experiment III
Six droppers, each with six short sections of seeded grow rope with line-caught spat from
Aotea Harbour were deployed on the backbone lines of two farms in the Coromandel and
Manaia Harbours on 2 July 2018. The first samples were retrieved after 7 days (one dropper
recovered per site), the second after 15 days (one dropper recovered per site), and the final
after 47 days (three droppers recovered per site).
3.2.3.4. Experiment IV
Six droppers, each with six short sections of grow rope seeded with Kaitaia spat and encased
in mussock were deployed on the backbone lines of two farms in the Coromandel and Manaia
Harbours on 21 August 2018. Two droppers were retrieved at each sampling event, with the
first retrieved after 10 days, the second after 31 days, and the final samples after 64 days.
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3.2.4. Spat losses and growth
For each dropper that was recovered, each short section of grow rope was detached,
measured, and the cable ties, mussock, and any remaining pieces of macroalgae were
removed. All remaining mussel spat were then carefully washed off each section of rope, and
onto a 200 µm sieve. The spat were then spread evenly in a large petri dish (14 cm diameter),
and counted in five randomly selected 4 cm2 subsamples. The resulting counts were used to
estimate the total numbers of spat remaining per metre of dropper line. Once spat reached
over ~10 mm in shell length, all remaining spat were counted. In addition, a random sample
of 100 spat from each sample were photographed under a dissecting microscope and had their
shell lengths (SL) measured using image analysis (ImageJ Software). The mussock and any
remaining macroalgae that were recovered from the droppers were then dried in a drying
oven at 50 °C for 24 hours and subsequently weighed.
3.2.5. Statistical analyses
The mean number of spat remaining attached to the short sections of grow rope in each
experiment were compared among farm sites, sampling events and between droppers (where
replicate droppers were successfully retrieved) using a three-way analysis of variance
(ANOVA).
The mean size of spat, the mean dry weight of mussock, and the mean dry weight of
macroalgae remaining in each experiment was compared among farm sites and sampling
events using a two-way ANOVA.
Records of environmental variables measured in each experiment were compared among
farm sites using linear mixed effects models with sampling time fitted as a random effect
variable, and farm site fitted as a fixed effect variable. A two-way ANOVA was conducted
on the results of the models to identify any differences among farm sites.
For each ANOVA, the assumptions of normality and homogeneity of variance were
examined by plotting the distributions of residuals and the residuals versus means. Where
necessary, data were transformed prior to analysis to ensure these assumptions were met.
When there were significant main effects detected by the main analyses, post-hoc pairwise
comparisons were carried out using Tukey HSD tests.
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3.3. Results
3.3.1. Experiment I
3.3.1.1. Spat losses and growth
At the outset of the experiment, the initial seeding density of the spat on the grow ropes was
261 m-1 (± 35 SE). When the final samples from each farm site were retrieved (i.e., after 80
days in the water at Deadmans Point and Wilson Bay, and after 123 days at Esk Point) the
mean number of spat remaining attached to the grow ropes had reduced to 85 m-1 (± 17 SE),
57 m-1 (± 12 SE), and 68 m-1 (± 40 SE) (Fig. 3.2). Relative to initial seeding densities, this
represented losses of 68% at Deadmans Point, 79% at Esk Point, and 74% at Wilson Bay.
The mean number of spat remaining attached to the grow ropes varied significantly among
sampling events (F5, 86 = 12.26, P < 0.01), but was not significantly different among farm
sites (F2, 86 = 1.65, P = 0.19). The interaction between sampling event and farm site was not
significant (F7, 86 = 1.41, P = 0.21).

Fig. 3.2. Experiment I: Mean number of spat remaining on experimental dropper lines (m -1 ± SE) at three farm
sites. Different capital letters above horizontal bars indicate significant main effect differences in the mean
number of spat among sampling events.

The mean size of spat remaining attached to the grow ropes had increased from an initial size
of 16.4 mm (± 0.47 SE) to 39.8 mm (± 0.71 SE) at Deadmans Point after 80 days in the
water, 39.1 mm (± 1.3 SE) at Esk Point after 123 days in the water, and 28.1 mm (± 1.36 SE)
at Wilson Bay after 80 days in the water (Fig. 3.3).
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The mean size of spat remaining attached to the grow ropes was not consistent among farm
sites among sampling events (sampling event × farm site interaction, F7, 1383 = 25.8, P < 0.01)
(Fig. 3.3). Post-hoc Tukey tests indicated that; the mean size of spat was greater at Esk Point
than Deadmans Point at Sample 1, there were no significant differences in mean spat size
among farm sites at Sample 2 (21 days), the mean size of spat at Esk Point were larger than
those at Deadmans Point and Wilson Bay, and the mean size of spat at Deadmans Point were
larger than those at Wilson Bay at Sample 3 (33 days), and that the mean size of spat at
Deadmans Point were larger than those at Esk Point, and the mean size of spat at Deadmans
Point were larger than those at Wilson Bay at Sample 4 (76 days).

Fig. 3.3. Spat size (mean SL ± SE) at three farm sites throughout the duration of Experiment I.

3.3.1.2. Mussock breakdown
At the outset of the experiment, the grow ropes were encased in a mean dry weight of 12.7 g
(± 0.28 SE) mussock m-1. The mean dry weight of mussock left encasing the grow ropes was
not consistent among farm sites for the different sampling events (sampling event × farm site
interaction, F7, 86 = 4.56, P < 0.01), however, by the fourth sampling event, there was no
mussock left encasing the grow ropes at any farm site.
3.3.1.3. Seawater temperature
Mean daily seawater temperatures were variable throughout the experiment, with a mean of
21.5 °C (± 0.09 SE) over 80 days of sampling at Deadmans Point, 22.0 °C (± 0.09 SE) at Esk
Point, and 21.1 °C (± 0.09 SE) at Wilson Bay. Temperatures differed significantly among
farm sites, with temperatures at Esk Point being significantly warmer than at Deadmans Point
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(∆°C = 0.49, t = 42.6, P < 0.001), and Wilson Bay (∆°C = 0.84, t = 61.5, P < 0.001).
Temperatures at Deadmans Point were higher than those at Wilson Bay (∆°C = 0.34, t = 25.4,
P < 0.001).
3.3.2. Experiment II
3.3.2.1. Spat losses and growth
At the outset of the experiment, the initial seeding density of the spat on the grow ropes was
17,370 m-1 (± 3917 SE). When the final samples from each farm site were retrieved (i.e., after
103 days in the water from the Coromandel Harbour farm site and Esk Point, and after 76
days at Deadmans Point) the mean number of spat remaining attached to the grow ropes had
reduced to 436 m-1 (± 189 SE), 448 m-1 (± 169 SE), and 232 m-1 (± 105 SE) (Fig. 3.4).
Relative to initial seeding densities, this represented losses of 98% at the farm in the
Coromandel Harbour, 98% at Deadmans Point, and 99% at Esk Point.
The mean number of spat remaining attached to the grow ropes varied significantly among
sampling events (F5, 95 = 26.81, P < 0.01), but was not significantly different among farm
sites (F2, 95 = 1.12, P = 0.32). The interaction between sampling event and farm site was not
significant (F6, 95 = 0.81, P = 0.55).

Fig. 3.4. Experiment II: Mean number of spat remaining on experimental dropper lines (m -1 ± SE) at three farm
sites. Different capital letters above horizontal bars indicate significant main effect differences in the mean
number of spat among sampling events.

The mean size of spat remaining attached to the grow ropes had increased from an initial size
of 0.69 mm (± 0.03 SE) to 8.4 mm (± 0.19 SE) at the farm in the Coromandel Harbour after
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103 days in the water, 10.4 mm (± 0.32 SE) at Deadmans Point after 76 days in the water,
and 12.5 mm (± 0.44 SE) at Esk Point after 103 days in the water (Fig. 3.5).
The mean size of spat remaining attached to the grow ropes was not consistent among farm
sites for the different sampling events (sampling event × farm site interaction, F6, 1346 = 37.2,
P < 0.01). Post-hoc Tukey tests indicated that; there were no significant differences in mean
spat size among farm sites at Sample 1, Sample 2, or Sample 3, at Sample 4, spat at the farm
in the Coromandel Harbour were larger than those at Deadmans Point (P = 0.05), and at
Sample 5, spat at Esk Point were larger than those in the Coromandel Harbour (P < 0.01).

Fig. 3.5. Spat size (mean SL ± SE) at three farm sites throughout the duration of Experiment II.

3.2.2.2. Mussock and macroalgae breakdown
At the outset of the experiment, the grow ropes were encased in mussock which had a mean
dry weight of 3.80 g m-1 (± 0.11 SE). The mean dry weight of mussock left encasing the grow
ropes was not consistent among farm sites among sampling events (sampling event × farm
site interaction, F6, 95 = 3.86, P < 0.01), however, by the final sampling event, there was no
mussock left encasing the grow ropes at any farm site.
At the outset of the experiment, the grow ropes were seeded out with a mean dry weight of
17.37 g m-1 (± 3.23 SE) of macroalgae which was carrying the attached spat. The mean dry
weight of macroalgae remaining on the grow ropes was consistent among farm sites (F2, 80 =
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1.89, P = 0.15), but varied significantly among sampling events (F5, 80 = 6.80, P < 0.01). The
interaction between sampling event and farm site was not significant (F6, 80 = 1.31, P = 0.26).
Post hoc Tukey tests indicated there were significant reductions in the mean dry weight of
macroalgae between the outset and Sample 2 (P = 0.05), Sample 3 (P = 0.01), Sample 4 (P <
0.01) and Sample 5 (P < 0.01).
3.3.2.3. Seawater temperature
Mean daily seawater temperatures increased initially, before showing an overall downward
trend, averaging 21.1 °C (± 0.05 SE) in the Coromandel Harbour, 21.2 °C (± 0.05 SE) at
Deadmans Point, and 21.1 °C (± 0.05 SE) at Esk Point over the course of the experiment.
There were significant differences in seawater temperatures among farm sites, with
Deadmans Point being warmer than both the Coromandel Harbour (∆°C = 0.09, t = 16.7, P <
0.001), and Esk Point farm sites (∆°C = 0.11, t = 20.9, P < 0.001). Temperatures in the
Coromandel Harbour were significantly warmer than those in Esk Point (∆°C = 0.02, t =
4.41, P < 0.001).
3.3.3. Experiment III
3.3.3.1. Spat losses and growth
At the outset of the experiment, the initial seeding density of the spat on the grow ropes was
6,004 m-1 (± 586 SE). By the end of the experiment, after 47 days in the water, the mean
number of spat remaining attached to the grow rope had reduced to 3,160 m-1 (± 350 SE) at
the farm in the Coromandel Harbour, and to 1,464 m-1 (± 140 SE) at the farm in Manaia
Harbour (Fig. 3.6). Relative to initial seeding densities, this represented losses of 48% at the
farm in the Coromandel Harbour, and 76% at the farm in Manaia Harbour.
The mean number of spat remaining attached to the grow ropes was not consistent between
farm sites and among sampling events as indicated by a significant interaction term (sampling
event × farm site interaction, F3, 91 = 6.67, P < 0.01). Post-hoc Tukey tests indicated that the
mean number of spat remaining attached to the grow ropes was significantly less at the farm
in Manaia Harbour than the farm in the Coromandel Harbour at the final sampling event (P <
0.01). There was no significant difference in the mean number of spat remaining attached to
the grow rope among droppers at the final sampling event regardless of farm site (F3, 91 =
0.31, P = 0.81).
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Fig. 3.6. Experiment III: Mean number of spat remaining on experimental dropper lines (m-1 ± SE) at each farm
site. Different capital letters above horizontal bars indicate significant main effect differences in the mean
number of spat among sampling events. Different letters above individual bars indicate significant differences in
the mean number of spat between farm sites within each sampling event following a significant sampling event
× farm site interaction.

After 47 days in the water, the mean size of spat remaining attached to the grow ropes had
increased from an initial size of 4.81 mm (± 0.49 SE) to 7.90 mm (± 0.82 SE) at the farm in
the Coromandel Harbour, and to 6.43 mm (± 0.56 SE) at the farm in Manaia Harbour (Fig.
3.7).
The mean size of spat remaining attached to the grow ropes was not consistent among farm
sites and among sampling events (sampling event × farm site interaction, F3, 792 = 10.5, P <
0.01). Post-hoc Tukey tests indicated that spat at the farm in the Coromandel Harbour were
larger than those at Manaia Harbour at Sample 1 (P < 0.01) and Sample 2 (P < 0.01) and that
spat were the same size at both farm sites at Sample 3 (P = 0.72).

46

Chapter Three: Spat losses following seeding onto coastal farms

Fig. 3.7. Spat size (mean SL ± SE) at each farm site throughout the duration of Experiment III.

3.3.3.2. Seawater temperature and salinity
Mean daily seawater temperatures were consistent throughout the experiment, averaging 14.2
°C (± 0.02 SE) in the Coromandel Harbour, and 14.1 °C (± 0.02 SE) at Manaia Harbour.
Seawater temperature differed significantly between the two sites, with temperatures at the
Coromandel Harbour being warmer than those at Manaia Harbour (∆°C = 0.09, t = 11.42, P <
0.001). Mean daily seawater salinity was also consistent between the two farm sites,
averaging 34.3 PSU (± 0.02 SE) at Coromandel Harbour, and 34.2 PSU (± 0.02 SE) at
Manaia Harbour. Mean daily seawater salinity differed significantly between farm sites (∆
PSU = 0.10, t = 8.44, P < 0.001).
3.3.4. Experiment IV
3.3.4.1. Spat losses and growth
At the outset of the experiment, the initial seeding density of the spat on the grow ropes was
15,165 m-1 (± 1749 SE). By the end of the experiment, after 64 days in the water, the mean
number of spat remaining attached to the grow rope had reduced to 4,018 m-1 (± 616 SE) at
the farm in the Coromandel Harbour, and to 5054 m-1 (± 727 SE) at the farm in Manaia
Harbour (Fig. 3.8). Relative to initial seeding densities, this represented losses of 74% at the
farm in the Coromandel Harbour, and 66% at the farm in Manaia Harbour.
The mean number of spat remaining attached to the grow ropes varied significantly among
sampling events (F3, 80 = 9.83, P < 0.01), but was not significantly different among farm sites
(F1, 80 = 0.11, P = 0.73). The interaction between sampling event and farm site was not
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significant (F3, 80 = 0.38, P = 0.76). The mean number of spat remaining attached to the short
sections of grow rope did not vary significantly between droppers (F1, 80 = 0.01, P = 0.99).

Fig. 3.8. Experiment IV: Mean number of spat remaining on experimental dropper lines (m -1 ± SE) at each farm
site. Different capital letters above horizontal bars indicate significant main effect differences in the mean
number of spat among sampling events.

After 64 days in the water, the mean size of spat remaining attached to the grow ropes had
increased from an initial size of 1.70 mm (± 0.04 SE) to 6.36 mm (± 0.04 SE) at the farm in
the Coromandel Harbour, and to 5.73 mm (± 0.10 SE) at the farm in Manaia Harbour (Fig.
3.9).
The mean size of spat remaining attached to the grow ropes was not consistent among farm
sites for the different sampling events (sampling event × farm site interaction, F3, 792 = 3.75, P
= 0.01). Post-hoc Tukey tests indicated that spat at the farm in the Coromandel Harbour were
larger than those at Manaia Harbour at Sample 1 (P = 0.04), that there was no significant
difference in the mean size of spat between farm sites at Sample 2 (P = 0.25), and that spat at
the farm in Coromandel Harbour were larger than those at Manaia Harbour (P = 0.01).
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Fig. 3.9. Spat size (mean SL ± SE) at each of the farm sites throughout the duration of Experiment IV.

3.3.4.2. Mussock breakdown
At the outset of the experiment, the grow ropes were encased in a mean dry weight of 8.81 g
(± 2.32 SE) mussock m-1. The mean dry weight of mussock left encasing the grow ropes
varied significantly among sampling events (F3, 81 = 5.44, P < 0.01), but was consistent
between farm sites (F1, 81 = 1.72, P = 0.19). The interaction between sampling event and farm
site was not significant (F3, 81 = 1.48, P = 0.22). Post-hoc Tukey tests indicated there was a
significant reduction in the mean dry weight of mussock encasing the short sections of grow
ropes between the outset of the experiment and Sample 2 (P < 0.01), between the outset and
Sample 3 (P = 0.03), and between Sample 2 and Sample 3 (P = 0.02).
At the outset of the experiment, the grow ropes were seeded out with a mean dry weight of
6.57 g m-1 (± 0.27 SE) of macroalgae. The mean dry weight of macroalgae remaining on the
grow ropes was consistent among farm sites (F1, 81 = 3.65, P = 0.06), but varied significantly
among sampling events (F3, 81 = 14.56, P < 0.01). The interaction between sampling event
and farm site was not significant (F3, 81 = 1.31, P = 0.63).
3.3.4.3. Seawater temperature and turbidity
Mean daily seawater temperatures increased steadily throughout the experiment, averaging
16.5 °C (± 0.1 SE) in the Coromandel Harbour, and 16.7 °C (± 0.1 SE) in Manaia Harbour.
Temperatures differed significantly between the sites, with seawater temperature on average
over the 64-day period being warmer in Coromandel Harbour than in Manaia Harbour (∆°C =
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0.1, t = 10.8, P < 0.001). Throughout the experiment, turbidity was generally low, but there
were periods of up to a day with elevated NTU. Turbidity in the Coromandel Harbour
averaged 5.09 NTU (± 0.79 SE) and 2.35 NTU (± 0.79 SE) in Manaia Harbour. There were
significant differences in turbidity between sites, with the Coromandel Harbour being more
turbid than Manaia Harbour over the 64-day period (∆ NTU = 2.74, t = 2.96, P = 0.003).

3.4. Discussion
3.4.1. Spat losses
Significant spat losses were measured during the first few months of each of the experiments
in this study, ranging from losses of 40% after 47 days (Experiment III), to losses of 99%
after 103 days (Experiment II), with the majority of these losses taking place shortly after
seeding out, typically within the first 30 days. This pattern of high spat losses shortly after
seeding is consistent with those measured elsewhere on Greenshell™ farms (South. et al.,
2017; South et al., 2020, Supono et al., 2020, Skelton & Jeffs, 2020, Skelton & Jeffs, 2021b),
although the magnitude of spat losses measured in this study reached higher levels than those
that have been previously recorded on Greenshell™ farms elsewhere in the country. These
results are similar to those measured in other mussel aquaculture industries throughout the
world (Ceccherelli & Barboni, 1983; Peteiro et al., 2007; Cubillo et al., 2012; Capelle et al.,
2016a; Kamermans & Capelle, 2019), which are thought to be caused by factors such as high
initial seeding densities, density-dependent mortality, predation and dislodgement.
Combined, these results demonstrate that the early stages of mussel aquaculture are often
extremely inefficient, and that any reduction in spat losses will likely be of significant benefit
to production and therefore the industry.
The underlying mechanism that lead to the high spat losses measured in this study is unclear,
although the results from this study and previous research suggest secondary settlement
behaviour of mussel spat may be the dominant cause of spat losses on Greenshell™ farms
(South. et al., 2017; South et al., 2020; Supono et al., 2020; Skelton & Jeffs, 2021b). The
patterns of spat losses measured in this study (i.e., high initial losses followed by relative
stability in the number of spat remaining and decreasing spat losses with an increasing size of
spat) are consistent with those that have been attributed to secondary settlement behaviour,
suggesting this behaviour may have been the driving factor behind the spat losses measured
in this study.
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3.4.2. Spat losses among farm sites
Despite anecdotal reports from commercial Greenshell™ operators suggesting that spat losses
vary considerably among individual farm sites throughout the Hauraki Gulf, spat losses
measured in this study were consistent among sites for multiple deployments of spat. The
only instance where spat losses were significantly different among farm sites was in
Experiment III, where losses reached 24% after 47 days at one site, and 52% at a second site
5 km away. However, the reason for this single instance of a difference in the magnitude of
spat losses between farm sites is unclear. In each experiment, the environmental variables
monitored (i.e., seawater temperature and salinity) varied significantly among farm sites,
however, the size of the difference between sites was small, usually less than < 1 °C in
seawater temperature, or 1 PSU in seawater salinity. These differences are small, and unlikely
to have any significant impact on spat biology, with this species capable of tolerating much
broader temperature and salinity ranges than those measured in this study (Jeffs et al., 1999).
Therefore, it appears that differences in environmental conditions (i.e., seawater temperature,
salinity, and turbidity) among farm sites throughout the Hauraki Gulf (i.e., all within 20 km
of one another) are unlikely to be the primary cause of spat losses. However, larger-scale, and
interregional differences in environmental conditions, including those not measured in this
study, among farm sites may be enough to impact spat losses (Dickie et al., 1984; Fuentes et
al., 1992; Ramón et al., 2007; Calderwood et al., 2014; Fuentes-Santos & Labarta, 2015). For
example, Greenshell™ farms in New Zealand’s Marlborough Sounds can be separated by 10’s
to 100’s of km, which may result in highly variable environmental conditions (Gibbs et al.,
1992), that in turn, may impact spat losses. Recent studies have suggested that the ambient
food availability for spat at the time of seeding out to nursery farms may play an important
role in spat maintaining their nutritional condition and remaining on the farm (Supono et al,
2020; 2021). It is also possible that the high spat losses at each farm site in each experiment
measured in this study could indicate that environmental conditions throughout the
Coromandel are unsuitable for Greenshell™ mussel nursery culture, which could also be
responsible for the high spat losses.
3.4.3. Spat losses among seasons
Throughout the world, subject to the availability of spat, seeding out on mussel farms tends to
take place at times of the year when growth and survival will be greatest (Marques et al.,
1998; Diaz et al., 2014). In New Zealand, Greenshell™ farmers tend to avoid seeding out
during the summer period because elevated seawater temperatures are believed to increase
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spat mortality and fish predation higher. However, in this study, spat losses were high no
matter the season, or the source of spat, suggesting factors other than environmental
conditions may be driving spat losses.
3.4.4. Seeding approaches and spat source characteristics
The characteristics of spat from each source may have had an impact on the magnitude of
spat losses. Kaitaia spat are usually small (i.e., < 2 mm) and seeded out at high densities
(from 10,000 m-1 to 80,000 m-1), largely due to the difficulty of estimating the density of spat
settled onto the macroalgae, which they are harvested attached to (Skelton & Jeffs, 2020). In
comparison, line-caught spat from Aotea Harbour are usually seeded out at larger sizes (i.e.,
> 2 mm), and lower densities (< 10,000 m-1). In this study, seeding out with small spat, at
high densities was associated with the greatest spat losses, suggesting these characteristics of
Kaitaia spat may contribute to poor spat retention. For example, 98 – 99% of Kaitaia spat
were lost after 103 days in Experiment II, where spat were seeded out at a mean SL of 0.69
mm and an initial seeding density of 17,370 m-1. In contrast, 66 – 74% of Kaitaia spat were
lost after 64 days in Experiment IV, where spat were seeded out at a mean SL of 1.7 mm, at
an initial density of 15,165 m-1. In each experiment, line-caught spat from Aotea Harbour
were seeded out at considerably larger sizes and lower densities than Kaitaia spat (i.e., 16.4
mm SL at an initial density of 261 m-1 in Experiment I, and 4.81 mm at an initial density of
6,004 m-1 in Experiment III), and the resulting spat losses did not reach the same levels as
Kaitaia spat (i.e., 68 – 79% in Experiment I, and 48 – 76% in Experiment III). These results
are similar to those measured elsewhere in other mussel species, where high initial seeding
densities have been shown to lead to high intraspecific competition, resulting in
dislodgement, mortality, and predation, whichincreases spat losses (Fréchette et al., 1992;
Fréchette et al., 1998; Lauzon-Guay et al., 2005; Capelle et al., 2016b).
Therefore, one approach to reducing spat losses on mussel farms may be to seed out with
larger spat, at lower seeding densities (Supono et al., 2020). As P. canaliculus spat grow in
size, their propensity to undergo secondary settlement decreases (Buchanan & Babcock,
1997), which may explain why seeding out with larger spat has been shown to improve
retention, with spat greater than 6 mm in size thought to be unable to undertake this
behaviour (Supono et al., 2020). However, a major challenge associated with seeding out
with larger spat at lower densities is the high cost of holding and feeding spat in enclosed
facilities until they grow to larger sizes (Cotteau & Sorgeloos, 1992; Knauer & Southgate,
1999; Gui et al., 2016c). Furthermore, the nature of the supply of Kaitaia spat (i.e., spat52
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covered macroalgae washing ashore) means that spat harvests cannot be delayed until spat
have grown to larger sizes as in the case of line-caught spat. One way to hold and on-grow
mussel spat in a cost-efficient manner may be through the use of sea-based floating upwelling
systems (FLUPSYs), which are commonly used in oyster aquaculture (Rivara et al., 2002),
and have shown promise for the nursery culture of P. canaliculus spat (Skelton et al., 2021).
However, further research will be required to determine whether seeding with these larger
nursery-reared spat at lower seeding densities will improve spat retention.
The only exception to the trend of increasing retention with increasing seeding size seen in
this study was in Experiment I, where spat seeded at large sizes (16.4 mm SL) still resulted in
consistently high losses across farm sites (68 – 79%). However, during seeding out in this
experiment, many spat detached from the grow rope and were only loosely held in place by
the protective mussock, and therefore, may have been lost as the mussock broke down if the
spat failed to reattach themselves. While the propensity for P. canaliculus to undergo
secondary settlement decreases with increasing size, so too does their ability to reattach to
substrata (Smith, 2018), so it is possible these larger spat failed to reattach before the
mussock broke down (i.e., after 3 months) and were lost or dislodged from the grow rope.
Further investigation to better understand the attachment behaviour of larger spat is required.
Furthermore, the different methods used for seeding out spat from each source (i.e., linecaught spat from Aotea Harbour versus spat attached to macroalgae debris and harvested
from NMB) may have affected subsequent spat losses. Kaitaia spat are seeded out while still
attached to macroalgae, before being encased in a layer of protective mussock (Skelton &
Jeffs, 2020). Over time, the macroalgae and mussock degrade, and for any spat to be retained
for aquaculture production they must attach to the grow rope. However, the breakdown of
macroalgae within the seeded dropper rope may create conditions adverse to spat survival
such as depleted levels of dissolved oxygen (Sanjayasari & Jeffs, 2019; South et al., 2020).
Furthermore, this approach to seeding out my actually promote spat losses. Following
seeding out, the macroalgae and mussock begin to disintegrate, leaving spat to either migrate
and reattach to permanent substrata, or be lost from production (Fig. 1.3, Chapter 1).
Therefore, seeding out with spat still attached to biodegradable substrata may lead to spat
being lost from production while still attached to seeding substrata (Skelton & Jeffs, 2020;
Skelton & Jeffs, 2021b). The pattern of spat losses in this study appears to support this
hypothesis, with most losses of Kaitaia spat in this study taking place while seeding substrata
was still breaking down. However, it is also possible that spat may detach from the seeding
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substrata, or remain attached to fragments of seeding substrata, that are then lost from
production altogether (South et al., 2020).
The characteristics of spat harvested from each source may also impact their vulnerability to
fish predation, which could be a significant driver of spat losses. For example, line-caught
spat that settle on fibrous ropes with a high degree of structural complexity may be protected
from predation as the rope serves as a refuge that prevents fish from accessing them
(Filgueira et al., 2007; Peteiro et al., 2010). The line-caught spat from Aotea Harbour were
seeded out already attached to fibrous grow rope, which could have made them less
vulnerable to fish predation than the Kaitaia spat, which migrated outward onto the mussock,
which would have made them more vulnerable. This may explain why the experiments which
used Aotea Harbour spat did not experience losses on the same magnitude reached with
Kaitaia spat. However, there were no indications of fish predation on any of the lines in any
experiment in this study. Anecdotal reports suggest that fish predation is a major driver of
spat losses in parts of the Hauraki Gulf, however, there has been no research to quantify the
extent of the problem. Therefore, further research aimed at understanding how fish predation
may contribute to spat losses, and how different approaches to seeding may impact these
losses is warranted.
3.5. Conclusion
The large spat losses measured in this study highlight the inefficiency of the early stages of
the Greenshell™ production cycle. Substantial spat losses were measured in each experiment,
which were consistent among farm sites. Overall, this study demonstrates that most spat
losses on Greenshell™ farms occur early on in the production cycle, showing that future
research aimed at minimizing spat losses should focus on seeding out larger spat at lower
seeding densities. The results from this study show that external environmental factors, such
as seawater temperature, salinity, and turbidity, may not be the dominant causes of poor spat
retention, but that the size, seeding density and approach to seeding out may all contribute to
spat losses. Further research should focus on developing methods for seeding out that do not
require spat to undertake multiple small-scale migrations among seeding substrata before
attaching to the permanent structure of the grow rope. This is particularly important with spat
losses now constraining the growth of the industry, despite ample spat supply.
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CHAPTER FOUR: THE IMPACT OF SEEDING
DENSITY ON SPAT LOSSES ON NEW ZEALAND’S
GREENSHELL™ MUSSEL (PERNA CANALICULUS)
FARMS
4.1. Introduction
Several species of mussels, mostly from two key genera, Mytilus, and Perna, are cultivated
for consumption throughout the world, with significant production occurring in China, Chile,
Thailand, New Zealand, and Europe (FAO, 2020). A variety of techniques are used to culture
mussels (e.g., cultivated directly on the seabed through bottom-culture methods or cultivated
in the water column on ropes or bouchots), with farming in each region of the world adopting
the technique best suited to making use of local environmental conditions (Mallet & Carver,
1991; McKindsey et al., 2011; Smaal, 1991).
The production process in mussel farming begins with seeding out recently settled seed
mussels, or ‘spat’ onto grow out substrata. Globally, most of the mussel spat used to begin
production are wild-caught, and depending on the region, may be dredged directly from
existing subtidal mussel beds (Kamermans & Smaal, 2002; Smaal et al., 2021), caught in the
water column on spat-catching ropes (Aghzar et al., 2012; Filgueira et al., 2007; Garcia et al.,
2003; Kamermans & Smaal, 2002), or harvested attached to drift macroalgae (Hickman,
1976; Jeffs et al., 2018). Once harvested, the spat are then relayed onto seabed culture plots in
the case of bottom-culture, or attached to farming substrata (e.g., ropes) in the case of offbottom culture, in a process collectively termed ‘seeding out’. However, a common problem
in mussel aquaculture is the inefficient conversion of seed mussels into adults, also referred
to as ‘return per biomass’ (RPB) (Bertolini et al., 2020; Capelle et al., 2016a). The efficiency
of mussel aquaculture varies significantly among farming techniques, with off-bottom
longline culture often being more efficient at converting seed mussel biomass into adults than
bottom-culture methods (Kamermans & Capelle, 2019).
A major cause of low production efficiency in mussel aquaculture, is the high post-seeding
losses, and depending on the location and mussel species, can range anywhere from 50% to
100% of the spat initially seeded out (Capelle et al., 2016; Peteiro et al., 2007; Skelton &
Jeffs, 2020; Chapter 6, Skelton & Jeffs, 2021a; Chapter 3, Skelton & Jeffs 2021b; South et
al., 2017; South et al., 2020; Supono et al., 2020). Therefore, identifying the causes of these
losses is critical for developing effective solutions to the problem, and improving the
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efficiency of mussel aquaculture operations throughout the world. Several factors may
contribute to post-seeding spat losses, including dislodgement and predation of small clumps
of isolated individual mussels (Capelle et al., 2016; Dolmer, 1998; Griffiths & Hockey, 1987;
Kirk et al., 2007), self-thinning due to high intraspecific competition for food and space
(Cubillo et al., 2012a; Cubillo et al., 2012b; Lauzon-Guay, Hamilton et al., 2005; LauzonGuay, Dionne et al., 2005), and secondary settlement behaviour (Chapter 5, Skelton & Jeffs,
2020; Chapter 6, Skelton & Jeffs, 2021a; South et al., 2017; South et al., 2019; South et al.,
2020), which is thought to be a mechanism that enables small spat to initially settle away
from adult mussel beds to avoid competition (Bayne, 1964; Buchanan & Babcock, 1997).
Therefore, it would appear likely that the density at which mussels are cultivated, may play
an important role in causing, or mitigating against spat losses. There is some initial evidence
to support this possibility in some species of mussels (Lauzon-Guay et al., 2005), as well as
many other species which grow in naturally high density aggregations and undergo selfthinning due to resource constraints (Fréchette et al., 2013; Guiñez & Castilla, 2001; Guiñez,
Ricardo, 2005; Hughes & Griffiths, 1988; Nelson & Bramanti, 2020). High seeding densities
are also thought to lead to constraints on resources (e.g., space and food) that in turn, may
lead to reduced growth of spat (Lauzon-Guay, Hamilton et al., 2005; Cubillo et al., 2012b).
The production of green-lipped, or Greenshell™ mussels (Perna canaliculus), is the largest
contributor to New Zealand’s aquaculture sector by volume and value, where they are grown
in coastal areas throughout the country on suspended longlines (Aquaculture New Zealand,
2020). However, Greenshell™ aquaculture is extremely inefficient, with post-seeding losses
reaching as high as 99%, and losses in excess of 90% in the first few months after seeding of
farms being commonplace (Chapter 5, Skelton & Jeffs, 2020; Chapter 6, Skelton & Jeffs,
2021a; Chapter 3, Skelton & Jeffs, 2021b; Chapter 7, Skelton et al., 2021; South et al., 2017;
South et al., 2019; South et al., 2020; Supono et al., 2020). Most of the spat used in the
Greenshell™ industry is wild-caught, with the majority (~80%) harvested attached to
macroalgae (at sizes between 0.3 and 5 mm in shell length (SL)) that washes ashore on
Northland’s Ninety Mile Beach (NMB) (referred to as ‘Kaitaia spat’ after a nearby township)
(Hickman, 1976; Jeffs et al., 1999; Jeffs et al., 2018). Unlike many other mussel aquaculture
industries, in New Zealand these small sized spat are used for directly seeding out onto
mussel farms. Once harvested, bags of this spat-algal assemblage are freighted by road to
farms throughout the country for seeding out onto coastal mussel farms. Seeding out involves
wrapping the Kaitaia spat material around fibrous ropes, which are then encased in a
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protective cotton stocking or “mussock”. Over time, the macroalgae in the Kaitaia spat
material and the mussock disintegrate, and only the spat that migrate onto the grow rope
remain (Chapter 6, Skelton & Jeffs, 2020). Most of the spat losses that take place on
Greenshell™ farms occur while the macroalgae and mussock are disintegrating, within the
first 3 months following seeding out (Chapter 6, Skelton & Jeffs, 2020; South et al., 2020).
The cause of high spat losses on Greenshell™ farms appears to be secondary settlement
behaviour, which can occur in this species up until the spat reach 6 mm in size (Buchanan &
Babcock, 1997; South et al., 2020a). The propensity for the spat of Greenshell™ spat to
undergo secondary settlement is a major problem for farmers, as it enables large numbers of
spat to rapidly migrate away from farming substrata. However, the factors that trigger
secondary settlement behaviour in this species are unclear, and as a result, cannot currently be
managed.
In an attempt to compensate for anticipated losses, Greenshell™ farmers typically seed out at
densities in excess of 20,000 spat m-1. However, due to the high variability in the density of
spat in each batch of Kaitaia spat, and the inconsistent makeup of macroalgal species in each
batch of Kaitaia spat material (with different species of macroalgae attracting vastly different
densities of primary settlers), it is easy for farmers to unknowingly seed their farms at
extremely high densities, up to 100,000 spat m-1. High seeding densities may lead to
increased intraspecific competition among mussel spat, which may encourage spat to undergo
secondary settlement, and migrate away from farm substrata (South et al., 2020), and may
also curtail initial growth of spat due to resource constraints, such as food availability
(Lauzon-Guay, Hamilton et al., 2005). Furthermore, the process of seeding out with large
quantities of macroalgae may result in conditions within a seeded grow rope that could
encourage spat to migrate away from the aquaculture substrata. For example, as large
quantities of macroalgae in the Kaitaia spat material begin to degrade, local dissolved oxygen
concentrations could decrease, which may in turn, lead to mortality, or encourage spat to
undergo secondary settlement (Sanjayasari & Jeffs, 2019). Likewise, large quantities of
macroalgae surrounding the seeded grow rope may also act as a physical barrier, preventing
spat from migrating away from seeding substrata and onto the permanent structure of the
grow rope, leaving them vulnerable to dislodgement and predation (Chapter 6, Skelton &
Jeffs, 2020). Therefore, it is possible that rather than compensating for spat losses, seeding
out at extremely high seeding densities may actually exacerbate spat losses on Greenshell™
farms.
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Therefore, the aim of this study was to determine the impact of seeding density on spat
retention on New Zealand’s Greenshell™ mussel farms.

4.2. Methods
4.2.1. Study site and spat source
This study was conducted from August 2018 to October 2018 on two coastal longline
Greenshell™ farms, the first located next to Motukakarikitahi (Rat) Island in the northern
Coromandel (36° 75' 90" S, 175° 45' 18" E, Fig. 4.1a), and the second in the Coromandel
Harbour (36° 80' 52" S, 175° 45' 06" E, Fig. 4.1b) on the west coast of the Coromandel
Peninsula, in northern New Zealand, which is the second most productive Greenshell™
farming region in New Zealand. Both farm sites are commonly used for seeding out and
nursery culture of Greenshell™ spat due to their sheltered and accessible locations and are
thought to be optimal locations for nursery culture. Seeding out at both sites takes place yearround, subject to the availability of spat. The Kaitaia spat used in this study were harvested
from NMB before being loaded into a truck and transported to the Coromandel Peninsula in
refrigerated trucks where it was loaded onto boats and seeded onto the mussel farms the
following day.
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Fig. 4.1. Map of New Zealand showing (a) the location of the farm next to Motukakarikitahi (Rat) Island, and
(b) the farm site in the Coromandel Harbour.

4.2.2. Experimental design
After arriving at the farms, the Kaitaia spat material was seeded onto a ~ 90 m length of
previously used cut-loop unleaded grow rope (Quality Equipment Ltd) before being encased
in a layer of cotton mussock in a manner consistent with widespread commercial practises.
The spat were seeded onto 30 m sections of the rope using standard seeding machinery at
three different seeding densities determined by the quantity of macroalgae seeded onto the
rope; low-density treatment representing around half the standard seeding rate of 150 m per
10 kg bag of Kaitaia spat material (i.e., ~5 kg spat material per 150 m), medium-density
treatment which is the standard seeding rate (i.e., ~10 kg spat material per 150 m), and a
high-density treatment at double the standard seeding rate (i.e., ~20 kg spat material per 150
m). Each 30 m section of rope was then cut into a series of ~ 2.5 m long droppers, which had
a 10 kg weight tied to one end to hold it down in the water column. Three droppers from each
seeding density were then lashed to the surface backbone lines, spaced approximately 1 m
apart, at each of the two farms. A further 2.5 m of rope from each seeding density was
retained to determine the initial seeding densities and the quantity of spat material seeded
onto each set of droppers.
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4.2.3. Sampling protocol
At each sampling event one dropper of each seeding density was collected from each farm
site for analyses of numbers of remaining spat and their growth. Previous studies have shown
that the majority of spat losses take place on Greenshell™ farms in the first few months
following seeding out, therefore, the first samples were retrieved after 16 days, the second
after 29 days, and the final samples after 59 days in the water.
4.2.4. Spat retention and growth
Following the collection of the droppers at each sampling event, each dropper was analysed
to determine the number and size of the remaining spat. The droppers were cut into six short
(~ 0.35 m) sections and for each, the macroalgae, mussock, and any spat remaining were
washed onto a 200 µm sieve. All remaining spat were then transferred into a large petri dish
(7 cm diameter), spread evenly and then counted in five 4 cm2 subsamples. These resulting
counts were then averaged for the total area of the petri dish, and then multiplied to get the
total number of spat present per section and then per m of grow rope. These estimates of the
number of spat per metre from each section of dropper were then averaged to determine the
mean number of spat remaining per metre for each 2 m dropper. At each sampling event, the
SL of 100 randomly selected spat were measured using image analysis (ImageJ Software).
Once the spat and macroalgae had been removed from the dropper and been separated, the
recovered macroalgae was dried in a drying oven at 50 °C for 24 h before being subsequently
weighed. The same methods were also used to determine the number and size of spat and
quantity of macroalgae seeded onto the dropper ropes for the three seeding densities at the
outset of the experiment.
4.2.5. Statistical analyses
The mean number of spat remaining per metre of dropper, the mean dry weight of Kaitaia
spat material and mussock remaining per metre of dropper, and mean spat size were
compared between farm sites, among seeding densities, and among sampling events using
three-way analyses of variance (ANOVA).
The assumptions for ANOVA for each of the above analyses were checked by examining the
distributions of residuals, and plots of residuals versus means, and where necessary, data
were transformed appropriately prior to analysis. For each analysis, where there were
significant main effects, pairwise Tukey HSD post-hoc tests were used to identify differences
among means.
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4.3. Results
4.3.1. General observations
At the beginning of the experiment, spat were attached to large quantities of Kaitaia spat
material held within the seeded dropper ropes by the mussock. By the first sampling event, 16
days post-seeding, large numbers of spat had migrated outward to occupy the mussock, and
the Kaitaia spat material had started to form one thick cohesive mass that was becoming
intertwined with the mussock which was beginning to break down. At the second sampling
event, 29 days post-seeding, large numbers of spat remained attached to an intertwined mass
of highly degraded Kaitaia spat material and mussock, which had started to fray, tear, and
become covered in biofouling. By the final sampling event, 59 days post-seeding, a greater
proportion of spat appeared to have migrated onto the grow rope, and only small fragments of
highly degraded Kaitaia spat material, and heavily biofouled mussock remained (Fig. 4.2).

Fig. 4.2. Diagram showing the seeding out process during this experiment: left) Spat-covered Kaitaia spat
material was seeded onto droppers before being encased in protective mussock, middle) Spat had begun to
attach to the mussock, and any remaining macroalgal material had formed a cohesive mass with the mussock,
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holes were starting to appear where spat material could have fallen out of while still attached to the macroalgae,
right) By the end of the experiment, all remaining spat were attached to the dropper.

4.3.2. Spat retention
After 59 days the mean number of spat remaining attached to the droppers had reduced to
4,843 m-1 (± 1,028 SE), 1,229 m-1 (± 170 SE), and 8,481 m-1 (± 723 SE) in the high, medium,
and low-density treatments respectively at the farm in the Coromandel Harbour, and to 3,394
m-1 (± 89 SE), 2,415 m-1 (± 330 SE), and 3,432 m-1 (± 250 SE) for the equivalent density
treatments at the farm at Rat Island (Fig. 4.3). Relative to initial seeding densities, this
represented apparent spat losses of 92%, 93%, and 28% in the high, medium, and low-density
treatments respectively at the farm in the Coromandel Harbour, and 95%, 87%, and 71% for
the equivalent density treatments at the farm at Rat Island.
The mean number of spat remaining attached to the droppers was not consistent among
seeding densities and sampling events, or between farm sites, as indicated by a significant
interaction term of the ANOVA (i.e., seeding density × sampling event × farm site, F6, 112 =
3.11, P < 0.01, Fig. 4.3). Post-hoc comparisons showed that at the outset of the experiment,
significantly more spat were seeded onto droppers in the high-density treatment (59,242 spat1

m-1 ± 11,284 SE) than droppers in the medium-density (17,640 spat-1 m-1 ± 4,494, P <

0.001), and low-density (11,782 spat-1 m-1 ± 3,679, P < 0.001) treatments, but there was no
significant difference in the number of spat seeded onto droppers in the medium and lowdensity treatments (P = 0.65).
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Fig. 4.3. Mean number of spat on experimental dropper lines (m -1 ± SE) for three different seeding densities at
two farm sites at four sampling times.

4.3.3. Breakdown of macroalgae and mussock
After 59 days in the water, the mean dry weight of macroalgae remaining on the droppers had
reduced from 97.5 g m-1 (± 28.1 SE), 9.9 g m-1 (± 2.7 SE) and 6.8 g m-1 (± 2.1 SE) in the
droppers in the high, medium, and low-density treatments respectively at the outset to 5.7g m1

(± 3.1SE), 0 g m-1, and 11.0 g m-1 (± 2.9 SE) in the high, medium, and low-density

treatments respectively at the Coromandel Harbour farm site, and to 10.5 g m-1 (± 4.7 SE), 1.5
g m-1 (± 0.7 SE), and 3.8 g m-1 (± 0.8 SE) in the equivalent density treatments for the farm at
Rat Island (Fig. 4.4). Relative to initial seeding quantities, this represented losses of
macroalgae of 95%, and 100% for the high and medium-density treatments respectively, and
an increase of 61% in the low-density treatment, at the farm in the Coromandel Harbour. At
the Rat Island farm site, the quantity of macroalgae remaining at the end of the experiment
represented losses of 90%, 85%, and 45% in the high, medium, and low-density treatments,
respectively.
The mean dry weight of macroalgae remaining on the droppers was not consistent among
seeding densities and sampling events as indicated by a significant interaction term of the
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ANOVA (F6, 111 = 4.89, P < 0.01), but was consistent between farm sites (F1, 111 = 2.32, P =
0.12, Fig. 4.4). The three-way interaction between seeding density, sampling event, and farm
site was not significant (F6, 111 = 1.75, P = 0.11).

Fig. 4.4. Dry weight (mean ± SE) of macroalgae remaining per metre of experimental dropper lines for three
spat seeding densities at two farm sites at four different sampling times. Different letters above individual bars
indicate significant differences in the mean dry weight of macroalgae among the sampling events within each
density treatment following a significant density × sampling event interaction.

At the outset of the experiment, droppers in the high, medium, and low-density treatments
were seeded out with clean mussock at dry weights of 5.5 g m-1 (± 0.3 SE), 4.4 g m-1 (± 0.4
SE) and 4.6 g m-1 (± 0.3 SE), respectively. By the end of the experiment, 59 days postseeding, 10.2 g m-1 (± 4.4 SE), 3.9 g m-1 (± 0.8 SE), and 12.8 g m-1 (± 2.5 SE) of dry mussock
material was attached to droppers in the high, medium, and low-density treatments
respectively at the Coromandel Harbour Farm site, and 10.1 g m-1 (± 2.2 SE), 6.2 g m-1 (± 0.8
SE), and 5.9 g m-1 (± 0.5 SE) in the equivalent density treatments for the farm at Rat Island
(Fig. 4.5). Relative to initial quantities of mussock, this represented an apparent increase in
the dry weight of mussock of 85%, and 178%, in the high and low-density treatments at the
farm in the Coromandel Harbour, and a decrease of 12% in the medium-density treatment. At
the Rat Island farm site, the dry weight of mussock remaining attached to the droppers at the
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end of the experiment represented an apparent increase of 83%, 45%, and 28% in the high-,
medium-, and low-density treatments, respectively. Although clean mussock was used at the
outset, by the first sampling event (i.e., 16 days) the material was beginning to ladder and
accumulate initial biofouling. By the second sampling event (i.e., 29 days), the mussock
remaining on the droppers had started to become fragmented and covered in biofouling,
which also served to retain the residual mussock on the dropper. By the third sampling event
(59 days) the mussock was even more difficult to isolate among the biofouling. This made it
difficult to separate the fragments of mussock material from the biofouling, explaining the
apparent increases in the dry weight of the mussock on the droppers from 29 days onwards.
The ANOVA indicated that the mean dry weight of mussock remaining on the droppers was
not consistent among seeding densities, sampling events, and farm sites as indicated by a
significant three-way interaction term (F6, 111 = 2.7, P = 0.01, Fig. 4.5).

Fig. 4.5. Dry weight (mean ± SE) of mussock remaining per metre of experimental dropper lines for three spat
seeding densities at two farm sites at four different sampling events.

4.3.4. Spat size
At the outset of the experiment, the mean size of the spat that was seeded onto all
experimental droppers was 1.24 mm (± 0.03 SE). By the end of the experiment, after 59 days,
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the mean spat size had increased to 7.5 mm (± 0.1 SE), 6.1 mm (± 0.1 SE), and 6.1 mm (± 0.1
SE) in the high, medium and low-density treatments respectively at the Coromandel Harbour
farm site, and to 7.3 mm (± 0.1 SE), 6.5 mm (± 0.1 SE), and 6.8 mm (± 0.1 SE) in the high,
medium, and low-density treatments respectively at the Rat Island farm site (Fig. 4.6).
Mean spat size at the end of the experiment was not consistent between farm sites, among
seeding densities, or among sampling events (Farm site × Seeding density × Sampling event
interaction, F6, 2378 = 6.731, P < 0.001). At the Coromandel Harbour farm site the spat in the
low density treatment grew to a larger mean size than those in the medium (P < 0.001) or
high (P < 0.001) treatments and spat in the high-density treatment grew to a larger mean size
than those in the medium-density (P < 0.001) treatment. At the Rat Island farm the spat in the
high-density treatment grew to a larger mean size than spat in the medium (P < 0.001), or
low-density (P < 0.001) treatments. There was no significant difference in the mean size of
spat in the high-density treatments between the two farm sites (P = 0.36), or between the lowdensity treatments (P = 0.19) but spat in the medium treatment grew to larger mean size at the
Coromandel Harbour farm than spat in the equivalent treatment at the Rat Island farm (P <
0.01).
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Fig. 4.6. Mean spat size (shell length ± SE) in each seeding density treatment at each farm site.

4.4. Discussion
4.4.1. Spat losses
The results from this study demonstrate that seeding out at extremely high seeding densities,
such as those typically used on Greenshell™ farms (i.e., over 50,000 spat-1 m-1), may
exacerbate post-seeding spat losses, rather than mitigate against them. Significant spat losses
were measured over the duration of this study, with the greatest losses taking place from
droppers in the high-density treatment (with between site losses averaging 93.5%), followed
by those in the medium (with between farm losses averaging 90%), and low-density
treatments (with between farm losses averaging 49.5%). This pattern of increasing spat losses
with increasing seeding densities appears to suggest that at least some proportion of spat
losses on Greenshell™ farms may be density-dependent, and that seeding out at lower
densities, such as those used in this study (i.e., ~ 10,000 spat-1 m-1), may be an effective
approach to help mitigate against avoidable spat losses.
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The pattern of spat losses measured during this study were not consistent among seeding
densities, suggesting different factors may have contributed to losses from droppers in each
density treatment. In the high-density treatment, most spat were lost from droppers shortly
after seeding out, within the first 16 days, and were followed by continued losses for the
remainder of the experiment, in a pattern that was consistent between sites. In contrast, spat
losses in the medium and low-density treatments were more sustained over the duration of the
experiment, and were not consistent between sites, with no spat losses taking place from
droppers in the low-density treatment at the Coromandel Harbour farm site. Furthermore, few
spat losses took place from droppers in both the medium and low-density treatments at each
farm site early on. These results suggest that beyond a particular seeding threshold, spat
losses may become highly density-dependent, but that at lower seeding densities, factors
other than seeding density may be contributing to losses. For example, seeding out at high
seeding densities may result in increased intraspecific competition for food and space, which
could result in spat rapidly regulating their densities to reach a more optimal density for
survival and growth (Alunno-Bruscia et al., 2000; Cubillo et al., 2012; Cubillo et al., 2015;
Lauzon-Guay et al., 2005a; Lauzon-Guay et al., 2005b). This might explain why the number
of spat remaining attached to droppers in the high-density treatment after 16 days in the water
were similar to the numbers of spat remaining attached to droppers in the medium and lowdensity treatments at the same time at the Coromandel Harbour farm site (i.e., ~ 15,000 spat-1
m-1). Furthermore, by the end of the experiment, a similar number of spat remained attached
to the droppers in all density treatments at both farm sites (i.e., 3,000 spat-1 m-1) suggesting
the optimal seeding density for Greenshell™ farms may be much lower than is currently used.
While the pattern of increasing spat losses with increasing seeding densities was consistent
between sites, the magnitude of spat losses was different (e.g., no spat losses measured from
droppers in the low-density treatment at the Coromandel Harbour farm site). The reasons for
the differences in spat retention between the two sites are unclear, although it would seem
likely that possible differences in environmental conditions between the sites could have
resulted in the differences in spat losses. Previous studies have shown that being seeded into
poor local feeding environments and feeding conditions may play an important role in spat
losses on Greenshell™ farms (Supono et al., 2021). Therefore, it is possible that differences in
food availability between the sites could have resulted in different intensities of intraspecific
competition between the sites despite identical initial seeding densities, which may explain
the differences in spat retention.
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4.4.2. Possible causes of spat losses
While the results from this study suggest that high seeding densities may play an important
role in influencing the magnitude of spat losses on Greenshell™ farms, the mechanism that
led to spat being lost from the droppers is unclear. Previous studies have implicated
secondary settlement behaviour as being the driving factor behind spat losses on Greenshell™
farms (Chapter 5, Skelton & Jeffs, 2020; Chapter 6, Skelton & Jeffs, 2021a; Chapter 3,
Skelton & Jeffs, 2021b; Chapter 7, Skelton et al., 2021; South et al., 2017; South et al., 2019;
South et al., 2020; South et al., 2021b; Supono et al., 2020). If secondary settlement
behaviour was the dominant cause of the spat losses measured in this study, it would suggest
that elevated seeding densities may be a trigger for the behaviour in this species. However,
this would be in contrast to the observation that Greenshell™ spat will settle onto the
macroalgae that comprises the Kaitaia spat material at much higher densities (i.e., 2 million
spat-1 kg-1) than those measured in this study, suggesting spat are capable of tolerating such
densities (Hickman, 1976). Although it is possible that Greenshell™ may be able to survive
living at such high densities when environmental conditions, such as food availability are
optimal, but that when conditions are suboptimal, such densities cannot be tolerated. For
example, packing a seeded dropper rope with large quantities of Kaitaia spat material likely
reduces the flow of water through the rope, reducing the quantity of food available to spat.
Therefore, high densities may be a trigger for secondary settlement behaviour when spat are
in a food limited environment (e.g., a tightly packed dropper rope) but may not be a trigger
for the behaviour when water flow and food availability is sufficient. It is also possible that
this interplay between food availability and seeding density may result in mortality rather
than secondary settlement behaviour, which could also explain the spat losses measured in
this study.
The process of seeding out with large quantities of spat-covered macroalgae may also directly
contribute to spat losses by leading to adverse conditions within the seeded dropper. For
example, as the macroalgae begins to breakdown, it could reduce oxygen concentrations and
the pH of the seawater, which, in turn, may result in mortality or encourage secondary
settlement behaviour (Sanjayasari & Jeffs, 2019). Furthermore, the presence of large
quantities of decaying macroalgae could act as a physical barrier, preventing spat from
migrating onto the dropper itself, causing them to be lost while still attached to the
macroalgae (Skelton & Jeffs, 2020). This may explain why the spat losses measured in this
study coincided strongly with the breakdown of macroalgae, suggesting that few spat had
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successfully migrated onto the dropper itself. This is consistent with the general observations
on the movement of spat and breakdown of seeding substrata throughout this experiment.
Following seeding out, most of the spat migrated outward to occupy the intertwined
macroalgae-mussock assemblage, rather than the dropper, making it likely these spat were
lost while still attached to this decaying assemblage. Combined, this may explain why greater
spat losses were measured from droppers in the high density treatment, which was seeded
with 97.5 g m-1 of dry macroalgae, than the medium and low density treatments, which were
seeded with 9.9 g m-1 and 6.8 g m-1 of macroalgae respectively. Further research aimed at
differentiating between the impacts of seeding density, and of seeding out with large
quantities of macroalgae on spat losses is required. The clear relationship between the
quantity of macroalgae remaining attached to droppers and the number of spat remaining,
may also explain why in some instances (e.g., droppers in the low-density treatment between
the outset and the first sampling event at the Rat Island farm) the number of spat appeared to
increase from the outset of the experiment. The quantity of Kaitaia spat material seeded onto
a length of dropper can be highly variable, which could have resulted in some droppers being
seeded with larger quantities of Kaitaia spat material at the time of seeding, which would
explain these apparent increases in spat numbers.
Previous studies have demonstrated that large quantities of spat are lost from Kaitaia spat
material immediately following reimmersion into seawater (South et al., 2021). A similar
phenomenon may have occurred in this study, which could explain some of the spat losses.
However, this would not explain why there were no losses from droppers in the low-density
treatment at the Coromandel Harbour farm site. Therefore, it appears more likely that spat
were lost from droppers in this study while still attached to the macroalgae that comprises
Kaitaia spat material, rather than immediately following reimmersion.
Although secondary settlement behaviour could have explained the spat losses measured
early on in this study, spat losses continued after spat reached sizes where they were no
longer capable of undertaking this behaviour (i.e., 6 mm SL) (Buchanan & Babcock, 1997).
Therefore, it is likely that factors other than secondary settlement behaviour, such as
mortality, or predation, may continue to contribute to spat losses that occur later in
production, where losses due to secondary settlement are no longer possible.
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4.4.3. Possible solutions
Seeding out spat at lower densities appears to have the potential to significantly reduce spat
losses on Greenshell™ farms. However, care will need to be taken to determine what seeding
densities are optimal for balancing a reduction in spat losses with sufficient numbers of spat
being retained per metre of rope for subsequent commercial aquaculture production. For
example, low seeding densities that result in lower overall spat losses will not be acceptable
for farmers if the number of spat per metre is low or results in a patchy distribution around
the rope, which would result in greater costs associated with deploying longer lengths of rope
and greater quantities of biofouling establishing in vacant growing space on the rope. Low
numbers of spat attached per metre of rope could also lead to increased clumping of mussels,
which in turn, could make them more vulnerable to dislodgement, or predation (Capelle et al.,
2016b; Dolmer, 1998; Griffiths & Hockey, 1987; Kirk et al., 2007). Therefore, for
Greenshell™ farmers, an optimal seeding density may be one where some spat losses are
acceptable provided the number of spat attached to the ropes is adequate to reduce
dislodgement and biofouling, limit predation, and keep operating costs low.
Another possible solution to high spat losses on Greenshell™ farms may be to grow spat to
larger sizes prior to seeding out in sea or land-based nursery systems, such as FLUPSYs
(floating upwelling systems) (Chapter 7, Skelton et al., 2021). These larger spat would be
unable to be lost from production due to secondary settlement behaviour (Buchanan &
Babcock, 1997), and could be seeded out as a single seed product, enabling spat to attach
directly to the structure of the grow rope, rather than needing to migrate amongst seeding
substrata (Chapter 5, Skelton & Jeffs, 2020). Nursery culture of spat within contained
FLUPSYs would also mean that any spat lost from seeding substrata immediately following
immersion would remain within the system, further reducing spat losses (South et al., 2021).
Furthermore, seeding out spat as a single seed product would make it much easier for farmers
to control seeding densities, making spat losses due to overstocking less likely.

4.5. Conclusion
This study demonstrates that seeding out spat at high seeding densities may exacerbate spat
losses on Greenshell™ farms that could have been avoided by seeding at lower densities.
Doing so would also make more efficient use of the limited wild spat resource for
Greenshell™ mussel aquaculture. Further research is required to determine an optimal seeding
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density for Greenshell™ farms for spat of different sizes, and to determine the causes of the
spat losses that occurred when seeding out at high densities.
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CHAPTER FIVE: THE IMPORTANCE OF PHYSICAL
CHARACTERISTICS OF SETTLEMENT SUBSTRATE
TO THE RETENTION AND FINE-SCALE MOVEMENTS
OF PERNA CANALICULUS SPAT IN SUSPENDED
LONGLINE AQUACULTURE
5.1. Introduction
Mussel aquaculture has grown rapidly over the past few decades, and now forms an
important global industry (FAO, 2016). Mussels are commonly cultured using one of three
techniques: bouchot culture, bottom culture, and off-bottom longline or raft culture.
Irrespective of the technique, the success of mussel aquaculture relies upon the ability to
maximise the settlement, survival, and retention of early juveniles (also referred to as seed or
spat) on farm structures or substrate for subsequent ongrowing (Carl et al., 2012b). The vast
majority of spat used in mussel aquaculture globally is wild-caught, being either caught in the
water column as larvae settling on specialised spat catching ropes, or harvested directly from
a range of settlement substrata, such as macroalgae or from among adult mussel beds (Aghzar
et al., 2012; Alfaro et al., 2004; Alfaro et al., 2010; Caceres-Martınez & Figueras, 1998; Dare
& Edwards, 1976; Hickman, 1976; Newell et al., 1991; Walter & Liebezeit, 2003). However,
supplies of wild-caught spat are often irregular and unpredictable, making mussel aquaculture
difficult to manage. Furthermore, the harvesting of wild-caught spat is increasingly being
brought under harvesting controls, which can further limit production (Alfaro et al., 2010;
Walter & Liebezeit, 2003). The process of seeding mussel spat onto growing substrata can
also be highly inefficient, with large quantities of spat often lost from ongrowing substrata
shortly after seeding out (Capelle et al., 2016a; South et al., 2017). High losses of spat (or
conversely poor spat retention) can be severely disruptive to the continuity of mussel
aquaculture production, and costly, both in terms of lost production, as well as the need to
purchase additional spat to reseed the farms. Therefore, reducing spat losses is crucial for
improving the efficiency of the global mussel aquaculture industry, and for facilitating further
increases in overall production.
In New Zealand, the green-lipped mussel (Perna canaliculus), known as Greenshell™, is
cultured on longline systems in many coastal areas of the country, making up around 50% of
the local aquaculture sector’s total annual revenue (Aquaculture New Zealand, 2020a; Jeffs et
al., 1999). Poor spat retention is a major problem in the Greenshell™ industry, where spat
73

Chapter Five: Importance of settlement substrate to spat retention
losses from growing ropes frequently exceed 90% (Jeffs et al., 1999; South et al., 2017). This
industry is highly susceptible to the effects of poor spat retention, as the spat used by the
industry is almost exclusively wild-caught, with the majority (~ 80%) harvested from
strandings of spat-encrusted macroalgae arriving intermittently on Ninety Mile Beach, in the
far north of the country (Hickman, 1976; Jeffs et al., 1999; Jeffs et al., 2018). The remainder
is caught as larval settlers on spat catching ropes deployed in areas of naturally high
settlement (~15% of total national spat supply), as well as a small supply from a recently
established small-scale commercial hatchery (~5% of total spat supply). The high reliance on
uncertain supplies of spat from the wild is further compounded by the poor spat retention
experienced by this industry. Despite these difficulties, few studies have addressed the issue
of poor spat retention on Greenshell™ farms, and as a result the phenomenon is poorly
understood and remains unmanageable.
One factor that is likely contributing to poor spat retention on Greenshell™ farms, is the
highly mobile nature of P. canaliculus spat. Unlike many other sessile marine invertebrates,
such as oysters, mussel larval settlement is not permanent, with spat able to undertake
multiple post-settlement migrations (Bayne, 1964; Buchanan & Babcock, 1997; Gosling,
2003). Primary larval settlement in mussels takes place when pediveliger larvae between 200
and 500 µm in shell length undergo metamorphosis and transition from a pelagic to a benthic
mode of existence (Widdows, 1991). After settlement, spat are often highly mobile, and
actively explore their settlement substrate by crawling around on their muscular foot (Harvey
et al., 1995). Furthermore, mussel spat can detach from their substrate and drift passively
through the water column on fine buoyant mucus threads to re-settle in new locations (Bayne,
1964; Buchanan & Babcock, 1997; Le Corre et al., 2013; Sigurdsson et al., 1976). This
process, termed secondary settlement behaviour, greatly increases the dispersive potential of
juvenile mussels, and may also help to explain why large numbers of spat detach, and migrate
away from aquaculture growing structures. This is highly problematic for mussel aquaculture,
which seeks to retain mussel spat on farm structures for ongrowing.
The factors that trigger secondary settlement behaviour in mussel spat are poorly understood
and may include changes in local environmental conditions (Alfaro, 2005; Carton et al.,
2007), changing behavioural and habitat preferences of spat (Alfaro & Jeffs, 2002), and
chemical settlement cues (Alfaro et al., 2006; Gribben et al., 2011). However, the majority of
research investigating the loss of spat from farm structures has been conducted in laboratories
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where conditions are markedly different to those experienced by spat seeded onto a mussel
farm.
One factor that may play a role in influencing mussel secondary settlement behaviour is the
physical characteristics of the substrata available for their attachment. The physical
characteristics of attachment substrata appears to play a particularly important role in the
settlement and attachment of juvenile mussels (Aldred et al., 2006; Alfaro & Jeffs, 2002;
Brenner & Buck, 2010; Carl et al., 2012a; Christensen et al., 2015; Frandsen & Dolmer,
2002; Gribben et al., 2011; Marsden & Lanksy, 2000). Greenshell™ mussel larvae often
prefer to settle on highly filamentous substrata, including macroalgae, colonial hydroids and
fibrous ropes designed for spat collecting (Alfaro & Jeffs, 2002; Dobretsov & Wahl, 2001;
Harvey et al., 1995). Such complex settlement substrata are thought to provide spat with
refuge from predation (Frandsen & Dolmer, 2002), and decrease the risk of dislodgement via
hydrodynamic drag (Brenner & Buck, 2010). However, mussel spat show a shift in preferred
substrata for attachment as they grow, switching from fine filamentous substrata to coarser
substrata (Erlandsson et al., 2008; von der Meden et al., 2010). For example, Greenshell™
larvae (< 0.5 mm in shell length) prefer to settle on fine filamentous, branching macroalgae,
while larger spat (1.5 – 2 mm) prefer to settle on coarser macroalgae species, which have a
lower degree of branching (Alfaro & Jeffs, 2002). These changing substrata preferences are
problematic for mussel aquaculture, which seeks to retain spat on the same substrata used on
growing structures. For example, the grow rope used for the culture of Greenshell™ spat is
often highly filamentous, mimicking the structure of filamentous macroalgae that the larvae
of this species prefer to settle on (Tortell, 1976). However, given the observations of
changing substrata preferences of wild spat as they grow, it could be expected that growing
spat on highly filamentous material may result in spat losses as they actively seek out coarser
substrata to which to attach.
While secondary settlement behaviour is highly problematic to the Greenshell™ industry in
terms of spat losses, it is also essential to the aquaculture production cycle in facilitating the
transfer of spat from biodegradable substrata (i.e., macroalgae when harvested from Ninety
Mile Beach, and coir when seeding with hatchery spat) onto plastic ongrowing ropes.
Previous studies have shown that spat losses typically occur early in the production cycle,
presumably, while these small-scale migrations are still being made (South et al., 2017).
Therefore, it is possible that modifications, or additions made to the physical structure of the
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ongrowing ropes to align more with the substrata preferences of larger spat, could be used to
promote the successful movement of the spat and consequently reduce spat losses.
Therefore, in this study experimental modifications to the physical structure of ongrowing
ropes were used to assess their potential for improving spat retention on Greenshell™ mussel
farms. The small-scale movements of spat between the substrata available to spat once seeded
onto ongrowing rope were measured, to determine whether the modified ongrowing ropes
promoted the transfer of spat onto the permanent structure of the grow rope.

5.2. Materials and methods
5.2.1. Study site and source of mussel spat
The study was conducted from November 2018 to February 2019 on a surface coastal
longline Greenshell™ farm located in the Coromandel Harbour (36° 80'52" S, 175° 45'06" E,
Fig. 5.1), on the west coast of the Coromandel Peninsula, in northern New Zealand. Due to its
sheltered and accessible location, this farm is solely used as a site for seeding out, and for the
initial nursery culture of Greenshell™ spat. Seeding out at this farm takes place year-round,
depending on the availability of spat. During the nursery phase of the Greenshell™ production
cycle, spat are seeded onto grow ropes and left to grow until they reach approximately 10 –
20 mm in shell length, before being stripped off the ropes and re-seeded elsewhere for
ongrowing to harvest size of 80-120 mm in shell length. The spat used in this study were
harvested from the wild at Ninety Mile Beach and consisted of large numbers of spat attached
to drift macroalgae and other debris (Alfaro et al., 2004). During seeding out, this material is
wrapped around fibrous polypropylene ropes before being encased in a cotton stocking or
“mussock”. Over time, the macroalgae and mussock, leaving spat the choice to re-attach to
the grow rope or to leave the structure (Fig. 1.3, Chapter 1). The spat material used in this
experiment was harvested on 25 November 2018, loaded into a truck to transport it to an
awaiting seeding barge from which it was seeded out onto the mussel farm the following day.

76

Chapter Five: Importance of settlement substrate to spat retention

Fig. 5.1. Coromandel Peninsula, showing the location of the farm site (A) at the entrance to the Coromandel
Harbour (inset).

5.2.2. Experimental design
5.2.2.1. Rope structure
To determine whether the movement and attachment behaviour of spat following seeding out
onto a farm is influenced by the physical structure of the ongrowing rope, spat were seeded
out experimentally onto a used, standard ongrowing rope (i.e., cut-loop fibrous polypropylene
grow rope with a lead core, Quality Equipment Ltd) for which its physical structure had been
modified in four different ways.
The four modifications were; 1) ties treatment – eight heavy-duty cable ties added around the
core of each metre of rope to provide additional coarse physical structure, 2) mussock
treatment – rope tightly encased with a layer of heavy-duty polyester-cotton stocking or
mussock (Type 56, 85% cotton, 15% polyester, Quality Equipment Ltd, New Zealand) prior
to seeding out, 3) singed treatment – cut-loop fibrous polypropylene grow rope that had been
singed with a heat gun to create a more coarse substratum, and 4) control treatment –
standard, unmodified cut-loop fibrous polypropylene grow rope (Fig. 5.3). Twenty-five
metres of each of these rope treatments were seeded out with spat material in a manner
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consistent with commercial practice prior to being encased with heavy-duty polyester-cotton
mussock and cut into a series of 2 m long dropper lines ready to be suspended from a coastal
surface longline mussel farm. Each dropper was tied to the backbone line at one end of the
farm, approximately 1 m apart. The seeding out process in Greenshell™ aquaculture is
difficult to control, and several factors can affect the number of spat seeded out per metre of
rope (e.g., the density of spat on the macroalgae, the species composition of the macroalgae,
and the quantity of macroalgae seeded out per metre of grow rope). This can result in
somewhat variable seeding densities along any length of seeded out grow rope (dropper).
However, care was taken in this study to ensure all the droppers used in this experiment were
seeded out in a consistent manner using an approach consistent with commercial operations,
and therefore, any differences in seeding densities were likely just natural variability resulting
from this process.

Fig. 5.3. Photograph showing the physical characteristics of the grow rope in each of the four treatments. 1)
Control treatment, 2) singed treatment, 3) mussock treatment, and 4) ties treatment.

After seeding out at the outset of the experiment, the mean density of spat on the droppers
was 83,970 m-1 (± 9,144 SE), 46,740 m-1 (± 8,798 SE), 66,186 m-1 (± 10,766 SE), and 75,212
m-1 (± 7,690 SE) in the control, mussock, singed, and ties treatments respectively. Once
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seeded out, the droppers were lashed to the backbone lines of a coastal mussel farm in a
random arrangement, weighed down with a 2.5 kg lead weight tied to one end.
5.2.2.2. Sampling protocol
Two randomly selected droppers from each of the four treatments were retrieved from the
farm after 23 days (Sample 1) in the water, the second after 53 days (Sample 2), and the final
sample after 106 days (Sample 3).
5.2.3. Spat retention
After each sampling event, the dropper ropes were returned to the laboratory, cut into short
(0.25 m) sections, and for each section of rope they were separated into the three substrata
that comprise a seeded grow rope (i.e., macroalgae, mussock, and the grow rope). Each
substratum was then washed separately with freshwater over a 200 µm sieve to remove any
mussel spat, and the substratum carefully examined to ensure all spat had been washed off,
and any that remained attached were removed by with tweezers. From sample 2 (53 days),
the remaining mussock and macroalgae formed a single intertwined degrading mass, separate
from the structure of the grow rope, making it impossible to separate the two components.
Spat attached to this single mass of material were often attached to a combination of both
small fragments of macroalgae, and single strands of mussock. Therefore, from sample 2,
spat were washed and removed from two substrata (i.e., the grow rope and the mussockmacroalgal mass) separately. Once the spat were removed from each substratum from every
short section of rope, they were spread evenly in a large petri dish and counted within five 4
cm2 subsamples. The resulting mean counts for each substratum were then extrapolated to
estimate the total number of spat in the petri dish, and then the number per metre of grow
ropes. Finally, the final counts for each substratum were summed together to determine the
total number of spat remaining per metre of dropper rope. After all the spat had been
removed, each substratum from each section of rope was separated and dried (for 24 hrs at 50
°C) before being weighed. From sample 2, the intertwined mass of macroalgae and mussock
were separated prior to being dried and weighed. By the final sampling event (Sample 3), the
two layers of mussock on the mussock treatment were indistinguishable from one another and
were therefore processed as one.
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5.2.4. Spat growth rates
At each sampling event, 100 randomly selected spat from each substratum within each
treatment were photographed and their shell length measured using image analysis (ImageJ
Software).
5.2.5. Statistical analyses
The mean numbers of spat per metre of experimental dropper were compared among
treatments and sampling events, and between dropper ropes using a three-way analysis of
variance (ANOVA).
Small-scale movements of spat were analysed by comparing the mean proportion of
remaining spat attached to different substrata (i.e., grow rope, or mussock) using a two-way
ANOVA.
Spat size was compared between sampling events, treatments, and substrata (i.e., grow rope,
or mussock) using a three-way ANOVA.
The assumptions for ANOVA for each of the above analyses were checked by examining the
distributions of residuals, and plots of residuals versus means, and where necessary, data
were transformed appropriately prior to analysis. For each analysis, where there were
significant main effects, pairwise Tukey HSD post-hoc tests were used to identify differences
among means. False discovery rate (FDR) correction of p-values was used to account for
multiple comparisons during pairwise testing.

5.3. Results
5.3.1. Spat retention
After 106 days the mean number and percentage of spat remaining on the droppers relative to
the starting number were 226 m-1 (± 40 SE) (0.2%), 316 m-1 (± 63 SE) (0.6%), 134 m-1 (± 26
SE) (0.2%), and 188 m-1 (± 35 SE) (0.2%) on the control, mussock, singed, and ties
treatments respectively (Fig. 5.4). Relative to initial seeding densities, this represented losses
of 99.8% for the ties, singed, and control treatments, and 99.4% in the mussock treatment.
There was no evidence of primary settlement of P. canaliculus spat on dropper lines in any of
the four treatments (i.e., no spat between 300 µm and 1000 µm in shell length were recorded
on the droppers at sampling events after seeding out). Furthermore, secondary settlers could
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have colonised the droppers at any time throughout the experiment, but this would have gone
undetected, however, it could be expected to be of similar magnitude for all treatments.
The mean number of spat remaining on droppers was not consistent among treatments at each
sampling event as indicated by a significant interaction term of the ANOVA (F9, 334 = 3.259,
P < 0.001). However, post-hoc comparisons showed that the only sampling event where the
mean number of spat on droppers was significantly different among treatments was at outset
of the experiment (Fig. 5.4). There was no significant difference in spat retention between
dropper ropes at the three subsequent sampling events, i.e., 23, 51 and 106 days (F1, 334 =
0.03, P = 0.85).

Figure 5.4. Mean number of spat on experimental dropper lines (m -1 ± SE) for four different substrata and four
sampling times. Different capital letters above horizontal bars indicate significant main effect differences in
mean spat number among sampling events. Different letters above individual bars indicate significant
differences in mean spat number among the treatments within each sampling event following a significant
sampling event × treatment interaction.

5.3.2. Mussock and macroalgae breakdown
The mean dry mass of macroalgae remaining attached to the droppers was not consistent
among treatments across sampling events (Sampling event × Treatment interaction, F9, 335 =
3.269, P < 0.001, Fig 5.5a). At the outset of the experiment, there was significantly less
macroalgae seeded onto droppers in the mussock treatment (9.91 g m-1 ± 2.91 SE) than the
singed (16.69 g m-1 ± 3.21 SE), ties (16.14 g m-1 ± 1.71 SE), and control (16.36 g m-1 ± 2.86
SE) treatments (Tukey HSD pairwise comparisons P < 0.05). At the end of the experiment,
after 106 days, no macroalgae remained attached to droppers in any of the four treatments.
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The mean dry mass of mussock remaining attached to the droppers was not consistent among
treatments across sampling events (Sampling event × Treatment interaction, F11, 404 = 34.11, P
< 0.001, Fig. 5.5b). At the outset of the experiment, an average of 4.4 g m-1 (± 0.1 SE), 4.1 g
m-1 (± 0.1 SE), and 4.6 g m-1 (± 0.1 SE) of mussock (dry weight) was used to encase droppers
in the control, singed and ties treatments respectively. On average 8.2 g m-1 (± 0.1 SE) of
mussock was added around the mussock treatment droppers prior to seeding out (inner layer),
where they were then encased in an additional layer of mussock at an average of 3.8 g m-1 (±
0.7 SE) (outer layer). By the end of the experiment, the two layers of mussock in the mussock
treatment were indistinguishable from one another, and an average of 3.7 g m-1 (± 0.26 SE),
2.0 g m-1 (± 0.17 SE), 2.3 g m-1 (± 0.23 SE), and 1.6 g m-1 (± 0.11 SE) in the control,
mussock, singed, and ties treatments respectively. By the second sampling event, the
remaining mussock on droppers in each treatment was heavily fouled with a colonial hydroid.
Separating this hydroid from the mussock without the mussock disintegrating into tiny
fragments was difficult, explaining the apparent increase in the quantity of mussock
remaining at Sample 2.
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Fig. 5.5. Dry weight (mean ± SE) of macroalgae (a) and mussock (b) remaining per metre of grow rope among
treatments throughout the duration of the study. Heavy biofouling by a colonial hydroid covered droppers in
each treatment by the time of the second sampling event, and its separation from the mussock was difficult. By
Sample 3, the two layers of mussock in the mussock treatment were indistinguishable from one another.
Different letters above individual bars indicate significant differences in the mean dry weight of mussock and
macroalgae remaining among the treatments within each.

5.3.3. Small-scale spat movements
There were significant differences in the mean proportion of remaining spat attached to the
mussock or the grow rope among treatments and sampling events (Sampling event ×
Treatment interaction, F3, 119 = 7.02, P < 0.001) (Fig. 5.6). By the time of the first sampling
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event (23 days), a greater proportion of remaining spat had moved onto the grow rope in the
control (23.7% ± 2.2 SE), singed (26% ± 2.5 SE), and ties (24% ± 2.0 SE) treatments than the
mussock treatment (14% ± 5.4 SE, Tukey HSD pairwise comparisons P < 0.05). By the
second sampling event (51 days), a greater proportion of spat had migrated onto the grow
rope in the control treatment (46% ± 3.5 SE) than the mussock (21% ± 1.8 SE) and singed
treatments (22% ± 2.7 SE), and in the ties treatment (35% ± 3.9 SE) than the mussock and
singed treatments (Tukey HSD pairwise comparisons P < 0.05). At the end of the experiment,
after 106 days, there was no longer any macroalgae remaining attached to the grow rope, and
any remaining mussock was highly degraded and entangled with the structure of the grow
rope, which left all remaining juveniles in each treatment attached directly to the structure of
the grow rope. Throughout the experiment, in each treatment, spat attached to the grow rope
were found attached all through the structure of the rope, including the filamentous strands
and the inner core.

Fig. 5.6. Proportion of spat (mean ± SE) attached to each position within the grow rope. At the beginning of the
experiment all the spat were attached to the macroalgae. However, as the experiment progressed the substrata
formed two distinct layers (interior, and exterior) before the macroalgae disappeared and the mussock became
entangled with the grow rope forming a single layer at the time of Sample 3.

5.3.4. Spat growth
After 106 days in the water, the mean size of spat had increased from an initial size at seeding
of 1.4 mm (± 0.09 SE), to 20.6 mm (± 0.5 SE), 26.5 mm (± 0.3 SE), 25.9 mm (± 0.4 SE), and
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25.9 mm (± 0.3 SE) in the control, mussock, singed, and ties treatments respectively (Fig.
5.7). Growth rates were not consistent throughout the experiment among treatments, or
between positions on the rope (i.e., the grow rope, or the mussock) (Sampling event ×
Treatment × Attachment Position interaction, F2, 2773 = 6.74, P < 0.001). There were no
significant differences in spat growth rates between those attached to the grow rope and the
mussock in the singed and control treatments; however, spat attached to the mussock had
better growth rates than spat attached to the grow rope in the mussock and ties treatments
(Tukey HSD pairwise comparisons P < 0.05). By the final sampling event, spat in the singed,
ties and mussock treatments were each significantly larger than the controls (P < 0.001).

Fig. 5.7. Spat growth rates (mean shell length ± SE) in each treatment and position of attachment (i.e. mussock
and grow rope). No spat were attached to the mussock in any treatment by the final sampling event, as it was
heavily degraded and entangled with the structure of the grow rope.
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5.4. Discussion
5.4.1. Spat retention
The results from this study highlight the problem of poor spat retention on Greenshell™
mussel farms, showing that large spat losses can occur within a few months following
seeding out. An average of 82%, 87%, 88%, and 74% of spat were lost from the singed, ties,
control, and mussock treatments within the first 23 days, and less than 1% remained attached
in each treatment by the end of the experiment after 106 days. The magnitude of spat losses
measured in this study are higher than those measured previously on Greenshell™ mussel
farms (South et al., 2017), but consistent with anecdotal reports (i.e., up to 100% losses),
confirming that poor spat retention is a common occurrence, and showing that improving spat
retention would greatly increase the efficiency of spat use in the Greenshell™ industry
(Hayden & Woods, 2011; South et al., 2017). However, unlike previous studies, which
reported high spat losses early on, followed by relative stability in retention (South et al.,
2017), this study measured continuing spat losses throughout the 106-day duration of the
experiment. The extent of spat losses were consistent among treatments, despite the
differences in the physical characteristics of the grow ropes. Furthermore, since there was no
significant reduction in the quantity of macroalgae remaining attached to droppers in the
mussock treatment between the outset and the first sampling event, it is possible that the
lower estimate of seeding density on the mussock treatment could have resulted from natural
variability in the seeding out process. Therefore, it appears that the physical characteristics of
settlement substrata do not play a significant role in promoting or discouraging secondary
settlement behaviour.
The experimental droppers used in this experiment were seeded out in a manner consistent
with commercial operations, and the high initial seeding densities measured in this study (i.e.,
46,000 m-1 to 85,000 m-1) are typical of those used by mussel farmers throughout the
Coromandel. Furthermore, this study also took place when seeding out typically takes place
in the Greenshell™ industry (i.e., August to March). Therefore, the spat losses measured in
this study are likely to be representative of those typically experienced by the Greenshell™
industry.
5.4.2. Small – scale spat migrations
Following seeding out, spat rapidly began to migrate among the seeding substrata, with the
majority of spat in each treatment having migrated away from the ongrowing rope to occupy
the outer layer of mussock within the first month after seeding out. Furthermore, the majority
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of spat remained attached to the mussock in each treatment up until the final sampling event,
when the mussock was highly degraded and intertwined with the structure of the grow rope.
The drivers for this outward migration of spat are unclear, though it is likely to increase their
access to food. All the spat that were attached to the exterior of the mussock were orientated
in a similar manner, with their umbo orientated toward the centre of the rope, exposing their
feeding apparatus into prevailing water currents. The increased growth rates for spat attached
to the exterior of the mussock in the ties and mussock treatments appear to support this
hypothesis. However, as the experiment progressed, and the mussock and macroalgae formed
an intertwined mass, such that it is possible that this mass acted as a physical barrier,
preventing spat from migrating back toward the grow rope. If spat were blocked from
migrating into the grow rope by the mussock-algal assemblage, this may explain why there
were no differences in spat retention among treatments, as spat would not have been able to
migrate onto the grow rope substratum. This physical barrier could have also impeded water
flow to the grow rope, explaining the reduced growth rates of spat attached to the grow rope
in the mussock and ties treatments. Furthermore, as the mussock and macroalgae material
broke down, a greater proportion of spat were attached to the grow rope in each treatment.
This could be because spat were no longer prevented from migrating onto the grow rope, or it
could be that most spat losses were from the grow ropes while still attached to biodegradable
seeding substrata. Since differences in small-scale migrations among treatments (i.e., the
proportion of spat attached to the grow rope) did not result in differences in spat retention, it
would appear that most spat were lost from the droppers before they had a chance to migrate
onto the permanent structure of the grow rope. Therefore, it appears likely that the movement
of spat among seeding substrata following seeding out, may greatly contribute to promoting
secondary migration of spat away from the grow ropes.
5.4.3. Secondary settlement behaviour
The majority of spat losses occurred early on, while spat were small and therefore highly
mobile (i.e., 1.4 mm ± 0.09 SE at the time of seeding out), suggesting secondary settlement
behaviour could have been a dominant cause (Buchanan & Babcock, 1997). However, while
previous studies have found that high spat losses occur early on and are followed by relative
stability in the number remaining, in the current study, spat losses continued throughout the
experiment, even after spat were too large to undergo secondary settlement (i.e., the mean
size of spat in all treatments at Sample 2 was > 7 mm) (Buchanan & Babcock, 1997).
Therefore, it is possible that some of the spat losses that occurred later (after Sample 2) could
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have been due to other factors, such as dislodgement or predation. It is also possible that spat
could have been lost from the grow ropes while they were still attached to the biodegradable
seeding substrata (mussock and macroalgae) as they broke down into small fragments.
However, since the majority of spat losses occurred early on while spat were small (< 6 mm),
it appears likely that secondary settlement behaviour was the dominant cause of the majority
of spat losses.
5.4.4. Physical characteristics of settlement substrata
The physical characteristics of available settlement substrata have been shown to play an
important role in influencing the settlement of a range of commercially important mussel
species, including P. canaliculus (Aldred et al., 2006; Alfaro & Jeffs, 2002; Ank et al., 2009;
Dobretsov & Wahl, 2001; Gribben et al., 2011; Marsden & Lanksy, 2000). Generally,
mussels initially prefer to settle on highly filamentous, branching substrata, such as
macroalgae, before preferring to attach to more coarse substrata as they grow (Alfaro & Jeffs,
2002; Erlandsson et al., 2008; von der Meden et al., 2010). However, in the current study,
spat retention was consistent among treatments, despite clear differences in their physical
structure, suggesting that the physical characteristics of settlement substrata do not play an
important role in influencing the secondary settlement of P. canaliculus spat within a seeded
mussel dropper context.
5.4.5. Possible alternative causes of spat losses
Although secondary settlement behaviour appears to be the dominant cause of poor spat
retention in this study, there are a range of other factors that could contribute to the inability
to retain mussel spat on aquaculture substrata. For example, factors influencing the health of
spat prior to and during seeding out (Sim-Smith & Jeffs, 2011; Webb & Heasman, 2006), and
mortality caused by disease (Jones et al., 1996), or predation (Morrisey et al., 2006; ŠegvićBubić et al., 2011) could all contribute to spat losses. The results from this study also suggest
that spat could be lost from grow ropes while they are still attached to small fragments of
seeding substrata, that are too small to be held in place by the mussock (South et al., 2017).

5.5. Conclusion
This study shows that high spat losses occur early on within the Greenshell™ production
cycle (i.e., within the first 23 days), and continue to occur for up to 106 days after seeding
out. Differences in the physical structure of seeding substrata provided for attachment of spat
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made no difference to spat retention, and therefore, modifying the structure of seeding
substrata does not appear to be likely to contribute to a possible solution to the problem of
high spat losses in aquaculture production of Greenshell™. The current method for seeding
out that requires spat to undertake small-scale migrations from seeding substrata onto the
permanent structure of the ongrowing substrate also appears to promote the departure of spat
from farms. Research into alternative seeding methods that do not require spat to undergo
these small-scale migrations should be investigated.
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CHAPTER SIX: AN ASSESSMENT OF THE USE
OF MACROALGAE TO IMPROVE THE
RETENTION OF GREENSHELL™ MUSSEL
(PERNA CANALICULUS) SPAT IN LONGLINE
CULTURE
6.1. Introduction
Substrate morphology and chemical cues play an important role in influencing the settlement
of the larvae of a wide range of marine invertebrates including abalones (Huggett et al., 2005;
Morse & Morse, 1984), echinoderms (Mercier et al., 2000; Swanson et al., 2006),
polychaetes (Bryan et al., 1998), oysters (Bonar et al., 1990; Zhao et al., 2003), barnacles
(Zazzaro et al., 2018), and mussels (Alfaro et al., 2006; Dobretsov, 1999; Dobretsov & Qian,
2003). Chemical cues may originate from the surfaces of settlement substrata (Alfaro et al.,
2006), biofilms present on the surfaces of settlement substrata (Bao et al., 2007; Ganesan et
al., 2012), or from conspecifics (Jensen & Morse, 1990), and appear to play a role in
signalling the suitability of a habitat. Morphological cues of settlement substrata often
provide sites for improved attachment and physical protection (Brenner & Buck, 2010; Carl
et al., 2012; Carl et al., 2012; Christensen et al., 2015). Morphological and chemical
settlement cues may have considerable implications for marine invertebrate aquaculture,
where improving settlement and attachment are common objectives (Gribben et al., 2011).
Despite forming a significant global industry, mussel aquaculture experiences considerable
difficulties associated with the settlement and retention of seed mussels or “spat” on
aquaculture structures (García-Lavandeira et al., 2005; Kamermans & Capelle, 2019; Chapter
5, Skelton & Jeffs, 2020; Chapter 7, Skelton et al., 2021; South et al., 2020a; Supono et al.,
2020). Mussel aquaculture throughout the world depends heavily on wild-caught spat to seed
its farms, with the majority of spat either harvested directly from natural beds or caught in the
water column as larval settlers on specialised spat-catching ropes (Kamermans & Capelle,
2019). However, the availability of this wild-caught spat is often irregular and unpredictable,
and large numbers of spat are often lost from aquaculture substrata shortly after seeding out
(also referred to as poor retention), resulting in large financial losses (Kamermans & Capelle,
2019; Chapter 5, Skelton & Jeffs, 2020; South et al., 2017). Therefore, improving the
settlement and retention of mussel spat on aquaculture substrata will be crucial for the
industry to increase the efficiency of production.
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Green-lipped, or Greenshell™ mussels (Perna canaliculus) form the basis of New Zealand’s
~$400 million NZD a year aquaculture industry and are the country’s second largest seafood
export by value (Aquaculture New Zealand, 2020a). The spat used by the Greenshell™
industry is almost entirely wild-caught, with the majority (~80%) harvested from intermittent
strandings of spat-covered hydroids, macroalgae, and other general debris (referred to as
Kaitaia spat material) on Northland’s Ninety Mile Beach (NMB) (Alfaro et al., 2004;
Hickman, 1976; Jeffs et al., 2018). Spat losses are particularly severe on Greenshell™ farms,
where up to 100% can be lost shortly after seeding out (South et al., 2017). These spat losses
appear to be caused by their secondary settlement behaviour and take place while spat are
still attached to seeding substrata (i.e., Kaitaia spat material or the cotton stocking or
‘mussock’ used to hold the spat in place until it attaches), with few spat successfully
migrating onto the permanent structure of the culture rope (Chapter 5, Skelton & Jeffs, 2020).
Therefore, it appears that one means for improving spat retention could be achieved by
making the surfaces of aquaculture substrata more attractive to spat settlement and
attachment. Specifically, new approaches need to be developed to encourage a greater
proportion of spat to undertake the necessary small-scale migrations from seeding substrata
onto the culture rope, while simultaneously avoiding triggering the detachment and secondary
migration of the spat that lead to losses of mussels from the production system (Fig. 1.3,
Chapter 1).
An important step in the life cycle of many mytilid mussel species is the association of
primary settlers with macroalgae (Alfaro et al., 2006). Their larvae settle on a variety of
substrates, but often have a strong settlement association with macroalgae, in particular they
will often settle in high densities in highly filamentous, branched macroalgae (Ank et al.,
2009; Board, 1983; Brenner & Buck, 2010; Bulleri et al., 2005; Carl et al., 2012; Dobretsov,
1999; Eyster & Pechenik, 1987; Filgueira et al., 2007; Frandsen & Dolmer, 2002). Larvae are
thought to initially settle and grow on macroalgae to avoid competition with adult
conspecifics, before undergoing secondary migration and settlement to recruit into adult
mussel populations (Bayne, 1964; Lane et al., 1985; Le Corre et al., 2013). The spat material
harvested from NMB that is used to supply the Greenshell™ industry in New Zealand is a
particularly dramatic example of this spat-macroalgae association, with spat settling on the
macroalgae at densities ranging anywhere from 200 to 2 million per kg of macroalgal
material (Hickman, 1976). The number of spat settling on the macroalgae varies considerably
among species, and the morphology of the macroalgae appears to play an important role in
91

Chapter Six: Use of a red macroalga to improve spat retention
influencing settlement and patterns of attachment of the mussel spat (Alfaro & Jeffs, 2002;
Gribben et al., 2011). However, chemical cues produced by some of the species of
macroalgae have also been implicated in enhancing settlement of P. canaliculus spat (Alfaro
et al., 2006; Gribben et al., 2011).
Many studies investigating the role of chemical cues on mussel settlement have been
laboratory-based and focused on measuring spat settlement in relation to chemicals extracted
from a variety of macroalgae (Alfaro et al., 2006; Gribben et al., 2011; Soares et al., 2008;
Walters et al., 1996). However, for chemical cues to be used to enhance settlement and
retention in an applied sense, they must be present on the surface of the substratum or
released into the surrounding water for extended periods of time (Walters et al., 1996). Also,
macroalgae frequently support complex biofilms on their thalli, which may also play a critical
role in stimulating settlement and attachment behaviour of mussel larvae and early juveniles
(Ganesan et al., 2012). Therefore, one approach to improve spat settlement and retention
could be through the co-culture of algal species with mussel spat.
The red macroalga, Pterocladia lucida forms a large component of the Kaitaia spat material
that is harvested in large quantities from NMB, and this macroalga often attracts high
densities of primary settlers of P. canaliculus (Alfaro & Jeffs, 2002). Anecdotal reports from
commercial mussel farmers suggest that fouling of this macroalga on the seeded grow ropes
used in their Greenshell™ mussel farms greatly improves spat retention. While a variety of
other species of red macroalgae found in the harvested Kaitaia spat material from NMB have
been shown to produce chemical exudates and have physical structures that promote P.
canaliculus settlement (Alfaro et al., 2006; Gribben et al., 2011), no equivalent research has
been carried out with P. lucida in relation to its promotion of spat settlement. Therefore, the
aim of this study was to test whether the presence of P. lucida on seeded culture ropes could
be used to improve spat retention. In addition to determining whether the presence of this
macroalga on mussel droppers could improve the retention of mussel spat, this study also
measured the small-scale movements of spat within a grow rope to determine whether the
presence of the macroalga could encourage spat to migrate away from seeding substrata, and
onto the permanent structure of the culture ropes.
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6.2. Methods
6.2.1. Study site and source of mussel spat
The study was conducted from August 2019 to November 2019 on an inshore longline
Greenshell™ farm located in the Coromandel Harbour (36° 80' 52" S, 175° 45' 06" E, Fig.
6.2), on the west coast of the Coromandel Peninsula, in northern New Zealand. This farm site
is in sheltered coastal waters and is used as a nursery farm for seeding out and ongrowing
spat until they reach approximately 20 mm, at which point they are stripped off the ropes and
reseeded into farm sites in more exposed locations. The spat used in this study were harvested
from the wild at NMB and consisted of large numbers of spat attached to a variety of
hydroids, macroalgae and other general debris (commonly referred to as “Kaitaia spat
material”). The Kaitaia spat material was harvested from NMB on 22 August 2019 and
loaded into a truck and transported to an awaiting mussel seeding barge from which it was
seeded out onto the mussel farm the following day. Whilst on the barge 100 kg of Kaitaia
spat material was searched for healthy and intact P. lucida thalli to be used in this
experiment.

Fig. 6.2. Coromandel Peninsula, showing the sheltered coastal location of the nursery farm site (A) in
Papakarahi Bay, near the entrance to the Coromandel Harbour.
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6.2.2. Experimental design
To determine whether the movement and retention of spat following seeding out onto culture
ropes is influenced by the presence of the red alga, P. lucida, Kaitaia spat material was
seeded onto culture rope in two treatments; 1) control treatment – standard, unmodified
polypropylene culture rope (Quality Equipment Ltd, Cut Loop Rope) and 2) Pterocladia
treatment – culture rope with three approximately 10 g bunches of P. lucida per metre of rope
and held in place on the culture rope by passing the algae between the three twisted strands of
the rope. Prior to attaching to the rope, the P. lucida was washed briefly in fresh water to
remove any attached spat, and subsequently weighed prior to being twisted into the grow
rope at 20 cm intervals. Twenty metres of culture rope for each treatment (40 m total) was
seeded out with Kaitaia spat material in a manner consistent with commercial practices
before being encased with a protective cotton stocking (commonly known as “mussock”,
Quality Equipment Ltd) and cut into nine, approximately 2 m long dropper lines ready to be
suspended on the mussel farm. An additional 10 m of the seeded culture rope without any
added P. lucida was retained at the outset of the experiment and analysed to determine the
initial seeding density using methods described below. Once seeded out, the 18 (9 from each
treatment) droppers were lashed to the backbone lines of the coastal mussel farm in a random
arrangement, with each dropper weighed down with a 2.5 kg lead weight tied to one end.
6.2.3. Sampling protocol
Three randomly selected droppers from each of the two treatments were retrieved for
analyses from the farm after 18 days (Sample 1) in the water, then 41 days (Sample 2), and
the final sample after 88 days (Sample 3).
6.2.4. Spat counts and small-scale movements
After each sampling event, the dropper ropes were returned to the laboratory, cut into short
(0.25 m) sections, and for each section of rope they were separated into the four substrata that
comprise a seeded culture rope (i.e., Kaitaia spat material, mussock, the added P. lucida and
the culture rope). Each substratum was then washed separately with freshwater over a 200
µm sieve to remove any mussel spat, and the substratum carefully examined to ensure all spat
had been washed off, and any spat that remained attached were removed with tweezers. The
P. lucida that was added to the culture ropes in the Pterocladia treatment was distinguishable
from the Kaitaia spat material as it was tightly interwound within the structure of the culture
rope from being threaded through the rope strands at the outset of the experiment, retaining
the macroalga on the rope once the mussock decayed and other Kaitaia spat material was
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consequently released. From the first sampling event (18 days), the mussock and macroalgae
formed a single tightly bound layer, making it impossible to determine whether spat were
attached directly to the Kaitaia spat material, or the mussock. Spat attached to this mass of
material often had their byssus threads attached to a combination of both small fragments of
natural Kaitaia spat substratum, and single strands of mussock. Therefore, from Sample 1,
spat were washed and removed from three substrata (i.e., the grow rope, the added P. lucida,
and the mussock-Kaitaia spat material mass) separately. Once the spat were removed from
each substratum within every sub-sampled short section of rope, they were spread evenly in a
large petri dish and counted within five 4 cm2 subsamples. The resulting mean counts for
each substratum were then extrapolated to estimate the total number of spat in the petri dish,
and then the mean number per metre of grow rope was calculated. The spat counts for each
substratum were summed together to determine the total number of spat remaining per metre
of culture rope. After all the spat had been removed, the remaining Kaitaia spat material and
P. lucida from each section of rope were separated and dried (for 24 hrs at 50 °C) before
being weighed.
6.2.5. Spat growth rates
At each sampling event, 100 randomly selected spat from each substratum within each
treatment were photographed and their shell length (SL) measured using calibrated image
analysis (ImageJ Software).
6.2.6. Statistical analyses
The mean number of spat remaining attached per metre of dropper rope was compared
between treatments for the four sampling events, and among dropper ropes using a three-way
analysis of variance (ANOVA).
Small-scale movements of spat were analysed by comparing the mean proportion of spat
attached to different substrata (i.e., grow rope, or mussock) between treatments for each
sampling event using a three-way ANOVA.
Mean spat size (SL) was compared among sampling events and between treatments using a
two-way ANOVA.
The mean wet weight of macroalgae remaining per metre of experimental dropper was
compared between treatments and among sampling events using a two-way ANOVA. The
mean wet weight of P. lucida remaining per metre of experimental dropper rope in the
Pterocladia treatment was compared among sampling events using a one-way ANOVA.
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The assumptions for ANOVA for each of the above analyses were checked by examining the
distributions of residuals, and plots of residuals versus means, and where necessary, data
were transformed appropriately prior to analysis. For each ANOVA, where there were
significant main effects detected, pairwise Tukey HSD post-hoc tests were used to identify
differences among means.

6.3. Results
6.3.1. Macroalgae and Pterocladia breakdown
At the outset of the experiment, an average of 60.3 g m-1 (± 8.5 SE) of Kaitaia spat material
(i.e., both spat and the natural substratum that it is attached to when collected from NMB)
was seeded on to the dropper ropes in both treatments, and by the end of the experiment
(Sample 3), an average of 13.6 g m-1 (± 5.3 SE) remained on the dropper ropes in the control
treatment, and 20.7 g m-1 (± 13.5 SE) in the Pterocladia treatment (Fig. 6.3a). The remaining
mean wet mass of Kaitaia spat material on the culture ropes was consistent between
treatments (F1, 194 = 0.03, P = 0.84), but not among sampling events (F3, 194 = 39.8, P < 0.001)
(Fig. 6.3a).
At the outset of the experiment, an average of 11.5 g m-1 (± 2.03 SE) of P. lucida was twisted
into the ropes in the Pterocladia treatment. The mean wet mass of P. lucida remaining on the
droppers was not consistent throughout the duration of the experiment, with 4.0 g m-1 (± 1.3
SE) remaining attached to the droppers at the final sampling event, although this was not
different to the amount remaining after 18 and 41 days (F3, 83 =10.45, P < 0.001, Fig. 6.3b).
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Fig. 6.3. Wet weight (mean ± SE) of Kaitaia spat material (a) and attached P. lucida (b) remaining per metre of
culture rope between treatments for the four sampling events for the study. Different letters above bars indicate
significant differences in the mean wet weight of macroalgae and P. lucida at each sampling event.

6.3.2. Spat retention
After seeding out, at the outset of the experiment, the mean density of spat on the droppers
was 8,590 m-1 (± 1,108 SE). After 88 days in the water, the mean number and proportion of
spat remaining on the droppers relative to the initial starting number were 2,257 m-1 (± 406
SE) (26%) in the control treatment, and 3,330 m-1 (± 184 SE) (38%) in the Pterocladia
treatment. (Fig. 6.4). Relative to initial seeding densities, this represented spat losses of 74%
in the control treatment and 62% in the Pterocladia treatment. The mean number of spat
remaining on the droppers was not consistent among treatments at each sampling event as
indicated by a significant interaction term of the ANOVA (F3, 206 = 3.47, P = 0.01), with spat
retention at the end of the experiment being greater in the Pterocladia treatment than in the
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control (Sample 3, Fig. 6.4). There was no significant difference in spat retention between the
treatments at the three prior sampling events, i.e., outset, 18 days, and 41 days (F2, 206 = 3.26,
P = 0.04) although there was a consistent trend toward higher spat retention on the
Pterocladia treatment (Fig. 6.4).

Fig. 6.4. Mean number of spat on experimental dropper lines (m -1 ± SE) for each treatment at each sampling
time. Different capital letters above horizontal bars indicate significant main effect differences in mean spat
number among sampling events. Different small letters above individual bars indicate significant differences in
mean spat number between the two treatments within each sampling event following a significant sampling
event × treatment interaction.

6.3.3. Small-scale spat movements
There were significant differences in the mean proportion of spat seeded out that were
remaining attached to the mussock or the culture rope among treatments and sampling events
(Sampling event × Treatment × Position interaction, F6, 462 = 10.28, P < 0.001) (Fig. 6.5). By
the time of the first sampling event (18 days), there was a greater proportion (44% ± 3 SE) of
spat attached to the culture rope in the Pterocladia treatment than the control (32% ± 3 SE, P
< 0.001). By the second sampling event (41 days), there was a greater proportion (64% ± 4
SE) of spat attached to the culture rope in the Pterocladia treatment than the control (48% ± 2
SE, P < 0.001). At the end of the experiment, after 88 days, all the spat were attached to the
culture rope, and were growing through the mesh of the remaining mussock. Throughout the
experiment, no spat were observed to have attached directly to the added P. lucida on any
dropper rope in the Pterocladia treatment.
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Fig. 6.5. Stacked bar chart showing proportions of spat (mean ± SE) attached to each position within the culture
rope.

6.3.4. Spat size
After 88 days in the water, the mean size of spat had increased from an initial size of 1.5 mm
(± 0.04 SE), to 9.5 mm (± 0.18 SE), and 10.2 mm (± 0.16 SE) in the control and red
macroalgae treatments respectively (Fig. 6.6). Growth rates were not consistent between the
treatments throughout the experiment (Sampling event × Treatment interaction, F3, 792 =
100.65, P < 0.001). By the first sampling event, spat in the Pterocladia treatment were
significantly larger than those in the control treatment (P < 0.001), by the second sampling
event, spat in the control treatment were significantly larger than those in the Pterocladia
treatment (P < 0.001), and by the final sampling event there was no significant difference in
the size of spat between the two treatments (P = 0.354).
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Fig. 6.6. Spat size (mean SL ± SE) in each treatment throughout the duration of the study.

6.4. Discussion
6.4.1. Spat retention
The results from this study indicate that the presence of the red alga, P. lucida on culture
ropes can improve spat retention on recently seeded dropper lines on Greenshell™ mussel
farms. At 88 days after seeding out, the number of spat remaining attached to droppers in the
Pterocladia treatment (3,330 m-1) was 33% greater than the number of spat that remained
attached to droppers in the control (2,257 m-1). The mechanism by which the presence of P.
lucida on the culture ropes improved spat retention is unclear, although it is possible that this
species may release some natural chemical products that promote spat settlement within the
vicinity. Several species of red macroalgae have been shown to produce chemical cues that
influence settlement of several mussel species, including P. canaliculus. For example,
Mytilus galloprovincialis larvae settle at high densities in response to chemical cues produced
by the red algae, Centroceras clavulatum and Ceramium tenerrimum (Yang et al., 2007), and
Chromomytilus chorus larvae have been measured settling on the red alga, Gymnogongrus
furcellatus at densities order of magnitudes greater than for other algal species (Davis &
Moreno, 1995). Furthermore, extracts from a red alga present in Kaitaia spat material,
Melanthalia abscissa, have also been shown to enhance spat settlement, both in the
laboratory and in the field (Aldred et al., 2006). Pterocladia lucida forms a significant
component of Kaitaia spat material and frequently attracts high densities of primary settlers,
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often more than morphologically similar species (Alfaro & Jeffs, 2002). Therefore, it is
possible, that like other species of red macroalgae, P. lucida may also produce chemical cues
that encourage P. canaliculus settlement or attachment. It is unlikely the presence of P.
lucida on the culture ropes played a role in the reduced spat losses by creating additional
physical structure because no spat were observed to have settled directly onto the alga in any
of the samples, possibly as a result of the spat increasing to a sufficient size where they no
longer seek to attach to macroalgae (Buchanan & Babcock, 1997). While previous studies
have found that the physical characteristics of settlement substrata play a more important role
in spat settlement than chemical cues in a laboratory setting (Gribben et al., 2011),
subsequent work has found that within the context of a seeded culture rope, physical
characteristics do not play an important role in spat attachment and retention (Skelton &
Jeffs, 2020).
6.4.2. Small scale movements
After seeding out, for spat to remain in the Greenshell™ production cycle, they must
successfully migrate from seeding substrata (i.e., mussock and macroalgae), and onto the
permanent structure of the plastic culture rope (Chapter 5, Skelton & Jeffs, 2020). Shortly
after seeding out, the spat began to migrate among the among the available substrata
comprising a seeded mussel rope, with the majority of spat in each occupying the outer layer
of mussock 18 days post seeding out. However, as the experiment progressed (41 days), a
greater proportion of spat in the Pterocladia experiment (64%) had migrated onto the culture
rope than in the control (48%). Therefore, it appears that the continuing presence of P. lucida
on the culture ropes in the Pterocladia treatment may have encouraged this migration of spat
onto the culture rope, resulting in improved spat retention.
6.4.3. Secondary settlement behaviour
The timing of spat losses in this experiment demonstrates that a lack of migration of spat
from seeding substrata onto the permanent structure of the culture rope may have resulted in
poor spat retention. Unlike previous studies where the majority of spat losses took place early
on while spat were still small and highly mobile, in this study significant losses did not take
place until the end of the experiment (88 days) (South et al., 2017). Spat losses in this
experiment coincided with significant reductions in the quantity of Kaitaia spat material
remaining attached to the rope and took place during the period where spat grew to sizes
where they are thought to be too large (i.e., > 6 mm SL) to migrate away from farm structures
via secondary settlement behaviour (Sample 2 – Sample 3) (Buchanan & Babcock, 1997).
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This suggests that the majority of spat could have been lost from production while still
attached to seeding substrata. As the quantity of the macroalgae from the Kaitaia spat
material remaining attached to the culture rope decreased, it also began to break down into
small fragments, which could have easily been washed away from the culture rope through
holes in the degrading mussock. Furthermore, as the mussock began to degrade and fall away
from the culture rope, it could have taken sections of attached spat with it. The timing of
these losses also suggests that P. lucida may produce chemical cues that encourage spat
attachment, thereby improving spat retention. Furthermore, it is possible that chemical cues
being produced by any remaining algal material encouraged spat to attach to droppers
throughout the experiment until there was a significant reduction in the quantity of this algal
material remaining (88 days).
6.4.4. Implications
This study has shown that P. lucida may be able to be grown on suspended longlines.
Although the quantity of P. lucida on the culture ropes initially decreased due to clumps of
the macroalgae dying, the surviving clumps persisted throughout the remainder of the study
and appeared to remain in good condition despite being covered in Kaitaia spat material.
Therefore, this species of macroalgae may be able to be co-cultured with Greenshell™
mussels or grown on its own as a new species for New Zealand’s aquaculture sector.
Pterocladia lucida was previously harvested as beachcast material before being processed to
produce premium quality agar (Schiel & Nelson, 1990). With New Zealand’s aquaculture
sector looking at the potential for macroalgae cultivation, this study has also shown that P.
lucida could be a candidate species that has potential to be cultured in suspended culture.

6.5. Conclusions
This study shows that the presence of P. lucida on the culture ropes encouraged a greater
proportion of spat to migrate onto the permanent structure of the culture rope, which resulted
in better retention in the Pterocladia treatment. Furthermore, this study has shown that P.
lucida will persist on mussel culture ropes, and that its presence on the culture ropes can
improve spat retention at this time by up to 30%. Future studies should examine the
relationship between P. canaliculus spat and P. lucida in more detail to establish whether P.
lucida produces any chemical cues that promote spat settlement and attachment. Further
studies should also evaluate whether seeding P. lucida on culture ropes alongside mussel spat
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could be a cost-effective approach to improving spat retention, and how the co-seeding of
these two species may impact spat retention over a more extended period of time.
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CHAPTER SEVEN: EVALUATION OF A
FLOATING UPWELLING SYSTEM FOR
NURSERY CULTURE OF THE GREENSHELL™
MUSSEL (PERNA CANALICULUS)
7.1. Introduction
Mussels are one of the most widely farmed aquaculture species, with 2 million tonnes
produced each year (Wijsman et al., 2019), worth an estimated $2.7 billion USD
(Kamermans & Capelle, 2019). Nonetheless, the early stages of mussel aquaculture can be
extremely inefficient, with high losses of the seed mussels (also referred to as ‘spat’) of being
placed onto mussel farms (South et al., 2019). During seeding out onto mussel farms the spat
or spat attached to substrata such as macroalgae or fibrous ropes, are transferred from the
locations where they settled, onto a range of farming substrata, including seafloor culture
plots, wooden poles (bouchots), rafts, or longlines (Pérez-Camacho et al., 2013). However,
irrespective of the ongrowing technique, large numbers of spat fail to successfully migrate
from their seeding substrata onto the farming substrata and are therefore, lost from production
(Kamermans & Capelle, 2019; South et al., 2017). High losses of spat, or conversely poor
spat retention, that occur during the early stages of mussel aquaculture cost the industry
millions a year in lost potential production, making them vulnerable to any fluctuations in
spat supply.
The high losses of spat in mussel aquaculture are due several factors including; stress
experienced during the handling and transport of spat prior to seeding out (Calderwood et al.,
2014), intraspecific competition resulting from excessively high initial stocking densities
(Cubillo et al., 2012b; Lauzon-Guay et al., 2005b), interspecific competition with biofouling
organisms (South et al., 2019), predation (Capelle et al., 2016b; Morrisey et al., 2006;
Šegvić-Bubić et al., 2011), environmental stressors (Cáceres-Martínez et al., 1994), and the
innate migratory behavior of spat (Bayne, 1964; Buchanan & Babcock, 1997). The most
common approach to the nursery phase of mussel aquaculture is rudimentary, usually
involving seeding small spat (i.e., frequently < 5 mm in shell length) directly onto coastal
aquaculture infrastructure where they are simultaneously vulnerable to the wide range of
factors that cause the subsequent losses from the aquaculture system. Therefore, alternative
approaches to the nursery culture of mussel spat need to be assessed for their potential to
reduce the costly post-seeding losses of spat.
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One potential alternative to the current nursery culture approach for mussel aquaculture
would be to grow small and vulnerable mussel spat in floating-upwelling-systems
(FLUPSYs). FLUPSYs are on-water nursery culture systems that are used to rear small
shellfish spat to larger sizes in a cost-efficient manner by containing spat within a floating
container, through which an upwelling current is generated to provide spat with constant
supplies of naturally occurring food (Rivara et al., 2002). FLUPSYs are used successfully
throughout the world in oyster and clam aquaculture, where they act as an intermediary
nursery step in the production cycle, usually between hatchery production of small spat and
the subsequent seeding out of larger spat onto oyster farms (Helm, 2004). However, despite
their widespread use as a nursery system in oyster and clam aquaculture, there are no
published accounts of their use in the nursery culture of mussel spat.
Since its inception in the 1970s, New Zealand’s Greenshell™ mussel (Perna canaliculus)
industry has grown rapidly to become the country’s dominant aquaculture species that
accounts for ~50% of the aquaculture sector’s annual revenue (Aquaculture New Zealand,
2020a). However, the growth in the production by the industry has stagnated recently due to
the uncertain supply and inefficient use of spat. Most of the spat (~80%) used to supply the
Greenshell™ industry is caught from the wild, being harvested from one location in the north
of the country; Ninety Mile Beach (NMB), where it intermittently washes ashore attached to
macroalgae at high densities (i.e., up to 2 million kg-1) (Alfaro et al., 2010; Hickman, 1976;
Jeffs et al., 2018). The remainder of the spat used by the industry is caught in situ on fibrous
spat-catching ropes, and a small quantity is produced in a recently established hatchery.
However, irrespective of the source of the spat, following their seeding out onto coastal
Greenshell™ farms the spat losses can be extremely high, and often exceed 99% after a few
months in the case of wild spat (Chapter 5, Skelton & Jeffs, 2020), and 80% after a few
months in the case of hatchery spat (South et al., 2017).
A wide range of factors may contribute to the high spat losses often experienced during the
nursery phase of production on Greenshell™ farms. For example, at small sizes, P.
canaliculus spat are highly mobile, and can repeatedly detach from their settlement site to
drift away and resettle elsewhere, in a process termed secondary settlement (Buchanan &
Babcock, 1997). This behavior is extremely problematic for the industry, as currently, all the
spat used by the industry (both wild-caught and hatchery-reared) are seeded out at small sizes
(i.e., < 2 mm in length), while they are most mobile, and therefore, highly likely to be lost
from farm structures. Furthermore, there is evidence that large numbers of P. canaliculus spat
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immediately detach from their seeding substrata following re-immersion into seawater,
suggesting that transport stress may also contribute to spat losses (South et al., 2020a). While
there is some evidence that seeding out with larger P. canaliculus spat may reduce losses
associated with secondary settlement behavior (Supono et al., 2020), currently there is no
effective means of growing small spat to larger sizes prior to seeding out. In addition to
secondary settlement behavior, factors such as high seeding densities may also contribute to
spat losses on Greenshell™ farms through self-thinning. For example, spat are seeded onto
Greenshell™ farms at extremely high densities (i.e., > 50,000 m-1, Chapter 5, Skelton & Jeffs,
2020) to compensate for anticipated subsequent losses, however, these high seeding densities
may lead to increased intraspecific competition and lead to self-thinning behavior. Fish
predation during the nursery phase may also contribute to causing significant spat losses on
Greenshell™ farms as has been observed in mussel farms elsewhere in the world (Peteiro et
al., 2010; Šegvić-Bubić et al., 2011). There are anecdotal reports from farmers in the
Coromandel mussel growing area of New Zealand suggesting that fish predation may be
responsible for up to 100% of spat losses at times, from fish such as wrasses and snapper
(Pagrus auratus). However, to date, no studies have examined the relative importance of fish
predation to spat losses on Greenshell™ farms.
Alternative approaches to the nursery culture of Greenshell™ allowing seeding out with larger
spat may provide an effective approach to reducing spat losses. Therefore, the aim of this
study was to determine whether FLUPSY nursery culture could reduce the losses of spat in
the Greenshell™ mussel aquaculture production. To achieve this, two experiments were
conducted. In the first experiment the growth and losses of spat that were reared inside a
FLUPSY were compared with those of spat that were seeded directly into the water column
in a manner consistent with current commercial approaches to nursery culture. In the second
experiment, spat that had been grown to larger sizes in the FLUPSY, were grouped into two
size classes and seeded onto a mussel farm to establish whether seeding out spat to coastal
mussel farms at larger sizes reduces spat losses.

7.2. Materials and methods
7.2.1. Study sites and source of mussel spat
Two separate experiments were conducted. The aim of Experiment I was to determine the
effectiveness of using a FLUPSY for the nursery culture of P. canaliculus spat, while the aim
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of Experiment II was to determine the losses of larger spat that had been reared in a FLUPSY
when seeded out onto coastal farms. The spat used for each of these experiments were settled
in the hatchery (Shellfish Production and Technology NZ Ltd (SpatNZ) in Nelson, New
Zealand) onto fibrous coir rope (coconut fiber rope, 6 mm diameter) prior to being airfreighted to Auckland, New Zealand in a cool, damp insulated polystyrene boxes, with the
time for transport of the spat from the hatchery to the FLUPSY taking approximately 3 hours.
Upon arriving in Auckland, the spat were immediately transported to the FLUPSY, where
they were placed into the water upon arrival.
The rearing of spat for both experiments took place on a small-scale FLUPSY moored on a
Pacific oyster (Crassostrea gigas) farm in Brownes Bay (36° 47'42" S, 174° 71'61" E, Fig.
7.1a) in the Mahurangi Harbour, northern New Zealand. The FLUPSY consisted of a floating
barge-like platform that held spat contained in rectangular plastic buckets (24.7 × 24.7 × 33.4
cm) with nylon mesh covering the base and the lid of the bucket. Two paddle wheels (one at
either end of the FLUPSY) generated an upwelling flow of raw seawater (800 L per min)
through the mesh-ended buckets containing mussel spat, before exiting via the end of the
central channel (Fig. 7.2). Experiment I was run from August 2019 to December 2019, while
Experiment II used spat reared in the FLUPSY from August 2019 to January 2020, followed
by seeding on to a coastal farm from January 2020 to February 2020). The seeding out
component of Experiment II took place on a commercial Greenshell™ farm located to the
south of Whanganui Island in the Coromandel Harbour (36° 79' 55" S, 175° 43' 88" E, Fig.
7.1b), on the west coast of the Coromandel Peninsula, in northern New Zealand.
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Fig. 7.1. Map of New Zealand showing (a) the location of the FLUPSY in Brownes Bay in the Mahurangi
Harbour (Experiment 1), and (b) the location of the mussel farm to the south of Whanganui Island in the
Coromandel Harbour (Experiment 2).
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Fig. 7.2. Diagram of the FLUPSY used to rear P. canaliculus spat in each experiment. Two paddle wheels at the
end of a center channel generate an upwelling current that flows up through mesh-ended buckets containing spat
before exiting from the end of the center channel. The FLUPSY used in each experiment is similar to those used
overseas for oyster aquaculture, however, a key difference is that the mussel spat contained in the buckets inside
the FLUPSY were attached to coir rope that was wound tightly around plastic frames whereas for FLUPSY
culture of oysters they are held as detached single seed.

7.2.2. Experimental design
7.2.2.1. Experiment I: FLUPSY nursery culture
The growth and losses of Greenshell™ spat in nursery culture in a FLUPSY were compared to
seeding out the same spat directly into coastal waters. A 120 m length of spat-covered coir
rope supplied from the hatchery was cut into 3 m lengths. Thirty-six of these were randomly
selected and each was wrapped around a small rectangular plastic frame (450 × 650 mm). For
the FLUPSY treatment, three frames of spat were randomly assigned to each of six buckets
and placed within a rack which held the frames vertically within the buckets and separated to
facilitate seawater flow around the racks. Each bucket was then randomly positioned within
the FLUPSY system. At the outset of the experiment, 250 µm mesh was used to cover the
base and the lids of the buckets, but as the spat grew, they were transferred to buckets with
progressively larger mesh sizes (up to 500 µm), to maintain good seawater flow through the
buckets. Twice a week the buckets were cleaned of any build-up of mussel waste. A total of
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18 frames were used for the coastal waters treatment by suspending 0.5 m below the surface
of the seawater from the FLUPSY raft in the water column so they experienced similar
ambient seawater conditions to the spat placed in the FLUPSY treatment but were separated
from any upwelling current.
The remaining four 3 m lengths of spat covered coir rope was retained for later determination
of initial seeding density of spat on the frames. There were three subsequent sampling events;
after 10 days (Sample 1), 31 days (Sample 2), and the final sample after 85 days (Sample 3).
At each sampling event, two randomly selected buckets (three frames in each) from the
FLUPSY, and six randomly selected frames from the coastal waters treatment were retrieved
for analyses in the laboratory in the following manner.
The 3 m of coir rope from each frame was removed from the frame and cut into 12 × 0.25 m
long sections before being washed with freshwater over a 200 µm sieve to remove attached
mussel spat. Mussel spat that were attached to the buckets or the plastic frames, which
commonly occurred, were removed by washing with freshwater over a 200 µm sieve to
ensure that the enumeration of spat required for estimating survival of spat included all the
remaining spat in the bucket. The numbers of spat attached to other surfaces in the buckets
was not evaluated separately. Once the spat were removed from the coir rope, frames and
buckets (including the mesh), they were spread evenly in a large petri dish and counted
within five 4 cm2 subsamples. The resulting mean counts facilitated an estimate the total
number of spat in the petri dish, which was then used to calculate the equivalent number of
spat per meter of coir rope.
At each sampling event, the shell lengths of 50 randomly selected spat from each treatment
were measured using image analysis (ImageJ Software) of calibrated digital images of the
spat.
7.2.2.2. Experiment II: Seeding experiment
Hatchery spat supplied in August 2019 were placed into two mesh-ended buckets and reared
to larger size for 5 months in the FLUPSY. At the end of this period the larger spat raised in
the FLUPSY were experimentally seeded out onto a coastal mussel farm to determine their
subsequent losses. The FLUPSY-reared spat were manually separated into two size classes; a
small size class 5.1 – 8.5 mm SL with a mean size of 6.6 mm (± 0.12 SE), and large size class
10.3 – 20.5 mm with a mean size of 15.5 mm (± 0.12 SE). Standard cut-loop polypropylene
Greenshell™ mussel grow rope (Quality Equipment Ltd, Auckland) was cut into 10 cm
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lengths, and 12 lengths were each seeded with 40 small size spat, and 12 lengths were each
seeded with 40 large size spat, i.e., all at 400 m-1 initial seeding density which is well within
the maximum viable densities of spat that are typically commercial grown, for even the large
size class of spat. Each length of seeded grow rope was then encased in a layer of protective
mussock as is standard practice for seeding mussel spat of this species. The 24 lengths of
grow rope were held in static seawater in the FLUPSY overnight, before being transported to
a coastal mussel farm in the Coromandel Harbour the following day (Fig. 7.1b) for
deployment. Three lengths of seeded grow rope for each size class of spat were attached
using stainless steel shark clips 0.5 m apart on 4 m of rope tied to a mussel farm backbone
line near the sea surface and a 2.5 kg lead dive weight on the other end. A total of eight
droppers (four for each of small and large size class of spat) were tied in alternating order to
the backbone lines of the mussel farm at1 m spacing.
Four haphazardly selected droppers (two each for each size class of spat) were retrieved from
the farm after 16 days (Sample 1) and after 42 days (Sample 2) after seeding out on the farm.
Following each sampling event, droppers were returned to the laboratory and the spat
remaining on each section of grow rope were recovered by cutting the mussock off each
length of grow rope and washing the spat onto a 250 µm sieve. The rope was then examined
carefully and any remaining spat were removed by hand. All the spat were counted and their
SL determined.
7.2.3. Statistical analyses
7.2.3.1. Experiment I: FLUPSY nursery culture
To test the hypothesis that mussel spat placed into the FLUPSY for nursery culture would
remain on the coir rope for the duration of the nursery culture period the mean number of spat
remaining attached to coir rope in the FLUPSY treatment were compared among frames,
buckets, and sampling events using a nested three-way analysis of variance (ANOVA).
To test the hypothesis that mussel spat placed into the FLUPSY for nursery culture would be
retained for the full duration of the nursery culture period the mean number of spat remaining
in each bucket regardless of whether they were attached to coir rope or elsewhere in the
bucket in the FLUPSY treatment were compared among frames, buckets, and sampling
events using a nested three-way ANOVA.
To test the hypothesis that mussel spat placed into coastal waters for nursery culture would be
retained for the full duration of the nursery culture period the number of spat remaining per
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metre of coir rope in the coastal waters treatment was compared among frames and sampling
events using a nested two way ANOVA.
To test the hypothesis that the retention of mussel spat was the same for the nursery culture in
the FLUPSY and for those placed coastal waters the overall mean numbers of spat remaining
between the FLUPSY and coastal waters treatments for each sampling event were determined
using a Z test comparison of the least square means derived from the corresponding
ANOVAs.
To test the hypothesis that the growth of mussel spat was the same for the nursery culture in
the FLUPSY and those placed in coastal waters the mean spat size was compared between
the two treatments and among the sampling events using a two-way ANOVA.
7.2.3.2. Experiment II: Seeding experiment
To test the hypothesis that the retention of the two size classes of spat seeded onto a coastal
farm would have the same retention over the experimental period the mean numbers of spat
remaining per meter of dropper rope were compared between the two size classes of mussels,
among sampling events and droppers within sampling events, using a three-way nested
ANOVA.
To test the hypothesis that the two size classes of spat seeded onto a coastal mussel farm
would have similar rate of growth over the experimental period the mean spat size was
compared between the two size classes of mussels and among sampling events using a twoway ANOVA.
The assumptions for ANOVA for each of the above analyses were checked by examining the
distributions of residuals, and plots of residuals versus means, and where necessary, data
were transformed appropriately prior to analysis.
7.3. Results
7.3.1. Experiment I: FLUPSY nursery culture
7.3.1.1. Spat losses
At the beginning of the experiment, the initial density of spat on the coir rope wrapped
around the frames was 4,042 m-1 (± 367 SE) (Fig. 7.3). By the end of the experiment, after 85
days in the water, the mean number of spat remaining attached to the coir rope decreased to
265 m-1 (± 21 SE) in the FLUPSY treatment, and 10 m-1 (± 1.9 SE) in the coastal waters
treatment (Fig. 7.3). When including both the spat on the coir ropes and those recovered from
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surrounding bucket in the FLUPSY, there was the equivalent of 911 m-1 (± 22 SE) spat
remaining at the end of the experiment (Fig. 7.4). When considering the total number of spat
retained in the FLUPSY this represents losses of 78.0%, compared to 99.8% in the coastal
water treatment over the 85 days.

Fig. 7.3. Mean number of spat remaining attached to the coir rope (m -1 ± SE) for each treatment at each
sampling event for spat placed in coastal waters versus reared in a FLUPSY (Experiment 1).
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Fig. 7.4. Mean total equivalent number of spat remaining for the coir rope (m -1 ± SE) at each sampling event for
spat placed in coastal waters versus reared in a FLUPSY when including all spat retained in the buckets in the
FLUPSY treatment (Experiment 1).

The mean number of spat remaining attached to the coir rope in the FLUPSY treatment
varied significantly among frames within buckets, among buckets within sampling events,
and among sampling events (F9, 223 = 42.67, P = 0.0001) (Fig. 7.3). The mean number of spat
remaining on the coir rope in the FLUPSY at the first sampling event on day 10 was
significantly less that at the outset of the experiment, i.e., 2,269 m-1 (± 101 SE). Overall, the
mean number of spat remaining attached to the coir rope in the FLUPSY treatment decreased
significantly for each successive sampling event, i.e., 0 < 10 < 31 < 85 days (Fig. 7.3).
The equivalent mean total spat retained in the FLUPSY treatment varied significantly among
frames, and among sampling events, but not among buckets (F9, 233 = 60.85, P = 0.0001) (Fig.
7.4). The equivalent mean total spat retained in the FLUPSY at the first sampling event on
day 10 was significantly less that at the outset of the experiment, i.e., 3,306 m-1 (± 100 SE).
Overall, the equivalent mean total spat retained in the FLUPSY treatment decreased
significantly for each successive sampling event, i.e., 0 < 10 < 31 < 85 days (Fig. 7.4).
The mean number of spat remaining attached to the coir rope in coastal waters treatment
varied among sampling events but not among frames within samples (F17, 157 = 10.01, P =
0.0001). The mean number of spat remaining on the coir rope in the coastal waters treatment
at the first sampling event on day 10 was significantly less that at the outset of the
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experiment, i.e., 611 m-1 (± 51 SE). Overall, the mean number of spat remaining on the coir
rope in the coastal waters treatment decreased significantly for each successive sampling
event, i.e., 0 < 10 < 31 < 85 days (Fig. 7.3).
The mean number of spat remaining on the coir rope in coastal waters was significantly less
than for the coir rope in the FLUPSY treatment for each of the three sampling events (P <
0.001).
7.3.1.2. Spat growth
After 85 days in the water, the mean size of spat in each treatment had increased from an
initial size of 1.22 mm (± 0.04 SE) to 7.07 mm (± 0.16 SE) in the coastal waters treatment
and to 7.58 mm (± 0.17 SE) in the FLUPSY treatment (Fig. 7.5). The mean size of spat was
greater in the FLUPSY treatment than the coastal waters treatment (F1, 792 = 7.994, P =
0.004), and the mean size of spat in both treatments increased for each successive sampling
event (F3, 792 = 1534, P < 0.001). The interaction between sampling event and treatment was
not significant (F3, 792 = 1.55, P = 0.198).

Fig. 7.5. Spat growth (mean shell length ± SE) for spat placed in coastal waters versus reared in a FLUPSY at
each sampling event (Experiment 1).
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7.3.2. Experiment II: Seeding experiment
7.3.2.1. Spat retention
From an initial seeding density of 400 m-1, after 16 days in the water the number of spat
remaining attached to the grow ropes decreased to 318 m-1 (± 8 SE) in the small size class,
and 288 m-1 (± 19 SE) in the large size class (Fig. 7.6). After 42 days in the water, the number
of spat remaining decreased further, to 68 m-1 (± 14 SE) in the small size class of spat and 18
m-1 (± 6 SE) in the large size class (Fig. 7.6). Relative to the initial seeding density, this
represented losses of 21% and 28% after 16 days and 83% and 95% after 42 days in the small
and large size classes, respectively.

Fig. 7.6. Mean number of spat attached to each short section of grow rope (m -1 ± SE) for spat of two size classes
at each sampling event after being seeded onto a coastal mussel farm (Experiment 2). The same number of spat
(400 m-1) were counted onto each short section of grow rope in each treatment at the outset of the experiment.

The mean number of spat remaining attached to the lengths of grow rope was not consistent
between small and large size classes of spat (F1, 39 = 9.79, P = 0.03), among sampling events
(F2, 39 = 230, P < 0.001), or among droppers within sampling events (F1,2 = 111.5, P = 0.008)
but was consistent among replicates within droppers (F1, 3 = 4.46, P = 0.12). Post-hoc Tukey
tests indicated that the mean number of spat remaining attached to the grow rope was greater
in the small size class of spat than the large size class (P < 0.01), and that the number of spat
remaining among sampling events was significantly different between the outset and sample
1 (P < 0.001), and Sample 1 and Sample 2 (P < 0.001).
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7.3.2.2. Spat growth
After 42 days in the water, the mean size of the spat remaining on the grow ropes had
increased from an initial size of 6.6 mm (± 0.12 SE) to 16.7 mm (± 0.31 SE) in the small size
class, and from an initial size of 15.4 mm (± 0.37 SE) to 23.9 mm (± 0.68 SE) in the large
size class (Fig. 7.7).

Fig. 7.7. Spat growth (mean shell length ± SE) for spat of two sizes classes seeded onto a coastal mussel farm at
each sampling event (Experiment 2).

7.4. Discussion
7.4.1. Experiment I: FLUPSY nursery culture
Throughout the world, FLUPSYs are widely used as a nursery stage in oyster and clam
aquaculture where they facilitate the on growing of recently settled spat to larger sizes prior
to them being seeded onto farms, improving their growth rates and survivability in the
process (Rivara et al., 2002). Extensive literature searching indicates that this paper reports
the first time FLUPSYs have been reported as being suitable for the nursery culture of mussel
spat. The current approaches to nursery culture in mussel aquaculture (i.e., deployment of
spat onto culture ropes) tend to be inefficient, with small spat seeded directly into the sea, and
large numbers of spat lost from production shortly thereafter (Kamermans & Capelle, 2019;
Peteiro et al., 2010). The problem of high losses of spat is acute for Greenshell™ mussel
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aquaculture in New Zealand, where losses of up to 99% have been reported following
seeding spat using standard nursery culture practices, i.e., seeding spat directly into coastal
mussel farms (Chapter 5, Skelton & Jeffs, 2020). In this current study, the magnitude of spat
losses following seeding spat directly into a coastal farm situation (Expt 1: Coastal waters
treatment) were higher than has been measured elsewhere for hatchery spat (South et al.,
2017), but were consistent with losses measured for wild spat (Chapter 5, Skelton & Jeffs,
2020), with only 15% remaining after 10 days in the water, and 0.2% remaining after 85
days. In comparison, for the spat that underwent nursery culture inside the FLUPSY, only
44% of spat were lost from coir ropes after 10 days in the water, and 93% after 85 days.
Furthermore, when including spat that detached from the coir ropes and were retained in the
FLUPSY buckets, spat losses reduced to 19% after the first 10 days, and 78% after 85 days.
These results show that growing P. canaliculus in a FLUPSY is a more efficient alternative to
the current approach to nursery culture (i.e., seeding spat directly onto coastal farms)
employed by the mussel aquaculture industry.
The upwelling flow of raw seawater generated in the FLUPSY appeared to provide
conditions that are more conducive to spat growth and survival. At every sampling event in
this experiment, a greater proportion of spat remained attached to the coir ropes inside the
FLUPSY than for those that were seeded directly into the sea. The reasons for this are
unclear, although it could be that increased seawater flow rates and dissolved oxygen
concentrations inside the FLUPSY encouraged stronger byssal attachment, or that the
continuous food supplies encouraged spat to remain attached and to grow faster as have both
been observed in experimental laboratory studies (Alfaro, 2005; Alfaro, 2006b; Sanjayasari
& Jeffs, 2019). Higher current flows at coastal mussel farm sites have been associated with
lower spat losses suggesting that seawater flow regimes also play an important role in situ
(Hayden & Woods, 2011). Early mussel spat have small and rudimentary feeding structures,
which are likely to make it difficult for them to generate feeding currents especially when
located within a surface boundary layer where particle exchange is limited (Gui, et al., 2016a;
Gui et al., 2016b; Gui, et al., 2016c). Conditions conducive to the formation of a
hydrodynamic boundary layer limiting spat feeding would occur on a growing line placed on
a coastal mussel farm where there is limited seawater flow and turbulence around the line.
Such a restriction may be overcome by the provision of continual and ample water movement
associated with the FLUPSY, perhaps explaining the higher growth and attachment observed
in this experimental setting. Higher nutritional condition in mussel spat from improved
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feeding opportunities has been shown to greatly reduce spat losses in laboratory studies
(Carton et al., 2007; Sim-Smith & Jeffs, 2011).
The spat that were seeded directly into the sea would have also been exposed to a range of
factors which could have contributed to losses in the coastal waters treatment, whereas the
spat held inside the FLUPSY would have been protected from these stressors. For example,
the spat seeded directly into the sea would have been exposed to predation by mobile
predators, such as crabs (Capelle et al., 2016b) and fish (Šegvić-Bubić et al., 2011), which
could have contributed to losses. Diverse assemblages of fish are attracted to the artificial
structures associated with marine farms (Dempster et al., 2010; Morrisey et al., 2006), and
parore (Girella tricuspidata) have been frequently observed feeding on the biofouling growth
on the outside of the FLUPSY structure. Therefore, it is possible that fish predation could
have been responsible for some of the losses of spat that were seeded directly into the sea,
while spat inside the FLUPSY would have been protected from any such predation,
potentially explaining why there were fewer losses in this treatment. Intraspecific competition
may have also contributed to spat losses in the coastal waters treatment.
High initial seeding densities have been implicated in spat losses measured elsewhere
(Cubillo et al., 2012a; Lauzon-Guay et al., 2005a), so it is possible that the initial seeding
density of 4,042 m-1 may have led to self-thinning behaviour and contributed to the losses in
the coastal waters treatment. In comparison, the effects of intraspecific competition may have
been mitigated in the FLUPSY treatment as any spat that detached from the coir ropes were
retained in the buckets.
The natural migratory behaviour of mussel spat may have also contributed to greater losses in
the coastal waters treatment than the FLUPSY treatment. Small mussel spat are capable of
repeatedly detaching and drifting away from their primary settlement site and resettling
elsewhere once they come into contact with suitable substrate (Bayne, 1964; Buchanan &
Babcock, 1997; Lane et al., 1985; Sigurdsson et al., 1976). Therefore, any spat that detached
from the coir ropes in the coastal waters treatment would have been permanently lost from
production, whereas spat that detached from the coir rope in the FLUPSY treatment would
have been contained within the FLUPSY buckets.
Biofouling may also play a role in causing spat losses (South et al., 2017; South et al., 2019),
however, in this experiment, there was very little biofouling growth either on the coir ropes
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seeded directly into the sea, or inside the buckets in the FLUPSY, making it unlikely that
biofouling contributed to spat losses.
When the coir rope with attached hatchery-raised spat were placed in seawater at the outset of
the experiment, large numbers of spat immediately detached from the coir ropes in both
treatments. In the case of the coastal water treatment, these spat were permanently lost into
the surrounding environment, whereas in the FLUPSY treatment, these spat were retained in
the FLUPSY buckets by the mesh. While this experiment was not designed to quantify the
magnitude of these losses, holding spat in the FLUPSY decreased spat losses in the first 10
days by 66% (i.e., 85% losses from the coastal waters treatment compared to 19% losses in
the FLUPSY treatment including spat retained in the buckets). Therefore, it is possible that
over half of the spat lost from the coastal seawater treatment in the first 10 days, could have
been lost in the first few minutes after the spat were immersed in seawater. Previous
laboratory-based studies have found that up to 45.7% of P. canaliculus may detach from coir
ropes, and up to 39.9% from macroalgae after being immersed in seawater for only a few
minutes (South, 2018). High spat losses immediately following immersion of seeding
material in seawater are also likely to be taking place on Greenshell™ farms, indicating that
holding spat in a self-contained FLUPSY even for only a few days prior to seeding out could
greatly reduce the spat losses caused by this phenomenon. The large-scale detachment of spat
upon re-immersion in seawater is likely to be a behavioral response by the spat to the
stressors associated with prior transport processes (South et al., 2020b). Transport of spat
laden material in damp aerial conditions is standard practice in mussel aquaculture but
warrants closer examination to determine whether stressors leading to detachment of spat can
be reduced through modifications to handling and transport conditions (Carton et al., 2007;
Webb & Heasman, 2006).
Despite being held in enclosed buckets, significant numbers of spat were lost in the FLUPSY
treatment, with only 25% remaining at the end of the experiment. The reasons for these losses
are unclear, although it is possible that spat may have died, and their fragile shells dissolved,
were abraded by the movement in the continually flowing seawater or passed through the
mesh of the FLUPSY bucket. If mortality was responsible for the losses observed in the
FLUPSY, periodical grading and thinning of spat in the FLUPSY buckets may have helped to
reduce spat losses. Increasing the mesh sizes of the buckets with spat graded out to larger
sizes would also help to improve seawater flow through the buckets. Furthermore, it is
possible that some smaller sized spat could have been lost through the 250 µm mesh used on
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the buckets at the beginning of the experiment. Spat were observed to have attached to the
mesh screens on the top and bottom of the buckets, so it is possible that spat may have also
been lost from the buckets during cleaning and changing mesh on the buckets.
Spat growth was slightly faster in the FLUPSY treatment than in the coastal waters treatment,
despite the higher spat stocking densities in the buckets. Over the course of the experiment,
spat in the FLUPSY treatment grew from 1.21 mm (± 0.04 SE) to 7.58 mm (± 0.17 SE),
compared to 7.07 mm (± 0.16 SE) in the coastal waters treatment. The cause of this increased
growth is likely to be the result of the enhanced seawater flow through the FLUPSY, which
provided spat with continuous supplies of naturally occurring food, compared to spat in the
coastal waters treatment which only had access to ambient supplies of food. These growth
rates are lower than have been measured elsewhere on Greenshell™ farms, with wild spat
growing to lengths > 20 mm after 106 days in the water (Chapter 5, Skelton & Jeffs, 2020),
but are broadly consistent with growth rates measured in the laboratory where spat grew ~5
mm or more over an eight-week period (Hayden & Woods, 2011).
7.4.2. Experiment II: Seeding experiment
Relatively high numbers of spat of both size classes were lost after seeding out onto the
coastal mussel farm, with the majority of losses occurred between 16 (Sample 1) and 42 days
(Sample 2). After 16 days of being seeded onto the coastal mussel farm, an average of 20.5%
of spat were lost from the small size class, and 28% from the large size class. By the end of
the experiment, after 42 days, these spat losses had increased to 83% and 95% of initial
seeding densities in the small and large treatments, respectively. The magnitude of spat losses
at the start of the experiment (i.e., between the Outset and Sample 1) were smaller than those
previously measured elsewhere for smaller sized wild and hatchery spat. For example,
previous studies have measured hatchery spat losses of 64% in the first 19 days (South et al.,
2017), and wild spat losses of 82% after 23 days on Greenshell™ farms (Chapter 5, Skelton &
Jeffs, 2020). However, the spat losses in these previous studies occurred when the spat were
at smaller sizes (i.e., < 2 mm in the case of the hatchery spat and < 5 mm in the case of the
wild spat) than the spat in this experiment. Previous research indicates that while the losses of
Greenshell™ spat are highest shortly after initial seeding, the losses continue for some
months afterwards despite the spat growing in size and becoming more established on the
growing lines (South et al., 2020a). For example, losses of wild spat seeded onto coastal
farms increased from a range of 69.6 – 76.7% at 40 days after seed to 74.4 – 84.9% at 89
days (South et al., 2020a). Previous studies have implicated secondary settlement behavior as
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the dominant source of spat losses on Greenshell™ farms (Carton et al., 2007; Skelton &
Jeffs, 2020) although unlike in previous studies, the spat in our study were seeded onto grow
ropes at sizes where they are thought to be no longer capable of expressing this behavior (i.e.,
> 5-6 mm in length) (Buchanan & Babcock, 1997; South et al., 2017; South et al., 2020a).
However, it is also possible that P. canaliculus spat may be able to undergo secondary
settlement at larger sizes than previously thought, which might explain some of the losses
that took place early on in the experiment, shortly after seeding out.
It is also possible that mussels reared in a FLUPSY to these sizes (i.e., 6.6 – 23.9 mm SL)
may be poor at re-attaching to substrata, and therefore may have failed to re-attach to the
grow rope. Mussels grown in exposed locations produce stronger, and thicker byssus threads,
which increase the strength of their attachment, and allocate less energy to growth and
reproduction (Babarro et al., 2008). Given the benign environmental conditions in the
FLUPSY, those mussels grown in the FLUPSY are likely to have allocated more energy to
growth, and therefore, may not have been able to attach as strongly to the grow rope. As a
result, FLUPSY-reared spat may benefit from a period of conditioning whereby they are
exposed to harsher environmental conditions prior to seeding onto mussel farms, to increase
their likelihood for successful reattachment.
Re-attachment rates of P. canaliculus spat have been shown to decrease with increasing size,
with only 25% of spat with a SL of 10 mm attaching to coir ropes following transfer from the
wild (Smith, 2018). Any loose mussels held in place only by the mussock could have easily
become dislodged and lost from the grow rope as the mussock began to break down. The
higher loss of larger size spat versus smaller size spat would also be explained by a decreased
ability for re-attachment of spat of increasing size which would not only affect their own
attachment to the growing lines but also assisting with the retention of adjacent conspecifics
through byssus attachment to their shells (Smith, 2018).
The timing of the experiment may have also impacted the ability of the mussels to re-attach
to the grow rope. Studies on the blue mussel, Mytilus edulis, demonstrated that the strength of
byssal attachment increases twofold in winter compared to summer (Carrington, 2002).
Therefore, seeding out larger mussel spat may produce better results when seeded out in
winter compared to summer.
Fish predation may have been a contributing factor to the spat losses measured in this
experiment. Several fish species are attracted to the structures associated with Greenshell™
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farms in New Zealand (Morrisey et al., 2006), and anecdotal reports suggest that fish
predation in the Coromandel is a major source of spat losses that occur on mussel farms in
the region. Greenshell™ farmers throughout the Coromandel region generally avoid seeding
out during the summer months when this experiment took place (i.e., January to March) due
to the increased abundance of snapper (Pagrus auratus). There were signs suggesting fish
predation may have occurred in this experiment, with large holes torn in the mussock
covering the grow rope which were visible at the first sampling after 10 days, and almost no
mussock remaining by the end of the experiment. Furthermore, there were no signs of dead
shells in the dropper ropes to indicate mortality, and the mesh size of the mussock was too
small to enable spat to be dislodged and lost through the mussock. Throughout the
experiment, spat losses were higher among the larger size spat than for the small spat. The
reasons for this are unclear, although it is possible that the smaller spat were able to avoid
predation by attaching themselves near to the core of the grow rope among the filaments,
which could have provided them with greater protection. In comparison, the larger spat were
too big to be concealed by the rope filaments, which could have made them more vulnerable
to predation, thereby explaining their higher losses. It is also possible that the consistently
higher losses of the larger size class of spat compared to the smaller size class was the result
of changes in self-thinning behavior associated with spat size. Although both size classes of
spat were seeded out at the same density, the larger size class of spat represented a higher
overall biomass on the growing lines than for the small size class. Self-thinning behaviour of
spat of Greenshell™ has not been researched, but studies in blue mussels, Mytilus edulis,
have shown that self-thinning behaviour is in largely in response to density of spat, and not a
direct function of spat biomass (Capelle et al., 2016a; Cubillo et al., 2012b; Lauzon-Guay et
al., 2005a).

7.5. Conclusion
Combined, the results from this study show that a FLUPSY-based nursery culture stage could
be used to reduce spat losses on Greenshell™ farms, by ongrowing from small sizes up to 15
mm within 5 months. Growing small, hatchery-reared P. canaliculus spat inside a FLUPSY
rather than seeding them directly into the water column as is current standard practice,
reduced spat losses during the nursery stage by 23.5% over 85 days, the greatest
improvement in spat retention measured to date compared to seeding out on grow ropes with
modified structural components (Chapter 5, Skelton & Jeffs, 2020), and to seeding out with
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adult mussels (South et al., 2019). Seeding out with spat grown to larger sizes in a FLUPSY
prior to seeding out shows promise as an approach to reducing early spat losses in mussel
production. However, while FLUPSYs appear to be highly effective as a nursery step in the
Greenshell™ production cycle, further work is needed to understand the causes of spat losses
following the transfer of FLUPSY-reared spat onto mussel farms, and to establish the
integration of FLUPSY nursery culture into existing farming systems to retain the gains made
during FUPSY nursery culture.
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CHAPTER EIGHT: GENERAL DISCUSSION
8.1. Summary of findings
The aims of this thesis were twofold; firstly, to quantify the timing and magnitude of spat
losses on Greenshell™ farms, and to identify some of their possible causes, and secondly to
develop and test some practical solutions to the problem. The research presented in this thesis
achieves these two aims, highlighting the extremely inefficient nature of the early stages
(particularly the first few months) of Greenshell™ aquaculture, while presenting a range of
possible solutions to improve spat retention. The research quantified the timing and
magnitude of spat losses in the Greenshell™ both on an industry-wide (Chapter 2), and on
individual farm scales (Chapters 3-7). The consistency of the results between the various
experiments suggests that major spat losses (often in excess of 99%) are a commonplace
occurrence on Greenshell™ farms and demonstrates the importance of reducing spat losses to
ensure future growth and sustainability of the industry.
The field-based research assessed the magnitude of spat losses in relation to a range of
variables that were thought to have the potential to impact spat retention. These included any
differences in environmental variables among seeding sites (Chapter 3), the density at which
spat were seeded at (Chapter 4), the physical characteristics of their settlement substrate
(Chapter 5), the presence of possible chemical settlement cues (Chapter 6) and the size of
spat at the time of seeding out (Chapter 7). From these results, several practical solutions
aimed at reducing spat losses were developed, including; reducing initial seeding densities
(Chapter 4), co-seeding spat with macroalgae that are thought to produce chemical settlement
cues (Chapter 6), and growing spat in sea-based FLUPSY nursery systems so that they can be
seeded out at larger sizes, where they are less likely to undergo secondary settlement, and are
not required to make many small-scale migrations amongst seeding substrata in order to
remain in production (Chapter 7).
Combined, the results from this thesis add to the growing body of literature highlighting the
inefficient nature of the early stages of mussel aquaculture and present some novel solutions
to help solve the problem of poor spat retention on New Zealand’s Greenshell™ farms.
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8.2. Timing and magnitude of spat losses
The inefficient conversion of mussel spat into adult mussels limits production and constrains
growth in mussel aquaculture industries throughout the world (Kamermans & Capelle, 2019).
A major cause of this inefficiency is the high post-seeding spat losses that often occur in
mussel aquaculture operations shortly after seeding out (conversely referred to as poor spat
retention) (Bertolini et al., 2020; Capelle et al., 2016a; Skelton & Jeffs, 2020; Skelton &
Jeffs, 2021; Skelton et al., 2021; South et al., 2017; South et al., 2020a). The results presented
in this thesis demonstrate that the magnitude of spat losses on Greenshell™ farms are likely to
be much higher than previously expected (Jeffs et al., 1999; South et al., 2017). A
comparison of the number of spat harvested from the country’s predominant spat source, with
the number of adult mussels produced by the industry annually found that fewer than 1% of
harvested spat were retained throughout production, from seeding to harvesting as adults
(Chapter 2). This result was corroborated by the results from numerous field experiments
(Chapters 3-7), that also measured consistently high spat losses, which in several instances,
also reached or exceeded 99% (i.e., Chapters 3, 5 and 7). The magnitude of these losses
highlights the potential of the Greenshell™ industry. For example, if industry-wide spat losses
were reduced from > 99% to 75%, production in the Greenshell™ industry would increase to
3 million tonnes annually, which would make New Zealand the largest mussel producing
country in the world, producing more mussels than the rest of the world combined (Avdelas
et al., 2021; Cai et al., 2019; FAO, 2020).
Understanding the timing of spat losses in mussel aquaculture is essential to determining
where in the production cycle the major inefficiencies lie, and to developing solutions to the
problem that will maximise benefits. In each experiment in this thesis, the majority of spat
losses took place shortly after seeding out, typically within the first 3 months of production.
For example, up to 99% of spat were lost after 103 days in experiments presented in Chapter
3, 93% of spat after 59 days in results presented in Chapter 4, and > 99% of spat after 106
days in results reported in Chapter 5. Furthermore, the largest spat losses were often seen to
occur between the outset of the experiment, and the first discrete sampling event, suggesting
that spat losses may occur even sooner after seeding out. This has been observed in
laboratory experiments, which saw up to 53% of spat lost from settlement substrata
immediately following re-immersion into seawater (South et al., 2021). A similar
phenomenon was observed in experiments reported in Chapter 7, where large numbers of
hatchery spat detached from their settlement substrate as soon as they were placed in
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seawater following their transport from the hatchery to the site of the experiment. Therefore,
the results from this thesis demonstrate that solutions aimed at reducing spat losses should
focus at the minimum on the first 3 months of production, but if possible, the first few days to
weeks. Furthermore, the significance of prior transport of spat out of water also warrants
research attention, as a potential trigger for post-seeding migration of spat.
Beyond the first sampling event, the timing of spat losses tended to coincide with the
breakdown of seeding substrata (i.e., macroalgae and mussock) (Chapters 3, 4, 5 and 6). For
example, results reported in Chapters 5 and 6 showed that spat readily migrate among
seeding substrata from the time of seeding. This suggests that spat were lost from production
while still attached to seeding substrata, and that encouraging a greater proportion of spat to
successfully migrate onto the permanent structure of the grow rope may significantly improve
spat retention. Alternatively, this suggests that approaches to seeding that do not require
small-scale spat migrations among seeding substrata may also be an effective way to reduce
spat losses. The timing of the spat losses measured throughout this thesis may also be due to
the size of spat at the time of seeding. Most of the spat harvested from Ninety Mile Beach
(NMB) are < 3 mm in shell length (SL), which is within the size range where Perna
canaliculus spat are known to undergo secondary settlement migrations (Buchanan &
Babcock, 1997). Therefore, the timing of spat losses measured in this thesis, may also just
reflect the highly mobile nature of the spat at the time of seeding.
Prior to the research presented in this thesis, little was known about the timing and magnitude
of spat losses in the Greenshell™ industry. Previous research has focused almost entirely on
losses that occur when seeding with hatchery spat, which is inaccessible to all but one
company in the industry and is likely to perform differently to wild spat (South et al., 2017;
South et al., 2020a; South et al., 2020b). Furthermore, much of this research took place using
methods that are not consistent with current commercial practices. For example, spat may
have been seeded onto atypical seeding substrata prior to deployment onto a mussel farm
(South et al., 2017), or spat may have been seeded out at densities far lower than those
typically used by the industry (South et al., 2019). As a result, little was known about spat
losses under typical farming conditions. However, from the results presented in this thesis,
the timing and magnitude of spat losses on Greenshell™ farms has now been well
documented, meaning further research can be focused on efforts to solve the problem.
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8.3. Possible causes of poor spat retention
A wide range of factors that may contribute to spat losses on mussel farms have been
identified, including stress experienced during the harvest and transport of spat (Calderwood
et al., 2014; Carton et al., 2007; Supono et al., 2021; Webb & Heasman, 2006), mortality
either due to disease or predation (Capelle et al., 2016b; Clynick et al., 2008; Jones et al.,
1996; Kirk et al., 2007; Peteiro et al., 2010; Šegvić-Bubić et al., 2011), and secondary
settlement behaviour (Buchanan & Babcock, 1997; South et al., 2017; South et al., 2020a).
However, while the relative importance of each of these factors is poorly understood, the
dominant cause of spat losses on Greenshell™ farms is thought to be secondary settlement
behaviour.
Collectively, the research presented in this thesis provides strong evidence that secondary
settlement behaviour is likely the dominant cause of poor spat retention on Greenshell™
farms. Secondary settlement has been documented in a wide range of bivalve molluscs and is
an important behaviour that greatly increases the spatial and temporal scales over which
dispersal and recruitment can occur (Ackerman et al., 1994; de Montaudouin, 1997;
Erlandsson et al., 2008; Fraschetti et al., 2003; Lasiak & Barnard, 1995; Le Corre et al., 2013;
von der Meden et al., 2010). In mytilid mussels, the behaviour is thought to occur in response
to exposure to potential stressors, or unfavourable environmental conditions, likely in an
attempt by spat to locate more optimal habitat for permanent settlement (Bayne, 1964; Lane
et al., 1985; Lane et al., 1982; Le Corre et al., 2013). Secondary settlement migrations in
mussel spat are achieved through two distinct behaviours; pedal crawling, which occurs over
small spatial scales (cm’s), or mucus drifting, which can potentially disperse spat over much
larger distances (km’s) (Bayne, 1964; Buchanan & Babcock, 1997; Harvey et al., 1995; Lane
et al., 1985; Lane et al., 1982; Sigurdsson et al., 1976). Secondary settlement behaviour of
mussel spat is both crucial for mussel aquaculture, and a major source of inefficiency of spat
use by this industry. Secondary settlement migrations over a small scale (i.e., achieved via
pedal crawling) is necessary for spat to migrate from seeding substrata onto permanent
substrata, whereas migrations over a large scale (i.e., achieved via mucus drifting) enable spat
to migrate away from farming substrata altogether. Therefore, farmers need to balance the
need for spat to undergo small-scale migrations, with the propensity for spat to undertake
large scale off-farm migrations. The research presented in this thesis highlighted the
importance of these small-scale migrations, demonstrating that following seeding out, spat
are highly mobile, and rapidly migrate amongst the substrata that comprises a seeded dropper
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rope (i.e., macroalgal, mussock, and rope) (Chapters 5 and 6). Most spat migrated outward to
occupy the mussock and failed to migrate onto the dropper rope itself. As a result, it would
appear that the majority of spat are lost from production while still attached to seeding
substrata, after failing to successfully migrate onto the structure of the dropper rope.
Furthermore, increasing the proportion of spat that migrated onto the dropper rope by coseeding spat with the red alga, Pterocladia lucida, improved spat retention, highlighting the
importance of these small-scale migrations, and demonstrating that when they do not occur,
spat retention is often poor.
Mucus drifting in mussel spat is achieved when glands in the pedal organ secrete mucous
strand, enabling spat to be carried passively through the water column by hydrodynamic
forces (Lane et al., 1985; Lane et al., 1982; Sigurdsson et al., 1976). Research suggests that P.
canaliculus spat undergo physiological changes and lose the ability to produce these mucous
threads when they reach 5-6 mm SL, and are therefore, unlikely to be able to initiate the
behaviour (Buchanan & Babcock, 1997). The research presented in Chapter 7 demonstrated
that seeding out with FLUPSY-reared spat that were too large to mucous drift significantly
improved spat retention. Furthermore, retention of small spat seeded into the FLUPSY was
much higher than spat that were seeded directly into the water column, likely because spat
that underwent mucous drifting within the FLUPSY were contained and retained in the
buckets that housed the seeding substrata.
Despite the importance of secondary settlement to spat retention in mussel aquaculture, little
is known about the potential triggers for the behaviour. Therefore, the research presented in
this thesis, also sought to identify some factors that may result in spat losses on Greenshell™
farms, and assuming secondary settlement is the dominant cause of losses, identify some
factors that may trigger this behaviour. Specifically, this research examined the importance of
local environmental conditions among farm sites, initial seeding densities, and the physical
characteristics of settlement substrate to spat losses. Local environmental conditions among
farm sites do not appear to impact the propensity for spat to undergo secondary settlement
behaviour, with spat losses shown to be extremely consistent among sites (Chapter 3). This
would suggest that environmental conditions may not trigger secondary settlement in P.
canaliculus. However, it is also possible that the environmental differences among farms sites
throughout the Coromandel were not sufficient to elicit differences in spat settlement
behaviour.
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The initial density at which spat are seeded out appeared to play an important role in spat
losses. Seeding out with higher densities resulted in higher losses than dropper ropes seeded
at lower densities, demonstrating that overseeding mussel farms may exacerbate losses rather
than mitigate against them. Similar density-dependent effects have been seen during the
aquaculture of other mussel species. For example, up to 92% of blue mussel spat collector
spat were lost from production during bottom culture, with most of these losses occurring
when densities were at their highest (Capelle et al., 2016a). Although, while seeding density
appears to have an impact on spat losses, the mechanism by which high seeding densities lead
to high spat losses is unclear and warrants further investigation.
This research also demonstrated that within the context of a seeded dropper rope, the physical
characteristics of settlement substrate had no impact on spat losses. This is unusual given the
importance of the physical characteristics of settlement substrate to mussel spat settlement in
the field. For example, P. canaliculus spat actively prefer to settle on finely branching
substrata when small, and switch to preferring coarser substrate as they grow (Alfaro & Jeffs,
2002). However, it is possible that within the context of a seeded dropper rope, other factors
such as food availability play a more important role in influencing the settlement behaviour
of mussel spat.
Differentiating between the relative importance of different post-settlement factors that are
involved in spat losses is a major challenge. Therefore, separating the causes of spat losses in
the field between factors such as mortality or secondary settlement is extremely difficult.
While the research presented in this thesis sought to identify factors that may contribute to
spat losses based on the assumption that secondary settlement behaviour is the dominant
cause of losses, the research took into account multiple post-settlement factors and
determined their importance to spat losses irrespective of the mechanism that produced them.

8.4. Possible solutions to poor spat retention
The research presented in this thesis has demonstrated that there are two broad approaches
that could be used to reduce spat losses; 1) attempt to identify the triggers for secondary
settlement behaviour in P. canaliculus spat and then develop approaches to manage the
behaviour, or 2) develop alternative approaches for the nursery culture of mussel spat that
enable spat to be seeded out at larger sizes where secondary settlement behaviour is no longer
a problem. To date, research aimed at reducing spat losses on Greenshell™ farms has
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followed the first approach (Alfaro et al., 2006; Alfaro, 2006c; Carton et al., 2007; Gribben et
al., 2011; Hayden & Woods, 2011; South et al., 2017; South et al., 2019; South et al., 2020a;
South et al., 2020b; Supono et al., 2020; Supono et al., 2021). However, the factors that
trigger secondary settlement remain unclear, and as a result, the behaviour cannot currently
be managed. Furthermore, following the first approach often results in conflicting results
regarding the triggers for secondary settlement behaviour, with laboratory experiments often
producing different results to field experiments, likely due to the complex, multifactorial
causes of the behaviour. Therefore, of the two approaches to reducing spat losses, the second
appears most likely to result in cost-effective practical solutions that could be used by the
industry within a reasonable timeframe.
The results presented in Chapter 7 are the first to attempt to solve the problem of poor spat
retention on Greenshell™ farms using the second broad approach of developing alternative
nursery culture systems. The results from seeding out with FLUPSY-reared spat are
promising and suggest that the incorporation of a FLUPSY nursery stage into the
Greenshell™ cycle could be a practical solution to addressing spat losses. However, further
research is required, particularly into processes aimed at optimizing FLUPSY nursery culture,
such as; approaches for separating spat from settlement substrata, determining how flow rates
and stocking densities impact growth and survival of spat, and establishing an effective way
of seeding out with larger spat. An alternative to FLUPSY-based nursery culture would be
land-based nursery culture. This too could be used to rear spat to sizes where secondary
settlement is no longer a problem post-seeding, however, unlike FLUPSY-based nursery
culture, it presents additional challenges associated with the production of high quality, live
microalgal feeds. For example, the cost of producing live microalgae in hatcheries is
extremely high and can account for up to 50% of a hatchery’s total operating costs (Coutteau
& Sorgeloos, 1993). Furthermore, as spat grow larger, the quantity of microalgae required to
feed spat increases, meaning an extended land-based nursery system would need more
microalgae than is currently required by hatcheries. Therefore, further research aimed at
reducing the cost of rearing P. canaliculus spat to larger sizes in a land-based nursery system
will be needed to make this approach viable.

8.5. Future research
Future research should focus on developing nursery culture solutions to spat losses, so spat
can be seeded out at larger sizes where they are no longer capable of undergoing secondary
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settlement behaviour. Specifically, further research into ways of stripping spat from
settlement substrata prior to growth in nursery systems, the optimal densities, flow rates, and
feeding rates of spat within these systems, the nutritional requirements of spat of different
sizes, and approaches for seeding out with larger single seed spat will be required. This
approach to solving the problem of spat losses on mussel farms appears much more likely to
produce rapid, cost-effective solutions than focusing on the exact triggers for secondary
settlement behaviour in this species.

8.6. General conclusions
Collectively, the body of research presented in this thesis greatly improves our understanding
of the timing and magnitude of spat losses in Greenshell™ aquaculture. This research also
identifies some possible causes of these spat losses and proposes some practical solutions to
the problem. However, further research is required to identify the factors that trigger
secondary settlement in P. canaliculus, and to develop and optimize land or sea-based
nursery culture practises. Such research will help to develop solutions to the problem of spat
losses, either by mitigating against the factors that encourage secondary settlement behaviour,
or by developing new approaches to farming that exclude the possibility of spat undertaking
secondary migrations.
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