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ABSTRACT 

Greenshell mussels, Perna canaliculus, are cultured in New Zealand using wild spat 

sourced from two areas. One of these is the Marlborough Sounds marine farming 

area where specially designed spat-catching ropes are provided as settlement 

surfaces for the wild larvae. Catches on these ropes vary spatially and temporally, 

and post settlement losses are often high. An understanding of the factors 

influencing that variability is essential if the industry is to reduce the unreliability 

and uncertainty of its spat supply. 

The major focus of this study was an examination of the 'supply-side' hypothesis ie. 

that variation in recruitment on to the ropes is a function of the supply of larvae and 

settlers. Temporal and spatial patterns of abundance of larvae, settled plantigrades 

and recruits were examined during four consecutive years at several sites in the 

Crail/Beatrix/Manaroa embayment of Pelorus Sound. Larvae were counted in daily 

pumped water samples taken from four depths. Settlement and recruitment were 

both measured on commercial spat-catching rope at the same depths. Recruitment 

was assessed 8 and 12 weeks after settlement. Factors influencing distribution 

patterns of larvae and settled plantigrades are also examined. 

Variability in larval abundance and settlement was high but there was strong 

evidence to support the hypothesis that the supply of early life stages (larvae and 

settlers) is the major determinant of the number of recruits 8 weeks after settlement. 

Field experiments indicated that the role played by processes such as predation and 

other forms of disturbance increases as the recruits grow older. By 12 weeks, supply 

of settling larvae is no longer the major determinant of recruit numbers at many 

sites. 

Caging experiments to exclude fish showed that predation by fish on mussel spat 

varies among sites and, at least on a short term temporal scale, is heavier at 15 m 

than at 5 m. Other experiments indicated that some common marine farming 
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practices may combine with natural processes to produce recruitment variability 

also. Many of these practices appear to act indirectly by enhancing the likelihood of 

processes such as settlement and predation occurring. Practical applications of the 

data are discussed. 
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DEFINITION OF TERMS AND ACRONYMS USED IN THE TEXT 

Christmas 
tree rope 

Emigration 

Kaitaia spat 

Mussel sizes 

NZMFA 

Off-migration 

Plantigrades 

Recruitment 

Reseeding 

Seeding 

Settlers 

Spat 

Spat catching 
rope 

Fibrous rope used for spat catching and 
cultivation of mussels. Several brands are available but 
Donaghy's 'Christmas tree' rope was used in all experiments 
in this study. The rope consisted of three strands of black 
polypropylene with one of the strands covered with fibrillated 
sacking offcuts. 

Migration of spat from their primary settlement site to a 
secondary site by drifting on mucous threads. For fuller 
description of the mechanism see De Blok & Tan-Maas 
(1977), Lane et al. (1985), Martel & Chia (1991) and 
Buchanan (1994). 

Spat which has settled on seaweed and washed ashore on 
beaches in the northwest of the North Island. 

Sizes given in the text refer to the length along the 
anterior/posterior axis of the mussel as in Jenkins (1985). 

New Zealand Marine Farming Association. 

See emigration. 

See spat. 

In this study, recruitment is defined as the number of 21.5 
mm live mussels on the spat-catching ropes after they had been 
in the water for 8 and 12 weeks (8-week and 12-week recruits) 

The process of attaching mussels to culture ropes using 
biodegradable cotton mesh to hold the mussels in place until 
they have attached to the culture rope by byssal threads (see 
full description of the process in Chapter 1). 

See reseeding. 

Settled plantigrades. 

Post-larval mussels which have settled on a substratum, 
secreted a byssus thread and metamorphosed. Also referred to 
as plantigrades. 

See Christmas tree rope. 
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Spat density Because of the fibrous nature of spat catching rope it was not 
possible to accurately measure the surface area of the 
settlement surface. Therefore settlement density has been 
expressed per length of rope. 
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STAGES OF PERNA CANALICULUS DEVELOPMENT 
REFERRED TO IN THE TEXT 

Trochophore 

Early veliger 

Veliconcha 

Eyed-veliger 

Pediveliger 

Settlement 

Metamorphosis 

Plantigrade 

Very early larva which has cilia (the rudiments of the velum) 
and a shell-gland but as yet no shell 

Larva has a fully developed velum, a functional gut and a 
prodissoconch I (D-shape) shell. Reached 24-48 hours after 
fertilisation in laboratory culture when the larvae are 75 J..tm 
long (Redfearn et al., 1986). This stage lasts until the larvae 
are approximately 135 J..tm. 

Dominant larval stage lasting 2-3 weeks. Second larval shell, 
the prodissoconch II, is laid down and shape changes as result 
of umbo developing from the hinge and shoulders. Larva 
actively feeds and swims using cilia on the velum. 

At a shell length of 220 - 270 J..tm, a pair of pigmented eye
spots appear in the mantle at the site where the base of the 
first gill filaments will develop. 

Larval stage immediately preceding settlement. The larva has a 
functional foot as well as a velum, and alternates between 
crawling on the substratum and swimming just above it. 
Eyespots are still conspicuous. Pediveligers are capable of 
metamorphosis. This stage occurs from about 235 J..tffi in 
cultured P. canaliculus. 

Termination of the pelagic phase of larval life and assumption 
of a sessile life. Includes the entire process of crawling 
behaviour, secretion of byssal threads, and attachment of 
pediveligers to a substratum. 

The morphological and physiological changes associated with 
the change to sessile life. Although settlement and 
metamorphosis may proceed concurrently in some species, 
more commonly attachment and loss of swimming ability 
(settlement) considerably precede reorganization of anatomy 
and physiology (metamorphosis) (Scheltema, 1974). 

Post-larval mussel which has successfully completed settlement 
and metamorphosis (Bayne, 1976). Also referred to as spat. 
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CHAPTER 1 

General Introduction 

Greenshell mussels, Perna canaliculus, provide an excellent example of an over

exploited commercial fishery which has grown into a valuable seafood industry as a 

direct result of aquaculture. Landings from the various dredge fisheries for mussels 

in New Zealand dropped steadily from 1,348 tonnes in 1981 (Campbell, 1989) to 

7.3 tonnes in 1992 (Anon, 1993). Culture of Perna canaliculus began in 1965 with 

experimental operations in the Auckland region after the Hauraki Gulf dredge 

fishery collapsed (Greenway, 1969). In the Marlborough Sounds, cultivation began 

in 1970 following the collapse of the Tasman Bay fishery and by the mid 1970's a 

soundly based mussel aquaculture industry had been established there (Jenkins, 

1985). Developing technology and increased numbers of farming licences have 

resulted in a massive increase in production from 300 tonnes in 1977 to 46,500 

tonnes in 1992 (Anon, 1993). Farmed greenshell mussels were New Zealand's fifth 

most valuable seafood export in 1993, earning $55.3 million FOB (NZFIB, 1994). 

Seventy six per cent of production comes from the Marlborough Sounds (Hall, 

1992). 

Access to reliable supplies of mussel spat are essential to the continued viability and 

growth of the industry. Hatchery rearing techniques have not been fully developed 

for Perna canaliculus and the industry relies totally on natural spat. The spat is 

obtained from two sources. The first is the Marlborough Sounds marine farming 

area where spat is caught on specially designed spat-catching ropes (Figure 1.1). 

The second source is spat-covered seaweed which is washed ashore on beaches in 

the northwest of the North Island, referred to as Kaitaia spat (Figure 1.2). Both 

sources provide large quantities of spat at times but the supplies are unreliable and 

unpredictable. 
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FIGURE 1.1 

Spat catching ropes hanging from a longline in Marlborough Sounds 
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FIGURE 1.2 

Spat encrusted sea wrack from Ninety Mile Beach ("Kaitaia spat") 

c 
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Chapter 1. Introduction. 

There are approximately 605 mussel farms in New Zealand, of which 461 are in the 

Marlborough Sounds (MAF Fisheries Marine Farm Register, 29/9/94). Many of the 

Marlborough Sounds farms have relied totally on supplies of Kaitaia spat. A ban on 

transfer of spat from the North to the South Island was imposed during the 1992/93 

toxic algae blooms because of the danger of transferring toxic algal species to 

previously unaffected areas (Mackenzie & Kapa, 1993). The original ban was 

eventually lifted but is reimposed whenever there is a possibility of high numbers of 

toxic dinoflagellates being present in the spat. This means that there may be long 

periods when Kaitaia spat is unavailable to Marlborough Sounds growers. 

Unreliability of spat supply may be an unavoidable consequence of relying on nature 

to supply the seed. However, if there are predictable patterns to the variability then 

farmers could make more efficient use of the resource by focusing their catching 

effort on sites and times when the spat is naturally more abundant. An obvious pre

requisite to this is an understanding of the variability of the supply and the processes 

which affect it. Therefore, this study was designed to look at some of the factors 

influencing that variability in Marlborough Sounds. 

The colonisation of marine habitats by organisms which have planktonic larvae can 

be divided into five phases: successful reproduction by the parent population, larval 

development (including dispersal in the plankton), settlement (testing of the 

subtratum for suitability and then attaching), metamorphosis and survival until the 

organism is counted by an observer (recruitment). Many studies on the recruitment 

patterns of sessile marine invertebrates that have pelagically dispersed larval stages 

suggest that recruitment is primarily a function of one or more processes occurring 

after settlement of the larvae (Dayton, 1971; Paine, 1974; Connell, 1975; Keough 

and Downes, 1982; Luckenbach, 1984; McShane, 1991; Buchanan, 1994). The most 

commonly cited post-settlement influences on community organization are predation, 

competition between component species, physical disturbance, and spatial or 

temporal heterogeneity of the environment (Keough and Butler, 1979). Several 
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attempts have been made to synthesise these into broad theories to account for 

observed community structures (Connell, 1975; Menge & Sutherland, 1976; Paine, 

1966, 1974; Menge, 1991). Most of the syntheses focus on the same set of factors 

but vary in the relative importance ascribed to each factor, especially the roles of 

competition and predation (Dayton, 1971; Menge and Sutherland, 1976; 

Roughgarden et al., 1988). 

Many inferences made about patterns of community structure have failed to 

recognise that a combination of planktonic events, active larval choices and 

differential settlement may have as much impact on variation in recruitment as does 

post-settlement mortality. Failure to distinguish between these causes of recruitment 

variation has lead to an over-emphasis in the past on the importance of post

settlement processes in determining community structure. 

The resurgence of interest in 'supply-side ecology' in recent years has helped to 

redress the balance (Denley & Underwood, 1979; Grosberg, 1982; Underwood & 

Denley 1984; Connell, 1985; Gaines et al., 1985; Gaines & Roughgarden, 1985; 

Roughgarden et al., 1987, 1988). So called supply side ecologists argue that 

variability in recruitment of a species is a result of the variable supply of early life 

stages of the organism. The concept is not new (Young, 1987; Underwood & 

Fairweather, 1989) but has been overlooked in many studies. 

Temporal and spatial variation in initial settlement of larvae of benthic organisms is 

usually high (Connell, 1961b; Hawkins & Hartnoll, 1982; Kendall et al., 1982; 

Wethey, 1984; Raimondi, 1990). It is perhaps surprising therefore, that until 

recently only a few studies have assessed initial variation in settlement as a possible 

mechanism determining recruitment patterns of organisms in marine communities. 

One of the earliest studies on marine invertebrates to have considered the role of 

larval supply and settlement is that of Thorson (1950). Of the other studies that have 

considered initial settlement as a factor influencing recruitment, most have been 
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done on intertidal barnacles probably because they dominate the high rocky intertidal 

zone throughout the world (Underwood & Denley, 1984; Caffey, 1985; Connell, 

1985; Gaines & Roughgarden, 1985; Gaines et al., 1985; Raimondi, 1990; 

Minchinton & Scheibling, 1991). Only recently has more emphasis been placed on 

other invertebrates such as abalone (McShane et al., 1988), sea urchins (Rowley, 

1989), and corals (Carlon & Olson, 1993) and on fish (Milicich et al., 1992). There 

have been even fewer studies examining the relationship between larval abundance 

and settlement, and again, most of the studies have been done on barnacles (eg. 

Gaines et al., 1985; Minchinton & Scheibling, 1991). 

Perna canaliculus is an ideal organism for examining the relationship between early 

life stages and the processes affecting them. It is naturally abundant on rocky reefs 

throughout New Zealand, but its value as an aquaculture species make studies on its 

biology and life history particularly important. The biology and distribution of adult 

Perna canaliculus have been described by Reid (1969), Stead (1971), Paine (1971), 

Flaws (1975), Kennedy (1976) and Hickman (1979). However, although it has been 

cultured for more than 20 years in the Marlborough Sounds using natural spat, few 

data have been published on the ecology of the larvae and early juveniles of Perna 

canaliculus. 

Tortell (1976) hypothesised that peaks of spawning activity in adult mussels should 

precede peaks in larval abundance which in turn should precede settlement events. 

That he failed to detect such a sequence in the Marlborough Sounds in 1973/74 may 

be due to the limited scale and design of his survey and the fact that instead of 

settlement, he counted the number of recruits on test ropes after they had been 

subject to post-settlement processes such as predation for a month. His samples were 

confined to the upper 5 m of the water at only one site in Elie Bay and did not take 

account of the dispersion likely during the long pelagic larval stage. Abundance of 

Perna larvae was measured fortnightly and the reproductive stage of 10 adults 

measured monthly. 
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In a recent study, Buchanan (1994) demonstrated that Perna canaliculus spat up to 6 

mm in size are capable of drifting on mucous strands, a behaviour which has been 

described in other molluscs including Mytilus edulis (Lane et al., 1985; Martel & 

Chia, 1991). Buchanan suggests that post-settlement migration by this means may be 

a significant cause of recruitment variation in natural Perna populations. 

Late stage veligers and early pediveligers of Perna canaliculus found in plankton 

samples from the Bay of Islands, Wellington Harbour and Raumati Beach have been 

described by Booth (1977). He measured larval abundances monthly but found no 

consistent relationship with condition indices of adults in the sample areas. A better 

account of the relationship between the two measures may have been obtained if 

variability within the months had been considered. 

Between 1978 and 1985 staff from the N.Z. Fishing Industry Board and MAF 

Fisheries monitored weekly settlement and larval abundance at several sites in the 

Marlborough Sounds. The results were broadcast on local radio stations, were 

distributed in a weekly 'Mussel Spatfall Bulletin' and were used by growers as a 

guide for timing and location of their spat catching activities. Their dataset is large 

but long term temporal analyses are difficult because sample sites and procedures 

were changed frequently. Samples were taken from the upper 4 m of the water 

column only and no account appears to have been taken of variability within sites as 

there is no indication of replicate samples being taken. The data suggest 

considerable spatial and temporal variation in settlement (Meredyth-Young & 

Jenkins, 1978; 1980). 
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1.1 THE MUSSEL FARM 

The natural habitat of Perna canaliculus is considerably modified during commercial 

culture of the species. Mussels are cultured on longlines in the Marlborough Sounds 

using technology originally developed in Japan. Most mussel farms occupy an area 

of 3 hectares and contain 8-10 longlines which lie roughly parallel to the shore 

(Figure 1.3). Each longline consists of two parallel 110 m headline ropes (or 

backbones) between which are tied approximately fifty large black plastic floats for 

buoyancy (Figures 1.4 & 1.5) . Hanging from the headlines are up to 440 individual 

culture ropes, each 5-10 m long. Alternatively, mussels may be grown on a 

continuous. culture rope which is looped along and/or across the longline. 

FIGURE 1.3 

Typical mussel farm in Elie Bay, Marlborough Sounds 
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Structure of typical longline (not to scale) 

FIGURE 1.5 

View along a longline 
showing one half of the 
double backbone. Other half 
is tied to the other side of the 
floats 
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1.2 SPAT CATCIDNG 

Most spat-catching in the Marlborough Sounds is carried out on farmers' own leases 

or at communal spat-catching sites where farmers instal their own longlines. Various 

materials are suitable as settlement surfaces for wild P. canaliculus larvae but most 

farmers use fibrous ' Christmas-tree' rope (Figure 1.6). The ropes, each 5-10 m 

long, are hung from the backbone ropes of the longlines (Figure 1. 7). The entire 

longline may then be lowered in the water column so that the catching ropes are 

located in deeper water. 

The length of time the catching ropes are left in the water depends on individual 

farmer preference and characteristics of the catching site. Mussels caught at sites 

where fish predation is a problem are usually transferred to their grow-out sites 4-8 

weeks after the catching ropes were placed in the water. At some sites, farmers 

leave the catching ropes undisturbed for several months, moving the spat only when 

it is large enough to be thinned and reseeded (Figure 1. 8). In this study, recruitment 

was defined as the number of mussels ~ 1.5 mm in size on ropes which had been at 

the catching site for 8 week and 12 week periods during late summer and autumn. 

FIGURE 1.6 

Underwater view of one brand of the fibrous "Christmas tree" rope used for spat catching 
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FIGURE 1.7 

Spat catching ropes being tied on to the backbone rope before it is lowered several metres 
below the surface 

FIGURE 1.8 

Spat caught at 15 m in Manaroa Bay. Catching rope had been in the water for 14 weeks. 
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1.3 RESEEDING 

Natural settlement rarely occurs at ideal culture densities. Therefore, at least once, 

in the period between settlement and final harvest, the mussels are stripped off the 

ropes and reseeded back on to culture ropes at a density which will permit uniform 

and rapid growth of all the mussels. Timing of the reseeding operation varies 

according to the density of initial spat settlement, time of year and individual farmer 

preference but usually takes place when the mussels are 10-25 mm in size. 

Reseeding equipment varies from small one-person reseeding trays which are 

manually operated to very large semi-automated machines capable of seeding up to 

15,000 m of culture rope per day (Pooley, 1991b), but the principle is the same in 

both. The equipment consists of a plastic tube through which is fed a culture rope to 

which the mussels will attach. The outside of the tube holds a tubular knitted cotton 

mesh 'stocking' which will hold the mussels in place against the culture rope. 

Mussels are fed into the top of the tube containing the rope and pass out the bottom 

wrapped in the stocking (Figure 1.9). Once back in the water, the mussels quickly 

reorient themselves to gain access to the water and attach themselves to the central 

culture rope. The biodegradable stocking on the outside rots away within 2-3 weeks. 

Mussels are reseeded in this way onto individual culture ropes 5-10 m in length 

(Figure 1.10) or onto a continuous rope which is then looped along and/or across 

the longline (Figure 1.11). 

Some farmers carry out a second thinning and reseeding operation before the 

mussels are left to grow out to market size. A more detailed description of mussel 

cultivation techniques used in New Zealand can be found in Jenkins (1985) and 

Pooley (1991a, 1991b, 1991c, 1991d). This study focuses on the processes which 

may affect the mussels up to the size at which they are first reseeded (10-25 mm). 
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FIGURE 1.9 

Reseeded rope, showing biodegradeable cotton stocking, ready for return to the water 
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FIGURE 1.10 

Underwater view of individual culture ropes hanging from longline 

FIGURE 1.11 

Underwater view of continuous culture rope looped along and across the longline 
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1.4 THE STUDY 

Mussel farmers assess the success of the spat-catching operation by the density of 

mussels on the ropes just prior to the first reseeding operation. Their 'catches' at 

this stage are subject to large spatial and temporal variation (Jenkins, 1985). This 

study investigates some of the causes of that variability. 

In a study of this type, it is impossible to study all the variables that are considered 

a priori to affect recruitment to the mussel ropes. Therefore, the factors likely to be 

having the most effect were selected and studied in as much detail as possible. The 

factor considered most likely to be causing variability in Perna canaliculus 

recruitment was the abundance and distribution of the early life stages ie. the larvae 

and settlers. Therefore the major focus of the study was an examination of the 

'supply-side' hypothesis ie. that variation in recruitment is a function of the supply 

of larvae and settlers. 

Temporal and spatial patterns of abundance of larvae are described in Chapter 2 

together with a description of some of the factors which affect these distribution 

patterns such as wind-driven water circulation. Settlement itself is highly variable. 

How much this settlement variability contributes to the variation in recruitment is 

addressed in Chapter 3. The relationships between larval abundance and settlement, 

larval abundance and recruitment, and settlement and recruitment is examined in 

Chapter 4. 

Predation, other disturbances and competition undoubtedly also account for some of 

the variability. Some post-settlement effects of predation and other disturbances are 

examined in Chapter 5. Competition was not examined in this study. 

In addition to 'natural' processes such as settlement, competition and predation, 

farmer-mediated practices such as the timing of catching-rope placement in the 
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water, duration of catching period, spacing of catching-ropes, etc. may have a 

significant impact on recruitment in the aquaculture environment. The manner in 

which some of these practices combine with natural processes to produce 

recruitment variability is examined also. 

Field data for the study were collected between 1987 and 1989. Preliminary data 

collected during the 1986 spatfall season were used as a guide to planning the 

surveys and experiments described in the thesis. Although not collected during the 

study period, some of the 1986 data have been included in sections where temporal 

patterns are explored. Addition of these data significantly altered perceived patterns 

in some cases so were considered important to include. 

Spat settlement has been observed in the Marlborough Sounds during all months of 

the year with several maxima appearing between spring and autumn (Hayden & 

Kendrick, 1992). I considered it important to obtain data over several years but the 

remoteness of the study site and the availability of resources such as boats meant 

that it was not feasible to sample during all months of the year. Instead, a period in 

March/ April when larval settlement was expected to be high was selected for 

intensive study. Each year, a field station was established in the study area so that 

daily (or more frequent) samples could be collected for 8 weeks. Sampling 

continued beyond 8 weeks but on a less frequent basis. 

Because of the limited duration of the study period each year, all of the factors 

affecting recruitment could not be examined in each year. Larval abundance, 

settlement and recruitment were measured each year but factors affecting larval 

distribution and the effects of processes such as predation on recruitment were 

examined only in years when time permitted and when mussels of a size suitable for 

the experiments were available. 
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1.5 STUDY LOCATION 

The Marlborough Sounds are a drowned river valley system approximately 50 km 

long situated at the northern end of the South Island of New Zealand (Heath, 1982). 

It is comprised of two main sounds, Queen Charlotte and Pelorus. Most of the 

mussel farming operations in the Marlborough Sounds are located in Pelorus Sound 

and its various sidearms including Kenepuru Sound (Figure 1.12). The study site 

was a large embayment off the main channel of Pelorus Sound which incorporates 

Beatrix, Manaroa and Crail Bays. The area contains at least two sites which have 

been regarded traditionally by the mussel industry as autumn spat-catching areas 

(Meredyth-Young, 1971; Jenkins, 1985). 

Pelorus Sound is classified as a long-residence-time coastal inlet (Heath, 1976a) and 

is subject to complex changes with time in the flow and density field (Bradford et 

al., 1987). Water movement and hydrodynamics in the main channel of Pelorus 

Sound and its major sidearm, Kenepuru Sound, have been described by Heath 

(1985) and Bradford et al. (1987) but very few data are available from the 

Beatrix/Manaroa/Crail embayment. Tortell (1976) collected limited data from 

surface waters in the area as part of a preliminary study into the feasibility of 

farming Perna canaliculus in Marlborough Sounds. More recently, Gibbs et al. 

(1991) studied the hydrodynamics of several sites in Marlborough Sounds including 

one in Crail Bay. Samples were collected only monthly but these data appear to be 

the most comprehensive available and indicate that the hydrodynamics in the 

embayment differ significantly from those in the main Pelorus channel. 

In 1986 and 1987, two sample sites were established on mussel farms in each of 

Beatrix and Manaroa Bays. During 1988 and 1989, the study was expanded to 

incorporate one site near the head and one site near the mouth of each of Beatrix, 

Manaroa and Crail Bays (see Figure 1.12). Unless stated otherwise in the text, sites 

were always on the outer (most seaward) longline on each farm. 
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FIGURE 1.12 

Location of study in Marlborough Sounds 
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FIGURE 1.13 

View of study location looking north west from 
Manaroa Bay towards entrance of Beatrix Bay 
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CHAPTER2 

Spatial and temporal variation 
in larval abundance 

2.1 INTRODUCTION 

Temporal and spatial variation in initial settlement of larvae of benthic organisms is 

usually considerable (Coe, 1956; Connell, 196lb; Loosanoff, 1964, 1966; Hawkins 

& Hartnoll, 1982; Kendall et al., 1982; Vahl, 1982). Settlement has been shown to 

have an important effect on recruitment to benthic communities (Coe, 1956; 

Grosberg, 1982; Underwood and Denley, 1984; Caffey, 1985; Connell, 1985; 

Gaines and Roughgarden, 1985; Gaines et al., 1985; Roughgarden et al., 1987; 

Raimondi, 1990) therefore factors which cause variability in settlement must also be 

linked to variability in recruitment. Variability in settlement has been attributed to 

time of spawning (Barnes, 1956; Connell, 1961b), larval viability (Vahl, 1982), 

settlement cues (Scheltema, 1974; Hadfield, 1984), water circulation patterns 

including tides (Sulkin & Van Heukelem, 1982; Bousfield, 1955; De Wolf, 1973), 

wind (Bousfield, 1955; Barnes, 1956; Hawkins & Hartnoll, 1982), shoreline and 

bottom topography, hydrological factors (Grosberg, 1982; Shanks, 1983), predators 

(Flaws, 1975; Bousfield, 1955; Paine, 1966; Peterson, 1979; Hawkins & Hartnoll, 

1982; Ojeda & Dearborn, 1991) and competitors (reviewed in Connell, 1975). 

However until recently, few studies have paid attention to larval abundance as a 

factor contributing to settlement variability, possibly because the pelagic larval phase 

of the life cycle is more difficult to study than the benthic stages. 

In his study of mussels in the Cook Strait region of New Zealand Flaws (1975) 

concluded that the distributions of Mytilus edulis and Perna canaliculus were 

determined by predators and he had some evidence to show that Mytilus were more 
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vulnerable to the predators than were Perna, but he failed to consider the alternative 

hypothesis, that their patterns of recruitment may be determined by larval abundance 

patterns. 

Coe (1953) was one of the earliest workers to recognise the influence of larval 

abundance on bivalve populations. Coe studied bivalves on the California coast for 

several years and, although he provided no data on larvae or currents, he used larval 

abundance and large scale oceanographic processes to explain the fluctuations in 

recruitment that he observed. For instance, he claimed (Coe, 1956) that larvae of 

the Pismo clam (Tivela stultorum) were pelagically dispersed for two to three weeks 

and depended on favourable ocean currents to bring them to the beach when they 

were ready to metamorphose and settle in the sand. Annual variability in these ocean 

currents resulted in large fluctuations in the abundance of the clam in California 

according to Coe (1956). 

Mason & Drinkwater (1981) claimed that there was a close relationship between 

numbers of Mytilus edulis larvae in the plankton in a Scottish loch and numbers of 

recruits recorded a considerable time after initial settlement. In 1982, Grosberg was 

able to show that the vertical zonation of two species of barnacles reflected that of 

cyprids in the plankton and settlement patterns of spat (Grosberg, 1982). By the mid 

1980's several studies had successfully demonstrated the influence of larval 

abundance on adult populations (Underwood & Denley 1984; Connell, 1985; Gaines 

et al., 1985; Gaines & Roughgarden, 1985; Roughgarden et al., 1987; 1988). 

Factors which will influence the abundance of larvae at any time are the spatial and 

temporal variability of the larval source (the spawning adults), larval motility and 

behaviour, water circulation, larval mortality and, in species capable of delaying 

metamorphosis, the availability of settlement surfaces. Identification of the source of 

all the Perna larvae in a bay at any time is virtually impossible. Nor is it possible to 

accurately predict, from field observations, the rate of fertilization success or larval 
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mortality once the gametes have entered the water although some workers have 

made estimates (Rumrill, 1990; Widdows, 1991). The effects of the other three 

factors, (i) oceanographic processes, (ii) larval behaviour and motility and (iii) the 

availability of suitable settlement surfaces, are more tractable problems. 

(i) OCEANOGRAPIDC PROCESSES 

Several studies have provided evidence of the importance of oceanic processes such 

as water retention, fresh water input and circulation in determining bivalve 

abundances and distribution (Bousfield, 1955; De Wolf, 1973). In the lower 

Choptank River in Chesapeake Bay, oyster settlement success varies markedly 

between two adjacent tributaries which are similar in geometry, fresh water inflow, 

temperature, salinity and biology. Boicourt (1982) and Seliger et al. (1982) were 

able to show that both wind-driven and density-driven circulation processes affecting 

the larvae could account for the differences in settlement between the two tributaries 

which had been observed over the previous 40 years. 

(ii) LARVAL BEHAVIOUR AND MOTILITY 

Many attempts have been made to explain the role of larval motility and behaviour 

in controlling distribution and abundance patterns although very few of the authors 

use quantitative methods to document the field patterns they attempt to explain. A 

few recent studies (reviewed in Young, 1990) have used in situ larval rearing 

chambers such as those suggested by Thorson in the 1940's for field studies of 

larval behaviour. However most of the work on larval behaviour in response to 

physical stimuli has been done in the controlled environment of the laboratory 

(reviewed in Mann, 1984). 

Bivalve veliger larvae have no capacity to swim horizontally but are passively 

transported in that plane by physical forces such as currents and tides (Mann, 1985). 

They are generally negatively buoyant and have the ability to swim vertically in 
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either straight lines or helices (Cragg & Gruffydd, 1975; Mann, 1985) in response 

to light (Bayne, 1964; Thorson, 1964), gravity (Bayne, 1964), pressure (Bayne, 

1963; Knight-Jones & Qasim, 1955), salinity (Wood & Hargis, 1971; Mann & 

Wolf, 1983) and temperature (Mann & Wolf, 1983; Mann, 1985). According to 

Korringa (1952 in De Wolf, 1973) the sensory equipment and vigour of oyster 

larvae reach their highest development immediately prior to settlement. Bayne 

(1963) however claims that the response of Mytilus edulis larvae to pressure 

weakens as they approach settlement size. 

(iii) AVAILABILITY OF SUITABLE SETTLEMENT SURFACES 

In areas such as Marlborough Sounds where the number of mature mussels (and 

hence larvae) has increased significantly as a result of the proliferation of marine 

farms, the potential exists for shortages of settlement surfaces to occur. 

Unavailability of suitable settlement surfaces does not mean that late-stage larvae 

will necessarily die however. Many invertebrate larvae that are ready to 

metamorphose are able to postpone metamorphosis for up to several weeks until 

they find a suitable substratum for settlement (Thorson, 1950; Bayne, 1965; Siddall, 

1979; Widdows, 1991). Mytilus edulis are capable of delaying metamorphosis for up 

to 7 weeks depending on the temperature of the water (Bayne, 1965; Widdows, 

1991). The two tropical Perna species, P. perna and P. viridis, are also capable of 

delaying metamorphosis if necessary (Siddall, 1979). Therefore a shortage of 

settlement surfaces could cause numbers of late-stage larvae in a bay to increase 

significantly. Conversely, any process such as delayed metamorphosis which forces 

the larvae to spend longer in the water column also increases the mortality of the 

larvae (Widdows, 1991). The influence of this process on larval abundance was not 

considered in this study. However variations in availability of surfaces among sites 

were avoided when settlement was measured (Chapter 3) by providing equal 

quantities of new spat catching rope at each of the sites. 
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The major portion of this chapter describes surveys which were designed to 

investigate spatial and temporal variation in larval abundance over several scales as 

a possible factor influencing settlement variability, and ultimately, recruitment. The 

first section (2.2.1.1) describes a pilot survey designed to examine short term 

variations in abundance and establish sampling frequency for later surveys. The 

main survey is described following this, in section 2.2.1.2. It was carried out during 

the late summer of four consecutive years to determine the spatial and temporal 

variability in larval abundance at several sites and water depths. 

Some of the factors affecting the distribution and abundance of larvae are then 

examined briefly in the latter part of the chapter. Although the pilot survey 

described in section 2.2.1.1 was limited in size and duration, it provided enough 

data to suggest that depth, wind direction and wind strength were important factors 

in the distribution of larvae. Therefore, during the course of the main survey, data 

were collected to examine the effect of some hydrological and meteorological factors 

on larval distribution. The relationship between larval abundance and depth was 

examined and is discussed in section 2.2.1.3. This is followed in section 2.2.1.4 by 

a description of distribution of various sizes of larvae with depth and the diurnal 

changes to this pattern. The effect of wind on larval distribution is examined in 

section 2.2.1.5, and the relationship between both temperature and salinity and 

larval abundance is in section 2.2.1.6. 

The relationships between larval abundance and settlement and recruitment patterns 

are examined in Chapter 4. 
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2.2 MATERIALS AND METHODS 

2.2.1 TEMPORAL AND SPATIAL VARIATION IN LARVAL ABUNDANCE 

2.1.1.1 Small scale temporal variability 

Larvae were sampled using a Davis DB 50116 centrifugal pump mounted on the 

deck of a 10.5 m boat. Samples were pumped from 5, 15 and 20 m below the 

surface. A 65 mm diameter hose was lowered to the required water depth, and 

triplicate 1,000 litre water samples were pumped through 0.15 mm (nominal mesh 

size)* filters on board the boat (Figure 2.1). 

* Actual pore size was slightly larger than 0.15 mm; 

Mean horiz. pore size = 0.198 mm, SD = 0.006, n = 20 

Mean diag. pore size = 0.229 mm, SD = 0.009, n = 20 

The pump was re-calibrated frequently to ensure that 1,000 litres were sampled. The 

samples were preserved with 10% phosphate buffered formalin for transport to the 

laboratory and counted within 24 hours of collection. Identification and counting 

were done under a stereo-microscope. 
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FIGURE 2.1a __.. 

On-board filters for sampling 
larvae. Water is pumped from 
required water depth through 
green hose at left of photo 

....,.. FIGURE 2.1b 

Larvae being washed 
from net into sample jar 
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Only larvae ~ 0.20 mm, exhibiting an eye spot and having the morphological 

features described by Booth (1977) and Redfearn et al. (1986) were counted as 

Perna canaliculus larvae. Below this size, it is not always possible to clearly 

distinguish P. canaliculus larvae from other bivalve larvae using a stereo-microscope 

(Siddall, 1980; Redfearn et al., 1986). Furthermore, I wished to include only those 

larvae which were very close to settlement size and therefore had a good chance of 

settling at the sample site. Newly settled larvae are known to fall within the size 

range 0.20- 0.48 mm (refer to section 4.3.3 in chapter 4). 

Samples were taken at mid-flood and mid-ebb tide each day (there were no night 

samples) for nine consecutive days. Two sites were sampled: Licence 80 which is in 

26 m of water in Crail Bay, and Licence 226 in 33 m of water in outer Manaroa 

Bay (Figure 2.2). Both sites are used by the commercial mussel industry for spat 

catching and on-growing of mussels. 
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Wind strength and direction at the time of sampling were recorded using a hand-held 

compass and anemometer. The abundances of larvae at each depth were graphed and 

compared with weather and tide conditions prevailing at the time of sampling. 

2.2.1.2 Large scale spatial and temporal variability 

STUDY LOCATION 

In 1986 and 1987, two sample sites were established in each of Beatrix and Manaroa 

Bays. These were on licences 226, 163, Bea and 111 (Figure 2.2). During 1988 

and 1989, one site near the head and one site near the mouth of each of Beatrix, 

Manaroa and Crail Bays was established. These were on licences 287 and Bea in 

Beatrix Bay, licences 163 and 180 in Manaroa Bay, and licences 94 and 80 in Crail 

Bay (Figure 2.2). Unless stated otherwise in the text, all sites were on the outer 

(most seaward) longline of commercial mussel farms. 

SAMPLING METHODS 

Larvae were sampled using the pumping equipment and methods described in 

section 2.1.1 above. Cost benefit analysis (Kennelly & Underwood, 1984) of the 

data from the pilot survey had shown that the number of replicate water samples 

could be reduced from 3 to 2 while still retaining adequate power for analysis of 

variance. Therefore duplicate 1,000 litre water samples were taken during mid-flood 

tide. 

An attempt was made to sample all sites every day for at least 25 consecutive days 

in February/March of each year although bad weather prevented sampling on some 

occasions. Thirty days were sampled in 1986, twenty three days in 1987, twenty one 

in 1988 and twenty three in 1989. Depths sampled in 1986 were 5 m, 15 m and 20 
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m. In 1987, 1988 and 1989, four depths were sampled, 5 m, 10 m, 15 m and 20 m. 

MODELS USED FOR ANALYSES 

The survey described in this section was used to answer a number of questions about 

the distribution and abundance of larvae. Does larval abundance differ among years, 

within sampling periods, among sites, among depths? A different model was used in 

each case. 

To compare the variation at each site among years and within sampling periods, 

mean larval abundances during the study period were graphed, and the main sources 

of variability in larval abundance examined using an orthogonal three factor analysis 

of variance model with the following factors: 

Days 

Sites 

Depths 

n 

1986 

30 

4 

3 

2 

1987 

23 

4 

4 

2 

1988 

21 

6 

4 

2 

Sites and depths were treated as fixed factors, days as random. 

1989 

23 

6 

4 

2 

Because the sites in the first two years differed from those in the latter two years, 

each year was analysed separately using this model. The variance components that 

are attributable to the main factors or interactions were also calculated (Winer, 

1962; Sokal & Rohlf, 1987). 

Higher order interactions of several factors are of little practical value to mussel 

farmers. They are more interested in whether particular sites and depths are better 
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than others for spat catching than in daily variability in abundance. Therefore, to 

determine whether larval abundance was consistently greater at particular sites 

and/or depths, temporal variation was removed from the model and a two-factor 

analysis of variance performed with site and depth treated as fixed factors. Sites 

were ranked each year according to mean larval abundance at each site during the 

study period in each year. A posteriori multiple comparison of means using the 

Student-Newman-Keuls test (Winer, 1962) were performed on factors found to be 

significant in the ANOV A. 

2.2.1.3 Variability in larval abundance with depth 

Because depth accounted for a large percentage of the variance in the larval 

abundance model in 2.2.1.2, the effect of depth was investigated further. Data from 

the four years were graphed to determine the existence of a linear relationship 

between larval abundance and depth. This was followed by a regression analysis. 

2.2.1.4 Distribution of sizes of larvae with depth 

To determine whether the distribution of larvae with depth is the same for all larval 

sizes, or whether there is some degree of stratification according to size, larvae 

were sampled from 5 sites and 4 water depths using the pumping equipment and 

methods described in 2.2.1.1. Samples were taken on a single day in March 1988 

during mid flood tide. The larvae were measured along the posterior-anterior axis as 

in Redfearn et al. (1986) using a eyepiece micrometer on a stereo-microscope. Mean 

sizes at each depth were then graphed and compared using a single factor ANOV A 

model with depth treated as a fixed factor. Insufficient larvae were obtained from 

some of the sites to permit site to be included as a factor in the model. 
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To determine whether the distribution of larval sizes in the water column changes 

diurnally, larvae were sampled over three separate 24-hour periods in March 1989 

(referred to as experiments 1 - 3). The samples were taken from four water depths 

(20, 15, 10 and 5 m) at three sites, licences 80, Bea and 180 (Figure 2.2). Samples 

were taken every 6 hours when the tide was in mid-flood and mid-ebb using the 

pumping equipment described in section 2.2.1.1. The larvae were measured as 

above. 

If there are any diurnal vertical movements in the water column by particular size 

classes of larvae then the movements should be reflected in diurnal changes to the 

mean sizes of larvae at each depth. Therefore the mean sizes at each depth and site 

during each of the three experiments were plotted. Some of the samples contained 

very low numbers of larvae so the two daylight samples were combined and the two 

night samples were combined to ensure there were enough larvae to estimate the 

mean size. Length frequency distributions were plotted to compare the range of sizes 

in each sample. 

2.2.1.5 Effect of wind on larval distribution 

In his book on mussel farming in the Marlborough Sounds, Jenkins (1985) observed 

that wind direction dramatically affected larval abundance in Crail Bay. Although 

his data were not analysed it appeared that larvae were more abundant in southerly 

than in northerly winds. Data obtained in the pilot survey of my study (described in 

section 2.2.1.1) also suggested that wind direction and strength were important 

factors in the distribution of larvae at some sites. Therefore wind speed and 

direction were measured using a hand-held compass and anemometer while the 

larvae were being sampled in the main survey (section 2.2.1.2). 
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Many bays in Marlborough Sounds are surrounded by steep hills with a saddle 

through which the wind is funnelled (Murray & Von Kohorn, 1982). As a result, 

wind direction in these bays often differs from that being experienced in ·adjacent 

exposed regions such as Cook Strait. Manaroa Bay provides a good example of this 

phenomenon. There the topography of the surrounding hills channels the wind in 

either a southeasterly or a northwesterly direction regardless of the wind direction 

prevailing outside the Sounds. Winds blowing from the northeast, north, northwest 

or west were therefore classified as northwesterlies. Winds blowing from the 

southwest, south, southeast or east were classified as southeasterlies. 

Mean larval abundances in southeasterly and northwesterly winds during the 4 year 

study period were compared graphically. The data were also examined using 

standard analysis of variance techniques with wind direction and depth treated as 

fixed factors in the ANOV A model. Because licence 226 was situated in an exposed 

position at the mouth of Manaroa Bay, it was expected that the wind there was most 

likely to reflect the wind conditions affecting water circulation in the sampling 

region. Therefore wind recordings taken at licence 226 were used for the analysis of 

variance. Depths tested were 5, 15 and 20 m. 

Larval sampling took 1/2 - 1 hour per site each day during which time the wind 

sometimes changed direction and varied in strength. To overcome this problem, only 

data taken on days when the wind blew at 10 knots or more from the same direction 

for the entire sampling run were included in the analysis of variance. Larval 

sampling was prevented when the wind strength was ~ 40 knots. Two sites were 

tested in the ANOVA, licence Bea in Beatrix Bay and licence 163 in Manaroa Bay 

(Figure 2.2). 

To examine the relationship between wind and larval abundance more closely, larval 

abundance at each of the sites was correlated with wind direction and strength 

recorded at licence 226 in each of the four years. Because the results of the pilot 
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study described in section 2.2.1.1 suggested that relatively strong winds may be 

required to affect larval abundance, the correlations were repeated using data only 

from days when the wind was 210 knots. 

To check whether my assumption that the wind recorded at the exposed site, licence 

226, was a better indicator of the wind affecting overall water circulation than the 

wind recorded at each individual site, correlations at licences 163 and Bea were 

calculated using the winds recorded at those sites and compared with those obtained 

using the wind at licence 226. 

While wind may affect water circulation and thus the distribution of larvae, there 

may be a temporal component to the relationship at some sites. Examination of the 

data from section 2.2.1.2 suggested that this was indeed the case. To examine this 

possibility, the relationship between larval abundance and wind recorded one and 

two days prior to larval sampling was examined at licences 163 and Bea. 

2.2.1.6 Effect of temperature and salinity on larval abundance 

Temperature of the water at each depth was measured with a thermometer as the 

water was pumped on board for the larval samples. The temperature was measured 

after the water had been pumping for at least 3 minutes to ensure that the previous 

sample had been flushed from the system. Because of the large capacity and high 

flow rate of the pumping system any change in temperature during delivery to the 

boat was expected to be negligible. Salinity measurements were made on a Toa CM-

30ET conductivity meter with a 1 cm glass cell. The Toa machine had previously 

been calibrated against an oceanographic inductive salinity meter. The relationships 

between larval abundance and the temperature and salinity data were examined using 

Spearmans rank correlation coefficients. 
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2.3 RESULTS 

2.3.1 TEMPORAL AND SPATIAL VARIATION IN LARVAL ABUNDANCE 

2.3.1.1 Small scale temporal variability 

During the 9 day pilot study, larvae were an order of magnitude more abundant at 

Lie 226 than at Lie 80 (Table 2.1). 

TABLE 2.1 

Abundance of larvae at three depths at licence 226 and licence 80 
between 29 January and 6 February 1986. Data are mean larvae 
per 1000 litres of water ± S.E. 

Lie 226 

Lie 80 

20 m 

26.08 ± 3.73 

3.41 ± 0.63 

15 m 

23.21 ± 6.25 

1.00 ± 0.17 

5m 

4.18 ± 0.90 

0.47 ± 0.12 

At both sites, larval abundance increased with increasing depth. Abundance varied 

in time very little at 5 m but at least three distinct peaks of abundance were 

observed during the sampling period at both sites at 20 m (Figure 2.3(a) & (b)). The 

peaks occurred every 3-4 days at both sites and were usually of about 30 hours 

duration. A sampling frequency of at least once per day would therefore be 

necessary to detect these peaks. The apex of all of the peaks at Licence 226 

occurred when the tide was flooding. Daily sampling during the flood tide would 

have detected all of them, sampling during the ebb tide would have detected none. 

At Licence 80, two of the apices were recorded during the flood tide and two during 

the ebb tide. Therefore sampling once per day during the flood tide would have 

detected only half of the peaks at this site. 
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At Licence 226, the peaks at 20 m coincided with ~ 10 knot winds from the 

southeast. At Licence 80, there was one peak oflarvae at 20 m during a 9 knot 

northerly but all other peaks at 20 m seemed to be associated with southeasterly 

winds. There were no obvious associations between wind direction and larval 

abundance at 5 or 15 m at either site (Figures 2.3(a) & (b)). 

0 
0 
0 ..-
I... 
Q) 

(a) Licence 226 

1,000 

100 

20 -
w 
(f) 

+ 
10 $~ 

z 
I ............. 

0.. 
Q) 
('lj 

1o~~r---~~~~~--~T---~L-.r~---U~--~~----~o \J 

> 
1... 
('lj 

c 
('lj 
Q) 

:::! 

0.1 

I 

I 
I 

0 

"0.0 
0.0 
ow 

u:::: .... --T""O) 

Q)N 
N 

"0.0 
0.0 
ow 

u:::: .... --T""Q 

oC') 
C') 

"0.0 "0.0 "0.0 .0"0 .0"0 
O..Q O..Q 0.0 .00 .00 
ow ow ow WO WO 

u:::: .... u::N u::N NU: NU: -- N;::- ~C\r ...._N --N T"" T"" C')...._ '<t...._ 
;::-C') -- N C') o;t 
C') 

Date/Tide 

·111·20 m -lV-15 m -o-s m IIIIWind 

FIGURE 2.3a 

\ 
\ I 

\ I 

.0"0 ..Q"O 

..no ..QO 
WO WO 
NU: NLL 
--N 1()...._ (0~ 

1() 10 

Larval abundance and wind at licence 226 during the pilot study 

c 
s -

-10 ° 

-20 

(j) 
+-' 
0 
c 
~ 

Page 36 



0 
0 
0 
~ 

\... 

Q) 

a.. 
Q) 
(\l 
> 
\... 

(\l 

c 
(\l 
Q) 

~ 

Chapter 2. Larval abundance. 

100 

10 

1 -

q I 

I I 
I I 

I _, 

Cl I 
I I 

I I 

I I 

(b) Licence 80 

•• 
Ill, 

Jll .. 

'tt R a· \ I 

I I D , 
I I 

I I 

"0.0 "0.0 "0.0 .Q .0"0 .Q 
0.1 ~-"0-s.C----"0-.C-----&--------~~~~----~-4~--~~ 

O.Q O.Q 0.0 0.0 0.0 .eo .eo .CO .CO ow ow ow ow ow WO wo WO WO u::T- U:::,_ U::.- U::N U::N NU: NU: NU: NU: -- N;::- £!N M~ --N --N (0~ .- .- v __ 
1[)--;::-(') --.- N (') '<t I[) (0 

-- --,_Ol r-o 
CilN oC'l 
N (') (') 

Date/Tide 

·1111· 20 m -S:l-15 m -D· 5 m Ill Wind 

FIGURE 2.3b 

Larval abundance and wind at licence 80 during the pilot study 

20 ........... 
w 
(J) 

+ 
10 s-

z 
I .._... 

0 "0 
c 
~ --10 0 
(/) 
+-' 
0 
c 

-20 
~ 

Although the pilot study was limited spatially and temporally, the results suggest: 

(i) there are large differences in abundance between sites; 

(ii) depth is a significant factor in distribution of larvae; 

(iii) wind may affect distribution of larvae at some sites especially at 

depths below 15 m; 

(iv) there is a temporal patchiness to larval abundance (ie. peaks); 

(v) there may be a temporal periodicity to these peaks of 3-4 days; 

(vi) a sampling frequency of more than once per day may be necessary to 

detect peaks in larval abundance at some sites 
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2.3.1.2 Large scale spatial and temporal variability 

The results of the pilot study described in 2.2.1.1 showed that more frequent 

sampling than once per day would be necessary to detect some peaks of abundance 

at some sites. Unfortunately, it was not possible to sample more frequently than 

once per day during the main survey described in this section so some peaks (and 

troughs) may have gone undetected. Larval sampling was carried out daily during 

the flood tide. The following information was taken into account when mid-flood 

tide was chosen. During my pilot study (section 2.2.1.1), 56% of the peaks in larval 

abundance would have been detected by daily sampling during the flood tide. Only 

22% would have been detected by daily sampling during the ebb tide. Furthermore, 

in his study of the distribution of oyster larvae, Carriker (1951a) found that in 

general, more larvae were present on the flooding than on the ebbing tide. The 

incoming tide in Pelorus Sound also lasts for a longer period than the outgoing tide, 

permitting more time for sampling (Heath, 1974). 

During the study period in each year, larval abundance fluctuated among days, and 

among sites on any one day, by up to three orders of magnitude (Figures 2.4 - 2. 7). 

Error bars have been omitted from the graphs for clarity of presentation. Abundance 

remained below 720 larvae/1,000 litres at 5 m and 10 m in all years, but large 

peaks of abundance (up to 8,500 larvae per 1,000 litres) occurred at 15 m and 20 m 

at some sites. In 1989, these large peaks were more frequent than in other years, 

especially at licences 180 and Bea, resulting in an overall annual abundance of 

larvae in 1989 which was approximately three times higher than in the previous 

years (Figure 2.8). The large peaks of abundance were frequently associated with 

strong winds. This relationship between larval abundance and wind is examined 

more fully in section 2.2.1.5. Larval abundance appeared to increase with increasing 

depth. The trend is examined more fully in section 2.2.1.3. 
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Mean daily larval abundance at each depth in 1986 
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Mean daily larval abundance at each depth in 1987 
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Mean daily larval abundance at each depth in 1988 
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Mean daily larval abundance 1986-1989 (All sites and depths pooled) 

Peaks of abundance were observed roughly every 2 - 4 days at all depths and sites 

regardless of weather conditions, although they did not occur concurrently at all 

sites and depths. To determine if there was any temporal pattern to the occurrence 

of the peaks, the plots of abundance at each site were overlaid and days added or 

subtracted from the X-axes until the peaks matched. In 1986, no clear pattern was 

discernible. In 1987, the peaks seemed to occur first at Bea followed at one day 

intervals by peaks at licence 111, licence 163 and finally at licence 226. In both 

1988 and 1989, the peaks seemed to occur first at 163 followed a day later by peaks 

at 180, 80 and Bea, then a day later at 94 and finally at 287. Although the pattern is 

not consistent from year to year, it suggests that the larvae are aggregated rather 

than homogeneously dispersed in the water and that the location of aggregations may 
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reflect water circulation patterns in the area. Further evidence in support of this 

hypothesis is provided in section 2.2.1.5 where the effect of wind on water 

circulation and larval distribution is examined. 

The peaks also varied in size between sites. This may be an indication that they are 

different aggregations of larvae rather than the same aggregation moving from site 

to site. Alternatively, it may reflect fluctuations in abundance caused by a number of 

local factors such as settlement by some of the larvae or predation. Gaines et al. 

(1985), showed that settlement was an important cause of small-scale heterogeneity 

in concentrations of barnacle larvae. 

Circulation patterns in the study area are not well known but appear to be complex 

(Heath, 1976b; Gibbs et al., 1991). Current velocities are not uniform with depth 

(Heath, 1976b) and current strength and direction appear to be strongly affected by 

wind especially on the surface (Tortell, 1976). The theoretical freshwater residence 

time for the entire Pelorus Sound has been calculated as 21 days (Heath, 1976b) and 

estimated as 8 days for Crail Bay (Gibbs et al., 1991) but the residence time for 

water in Beatrix and Manaroa Bays is not known. 

Accurate data on the circulation patterns of the area would help to determine 

whether a peak observed at one site was the same aggregation of larvae observed at 

an adjacent site on the previous day. 

When data from each year were analysed separately using the three-factor ANOVA 

model, significant spatial and temporal variations were observed. In 1986, 1988 and 

1989, significant differences were found between all the sites, depths and days 

sampled, as well as all the interactions of the factors (Tables 2.2(a), (c) & (d)). In 

1987, no significant differences were found between the sites or the site/depth 

interactions, but all other factors and interactions were significantly different (Table 

2.2(b)). 
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TABLE 2.2 

Three factor analysis of variance of larval abundance 

DF ss MS F p 
(a) 1986. Data are log(x + 1) transformed. (Cochran's C1,360 = 0.04, p > 0.05) 
Day 29 679.40 23.43 116.59 0.0001 
Site 3 117.65 39.22 9.13 < 0.001 
Depth 2 116.06 58.03 29.24 < 0.001 
Day x Site 87 373.71 4.30 21.38 0.0001 
Day x Depth 58 115.11 1.98 9.88 0.0001 
Site x Depth 6 41.40 6.90 4.16 < 0.001 
Day x Site x Depth 174 288.29 1.66 8.25 0.0001 
Residual 359 1731.61 4.82 
Total 718 1803.74 85.81 

(b) 1987. Data are log transformed. (Cochran's C1,368 = 0.05, p > 0.05). 
Day 22 208.05 9.46 105.05 0.0001 
Site 3 13.09 4.36 1.05 n.s. 
Depth 3 22.28 7.43 5.38 0.005 
Day x Site 66 273.04 4.14 45.95 0.0001 
Day x Depth 66 91.11 1.38 15.33 0.0001 
Site x Depth 9 10.11 1.12 1.13 n.s. 
Day x Site x Depth 198 216.51 1.09 12.15 0.0001 
Residual 365 32.86 0.09 
Total 732 867.05 1.18 

(c) 1988. Data are log transformed. (Cochran's C1,504 = 0.04, p >0.05). 
Day 20 126.20 6.31 53.98 0.0001 
Site 5 227.62 45.52 10.57 <0.001 
Depth 3 154.31 51.44 50.45 <0.001 
Day x Site 100 430.78 4.31 36.85 0.0001 
Day x Depth 60 61.17 1.02 8.72 0.0001 
Site x Depth 15 25.38 1.69 2.28 <0.01 
Day x Site x Depth 299 222.14 0.74 6.36 0.0001 
Residual 500 58.45 0.12 
Total 1002 1306.08 1.30 

(d) 1989. Data are log(x+ 1) transformed. Cochran's cl,SS2 = 0.03, p >0.05). 
Day 22 228.83 10.40 88.33 0.0001 
Site 5 356.47 71.29 10.06 <0.001 
Depth 3 617.18 205.73 184.92 <0.0001 
Day x Site 110 779.22 7.08 60.16 0.0001 
Day x Depth 66 73.43 1.11 9.45 0.0001 
Site x Depth 15 54.52 3.63 3.59 <0.001 
Day x Site x Depth 329 333.46 1.01 8.61 0.0001 
Residual 501 64.88 0.12 
Total 1101 2507.99 2.28 

n.s. = not significant, p >0.05 
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In all four years, the three factor ANOV A model used in the survey accounted for 

more than 89% of the variance (89.8% in 1986, 94.5% in 1987, 91.4% in 1988, 

95.3% in 1989). In 1986, most of the variability occurred between the days 

(49.4%), with 11.1% accounted for by site differences and 12.3% by differences 

between depths (Table 2.3). In 1987, the percentage of the variance accounted for 

by differences between days was much less (17.9%) but depth accounted for more 

of the variance (30.9%) than in 1986. Site differences accounted for only 1.4% of 

the variance in 1987. In 1988, site differences accounted for 19.9% of the variance 

and depth differences for 15.0%. Differences between the days accounted for only 

9.52% of the variance. In 1989, the pattern was similar to 1988 with site differences 

accounting for 15.5% of the variance, and depth differences for 29.9%. Differences 

between the days accounted for only 8.6% of the variance in 1989. The day x site 

interaction accounted for a large percentage of the variance in 1986, 1988 and 1989 

which is not surprising given the large daily fluctuations in abundance observed at 

each site. Much of the daily variation is likely to be caused by variations in daily 

weather patterns since factors such as wind have a strong influence on water 

circulation patterns and therefore on larval distribution (refer section 2.2.1.5). 

TABLE 2.3 

Percentage of variance in larval abundance accounted for by ANOV A 
model in each year. Data are calculated from transformed data 

1986 1987 1988 

% of variance explained by model 89.8 94.5 91.4 

Day 49.4 17.9 9.5 

Site 11.1 1.4 19.9 

Depth 12.3 30.9 15.0 

Day x Site 34.8 2.4 38.6 

Day x Depth 11.4 9.9 5.6 

Site x Depth 5.7 1.4 2.8 

Day x Site x Depth 37.1 30.7 23.1 

Residual 10.2 5.5 8.6 

1989 

95.3 

8.6 

15.5 

29.9 

34.9 

3.3 

3.1 

18.0 

4.7 
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To determine whether larval abundance is consistently high at particular sites and/or 

depths, temporal variation was removed from the model and a two-factor analysis of 

variance performed with site and depth treated as fixed factors (Table 2.4). Post hoc 

pooling of the data in this way is not strictly 'legitimate' since the temporal 

component of the model is clearly significant and should not be ignored 

(Underwood, 1981). However it was done because mussel farmers need to know 

whether particular sites and depths are better than others for spat catching. Daily 

variability in abundance is not important to them as they leave their catching ropes 

in the water for weeks at a time. 

TABLE 2.4 

Two factor analysis of variance of larval abundance. Data are log(x + 1) 
transformed 

DF ss 
1986: (Cochran's C34,12 = 0.13, p > 0.05) 

Site 3 52.63 

Depth 2 49.06 

Site x Depth 6 19.83 

Residual 348 659.02 

Total 359 780.53 

1987: (Cochran's C22,16 = 0.10, p > 0.05) 
Site 3 6.08 

Depth 3 11.01 

Site x Depth 9 5.19 

Residual 352 368.76 

Total 367 391.04 

1988: (Cochran's C20,24 = 0.09, p > 0.05) 
Site 5 102.52 

Depth 3 72.95 

Site x Depth 15 11.81 

Residual 480 371.76 

Total 503 559.03 

1989: (Cochran's C23,24 = 0.08, p > 0.05) 
Site 5 188.39 

Depth 3 319.11 
Site x Depth 15 27.06 

Residual 551 771.79 

Total 574 1306.35 

n.s. = non significant, p > 0.05 

MS 

17.54 

24.53 

3.30 

1.89 

2.17 

2.03 

3.67 

0.58 

1.05 

1.07 

20.50 

24.32 

0.79 

0.77 

1.11 

37.68 

106.37 

1.80 

1.40 

2.28 

F 

9.26 

12.95 

1.74 

1.93 

3.50 

0.55 

26.47 

31.40 

1.02 

26.90 

75.94 

1.29 

p 

0.0001 

0.0001 

n.s. 

n.s. 
0.0156 

n.s. 

0.0001 

0.0001 

n.s. 

0.0001 

0.0001 

n.s. 
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Significant differences among depths were found in all four years (Table 2.4). A 

posteriori multiple comparison of means (Student-Newman-Keuls test) was unable to 

detect at which depths the differences occurred in 1987 but in all other years, all the 

depths differed significantly (Table 2.5. This result is examined more fully in 

section 2.2.1.3. 

TABLE 2.5 

Depths (in metres) ranked in order of decreasing mean larval 
abundance in each year. Solid bars indicate no significant 
difference between depths (Student-Newman-Keuls test), p 
>0.05 

1986 

20 

15 

5 

1987 

20 

15 

10 

5 

1988 

20 

15 

10 

5 

1989 

20 

15 

10 

5 

Significant differences among sites were found in all years except 1987 (Table 2.4). 

The sites were ranked according to decreasing larval abundance each year and a 

posteriori multiple comparison of means were performed (Table 2.6). Where there 

were no significant differences between the means of sites, they were regarded as 

having the same ranking for comparison purposes. Only a limited comparison of the 

rankings is possible because some sites were tested in two years only. Although site 

rankings changed among years, some sites consistently performed better than the 

others. For instance, licence Bea ranked highest in 3 of the 4 years. Other sites eg. 

licence 287, ranked poorly in all years tested. 
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TABLE 2.6 

Larval abundance at each site during the study period of each year. Data are mean 
larvae per 1000 litres ± S.E. Sites are ranked in order of decreasing larval 
abundance. Solid bars indicate no significant difference between means (Student
Newman-Keuls test), p > 0.05. Blank spaces indicate no test in that year 

1986 1987 1988 1989 

Site Mean± S.E. Site Mean± S.E. Site Mean± S.E. Site Mean± S.E. 

Bea 129.58 ± 26.33 226] 126.77 ± 11.66 
Bea] 105.94 ± 19.81 

Bea] 448.76 ± 74.85 

Ill r··" ± •. , 
111 124.62 ± 12.46 80 92.83 ± 7.56 180 361.35 ± 70.26 

163 78.88 ± 10.87 :] 91.93 ± 10.17 

"] 
33.28 ± 2.34 

80 j 
167.39 ± 16.84 

226 58.30 ± 9.13 77.46 ± 5.25 163 33.14 ± 2.87 163 100.11 ± 10.05 

180 30.17 ± 1.76 287 61.63 ± 4.86 

287 27.40 ± 2.83 94 52.39 ± 5.67 

2.3.1.3 Variability in larval abundance with depth 

In the three-factor ANOV A model used in section 2.2.1.2, depth accounted for 

12.29% of the variance in 1986, 30.91% in 1987, 15.02% in 1988 and 29.9% in 

1989. When each site was ranked by depth for mean abundance of larvae in each 

year, a consistent pattern was revealed. Larvae were most abundant at 20 m in 85% 

of cases and least abundant at 5 m in 90% of cases. In 75% of cases, the ranking 

was identical (20 m > 15 m > 10 m > 5 m). Further examination of the relationship 

between depth and larval abundance was clearly warranted. 

Plots of larval abundance with depth (sites pooled) indicate an exponential 

relationship in each year (Figure 2.9). Therefore a polynomial regression analysis 

was performed on the raw data, and linear regression on log transformed data. 

Examination of the residuals in each case indicated that the latter was the more 

appropriate model to use. This showed that mean larval abundance was depth 

dependent in all four years (Table 2. 7). 
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FIGURE 2.9 

Mean larval abundance at each depth 

TABLE 2.7 

Relationship between larval abundance and depth. Linear regression 
analysis on log transformed data 

Year Slope Intercept F DF p ~ 

1986 0.06 2.68 23.88 359 0.0001 0.06 

1987 0.03 3.73 10.40 367 0.0014 0.03 

1988 0.07 2.53 73.86 503 0.0001 0.13 

1989 0.13 2.43 179.53 574 0.0001 0.24 

1986 0.02 2.64 0.60 89 0.4406 0.01 

1989 0.17 2.00 64.77 95 0.0001 0.41 
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The regression equations were calculated by pooling the sites in each year. Given 

the ANOVA results in section 2.2.1.2 which showed that depth was more significant 

at some sites than at others, more (or less) significant regressions may be obtained 

when the sites are examined individually. Two examples are given at the bottom of 

Table 2.7. Larval abundance was found to be independent of depth at Lie 226 in 

1986. At all the other sites that year, significant differences between depths were 

found. Conversely, 41% of the variation at licence 80 in 1989 was explained by the 

relationship between depth and abundance while only 24% was explained when all 

the sites were pooled that year. 

2.3.1.4 Distribution of sizes of larvae with depth 

The density of larvae in the water samples taken in 1988 to determine distribution of 

sizes with depth was too low at some sites to permit a valid comparison of sizes by 

site. Therefore the larvae from the five sites were pooled and the results tested using 

a single factor ANOV A with depth treated as a fixed factor. The mean size of larvae 

increased with increasing depth (Figure 2.10). 

Mean size (mm) 

0 5 10 15 20 

Depth (m) 

FIGURE 2.10 

Mean size of larvae at each depth ± S. E. 
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The mean size of larvae at 20 m was significantly larger than at the other depths 

(Table 2.8). 

TABLE 2.8 

(a) Size of larvae at each depth. Data are mean sizes (pm) ± S.E. Solid bars indicate 
no significant difference between depths (Student-Newman-Keuls test), p >0.05. (b) 
Single factor analysis of variance of larval abundance with depth 

(a) 

Depth 
(m) Mean± S.E. 

1:] 
218.83 ± 5.87 

231.05 ± 7.99 

15 243.36 ± 7.85 

20 274.60 ± 5.45 

(b) 

DF ss MS F p 

Depth 3 50836.91 16945.64 11.12 0.0001 

Residual 121 184373.09 1523.74 

Total 124 235210.00 

Weather at the time of sampling was fine with 5 - 20 knot winds from the west to 

northwest. Gale force northwesterly winds (up to 35 knots) had blown for at least 18 

hours prior to this. Water temperature profiles indicate that during northwesterly 

winds, the water column is stratified into layers as described by Gibbs et al. (1991). 

During southeasterly winds the water column becomes homogeneous and the surface 

layers become cooler as a result of mixing with water from the bottom layers 

(Hayden, unpubl. data). It would be worthwhile investigating whether the various 

sizes of larvae are distributed homogeneously throughout the water column during 

southeasterly winds. 
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Plots of the mean sizes of larvae at each depth and site during each of the three 

diurnal experiments in 1989 showed no consistent trends during daylight sampling 

(dotted lines in Figures 2.11, 2.12 & 2.13). During the second and third 

experiments at licence 80 and the first experiment at licence 180, the mean sizes 

during daylight decreased with increasing depth suggesting that either large larvae 

are positively phototactic or that the smaller larvae are negatively so. However there 

was no clear pattern in the other daytime samples. Trends in mean size were more 

apparent in the night samples (solid lines in Figures 2.11 - 2.13). In 7 out of 9 night 

samples mean larval size increased with increasing depth. Note that these results 

relate only to late stage larvae. The sampling equipment was designed to exclude 

very small Perna canaliculus larvae since they cannot be reliably distinguished from 

other small bivalve larvae using a stereo-microscope (refer Methods section). 
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FIGURE 2.11 

Mean size of larvae ± S.E. at each depth during day and night at licence 80 

Page 54 



Chapter 2. Larval abundance. 

Lie. Bea/Expt. 1 

0.36 

0.34 

0.32 

0.3 

0.28 
0. 

'<:I 

0.26 
0 

0.24 

0.22 

0.2 
0 5 10 15 20 25 

Depth (m) 

Lie. Bea/Expt. 2 

0.36 

......... 
E 0.34 

E 0.32 

..c 0.3 
..... 
0) 0.28 
c 
Q) 

0.26 

c 0.24 ea 
Q) 

0.22 
~ 

0.2 
0 5 10 15 20 25 

Depth (m) 

Lie. Bea/Expt. 3 

0.36 

0.34 

0.32 

0.3 

0.28 

0.26 

0.24 

0.22 

0.2 
0 5 10 15 20 25 

Depth (m) 

, .. Dark -c>- Light I 
FIGURE 2.12 

Mean size of larvae ± S.E. at each depth during day and night at licence Bea 
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FIGURE 2.13 

Mean size of larvae ± S.E. at each depth during day and night at licence 180 
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As was expected from inspection of the graphs of the mean sizes, the depth x light 

interaction in the analysis of variance was significant in all cases. 

Diurnal changes in the mean size of larvae at each depth were more obvious when 

the data from all the experiments and sites were pooled. During the day, the mean 

size was greatest at 5 m, followed by 10 m and then 15 and 20 m. At night the 

order was reversed (Figure 2.14). The change is seen most dramatically at 5 m. 

0.29 

0.285 

0.28--
........... 20 m 
E 
.So.275 --
(J) 
N 
(J) . -- . 

15 m 

~ 0.27 
(J) 

~ 10 m 

0.265 
5m 

0.26-

0.255 --'------------------------
Light Dark 

FIGURE 2.14 

Diurnal distribution of larvae sizes. Data are means ± S.E. Data from all sites and 
experiments pooled 

Although there is clearly some variability in the responses, they suggest that most of 

the larger larvae were sinking to the bottom during the night. During the day, many 

of the larger larvae appear to be rising up to 10 m and 5 m, possibly in response to 

the light, although some appear to remain at the bottom. 
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Length frequency distributions of the samples showed that there was a spread of 

larvae sizes at all depths (Figures 2.15 - 2.17). Note that these graphs have been 

generated from sub samples of differing sizes used to measure sizes only. They do 

not reflect true abundances of larvae at each of the depths. 
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FIGURE 2.15 

Length frequency distributions of larvae at licence 80 
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Length frequency distributions of larvae at licence Bea 
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Length frequency distributions of larvae at licence 180 
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2.3.1.5 Affect of wind on distribution of larvae 

At both licence 163 and Bea, there were more larvae at all depths during southerly 

winds than during northerlies (Figure 2.18) although the difference in abundance 

between the two winds was significant only at licence 163 (Table 2.9). Multiple 

comparison of means testing (Student-Newman-Keuls) was unable to detect at which 

depths the significant differences occurred but the graph indicates that the biggest 

difference was at 20 m (Figure 2.18a). 
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Mean larval abundance ± S.E. (1986-1989) in ;;:: 10 knot 
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TABLE 2.9 

Two factor analysis of variance of larval abundance with wind direction 
and depth at licences 163 and Bea. Data are log transformed. 
(Cochran's C16.12 = 0.1558, p > 0.05) 

DF ss MS F p 

Licence 163 

Wind 6.2707 6.2707 3.95 0.0499 

Depth 2 14.0262 7.0131 4.41 0.0147 

Wind x depth 2 1.1319 0.5659 0.36 n.s. 

Residual 96 152.5885 1.5895 

Total 101 174.0174 

Licence Bea 

Wind 1 0.0131 0.0131 0.01 n.s. 

Depth 2 15.2264 7.6132 3.76 0.0269 

Wind and depth 2 4.5185 2.2592 1.11 n.s. 

Residual 95 192.5597 2.0269 

Total 100 212.3177 

n.s. = not significant, p >0.05 

On the basis of these findings, one might expect the overall abundance of larvae to 

be greatest in years when southeasterly winds predominated. This was indeed the 

case but only at some sites. At licence 163, mean larval abundance in each year 

followed the same trend as the percentage of winds which were southeasterly in each 

year (Figure 2.19). However at licence Bea, the only other site to be tested in all 

four years, larval abundance did not consistently reflect the percentage of 

southeasterlies (Figure 2.19). 
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FIGURE 2.19 

Comparison between mean larval abundance at licences 163 & Bea and percentage of winds 
from a southeasterly direction in each year 

The wind was from the south 68% of the time in 1987 (compared with 37% in 

1986, 37% in 1988 and 42% in 1989). However, the highest mean larval abundance 

(all sites combined) occurred in 1989 when several very large peaks were observed 

especially at licences 180 and Bea. 

Examination of the correlation coefficients between wind and larval abundance 

confirmed that the relationship between wind at licence 226 and larval abundance at 

each site varied among sites and years. The most exposed areas in the embayment 
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are the central and Manaroa Bay regions (Tortell 1976). Wind recorded there (at 

licence 226) was a good indication of the wind affecting overall water circulation in 

the Manaroa Bay region. However the effect of this wind was delayed by one or 

two days at some sites or was sometimes not observed unless it was strong ( ~ 10 

knots). 

LIC 163: 

LIC BEA: 

LIC 226: 

LIC 111: 

The relationship between wind and larval abundance was positive at all 

depths in all years except 1987 when it was negative (Figure 2.20a-d). 

When the wind was strong the relationships remained almost the same 

(1986 & 1989) or were lost (1987 & 1988). 

There was no consistent relationship between wind at licence 226 and larval 

abundance at lie Bea (Figure 2.20e-h). The relationship was generally low 

except in 1988 when there was a strong negative relationship at 5 and 10 

m. When the winds were strong, the relationship was strengthened in a 

negative direction in 1986 and 1989, and in a positive direction in 1987 and 

1988. 

In 1986, there were weak, non significant relationships at all depths (Figure 

2.20i). When wind strength was ~ 10 k the relationship was slightly 

stronger. In 1987, there was a strong negative relationship at 5 and 10 m 

but none at deeper depths (Figure 2.20j). However when the winds were 

~ 1 Ok, the negative relationship at 5 and 10 m strengthened and a strong 

positive relationship was observed at 15 and 20 m. In the pilot study in 

section 2.2.1.1, peaks of abundance at 20 m coincided with ~ 10 knot 

winds from the southeast. 

The relationship with wind at licence 226 was variable at this site (Figure 

2.20k-l). It was low and negative in 1986 but positive in 1987. 
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In 1988 the relationship was variable and relatively low but when the winds 

were strong there was a strong positive relationship at all depths (Figure 

2.20m). The 1989 relationships were also positive (Figure 2.20n). The pilot 

study described in section 2.2.1.1 also suggested a positive relationship 

between southeasterly winds and larval abundance at 20m at this site. 

There was a low negative relationship at all depths in 1988 tending positive 

when winds were ~ 10 k (Figure 2.20o). In 1989 the relationship was 

positive at 5, 10 and 15 m but negative at 20 m (Figure 2.20p). 

In the 1988 there was a strong negative relationship at 5 and 10 m with a 

weaker negative relationship at 15 and 20 m (Figure 2.20q). In ~ 10 k 

winds the relationship became positive and was particularly strong at 15 

and 20m. There was a moderately strong positive relationship in 1989 

regardless of wind strength (Figure 2.20r). 

At 5 and 10 m, the relationship between wind and larval abundance was 

poor in both years tested but changed to a strong positive relationship when 

winds were ~ 10 kin 1988 (Figure 2.20s & 2.20t). At 15 m there was a 

good positive relationship regardless of wind strength in both years. There 

was also a strong positive relationship at 20 m although this changed to 

weak negative when winds were strong. 
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FIGURE 2.20 

Comparison of Pearson's correlation coefficients, r, between larval abundance and wind at 
licence 226 using all winds (solid lines) and only winds stronger than 10 knots (dashed lines) 
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FIGURE 2.20 continued 

Comparison of Pearson's correlation coefficients, r, between larval abundance and wind at 
licence 226 using all winds (solid lines) and only winds stronger than 10 knots (dashed lines) 
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FIGURE 2.20 continued 

Comparison of Pearson's correlation coefficients, r, between larval abundance and wind at 
licence 226 using all winds (solid lines) and only winds stronger than 10 knots (dashed lines) 
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The assumption that the wind at the exposed site at licence 226 was a better 

indicator of the wind affecting overall water circulation than the wind recorded at 

each individual site appears to hold for sites in Manaroa Bay but not necessarily for 

sites in Crail or Beatrix Bays. Correlation coefficients calculated for licence 163 

(which is also in Manaroa Bay) using the wind at licence 226 were slightly stronger 

but showed a very similar pattern to those calculated using the wind at licence 163 

(Figure 2.21 a-d). However in the Beatrix basin, the correlations were often 

stronger when the wind at licence Bea was used (Figure 2.21 e-h). 
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FIGURE 2.21 

Comparison of Pearson's correlation coefficients, r, between larval abundance and 
southeasterly wind using wind at licence 226 (solid line) and at larvae sampling site 

(dotted/dashed lines) 
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Wind recorded in Manaroa Bay on a particular day appears to have had a delayed 

effect at some sites. Plots of mean larval abundance and wind recorded one or two 

days prior to the larval sample are very similar (see Figure 2.22 for an example). 

This delay in the effect of the wind was reflected in the correlation coefficients. In 

all years except 1989, wind recorded 1 or 2 days prior to larval sampling produced 

much stronger correlations at licence 163 than wind on the day of sampling (Figure 

2.23). A similar effect was observed at licence Bea in 1988 and 1989. This adds 

further support to the suggestion made in section 2.3.1.2 that aggregations of larvae 

move around the embayment taking one or two days to reach some sites. 
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FIGURE 2.22 

Mean larval abundance at licence 163 and wind at licence 226 on day prior to larval 
sampling 
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FIGURE 2.23 

Comparison between Pearson's correlation coefficients, r, between larval abundance and 
wind on day of larvae sampling, and one and two days prior to sampling 

Page 71 

20 



Chapter 2. Larval abundance. 

2.3.1.6 Effect of temperature and salinity on larval abundance 

There was a negative correlation between mean daily larval abundance and the water 

temperature at the time of sampling (Table 2.10). This was observed at all depths 

but was not significant in all years. 

TABLE 2.10 

Spearmans rank correlation coefficients (r) between mean daily larval 
abundance and water temperature at time of sampling. Numbers in 
brackets are the significance probabilities of the correlations under the 
null hypothesis that r = 0 

1986 1988 1989 

5m -0.24(0.0264) 0.03(n.s.) -0.09(n.s.) 

10 m -0.14(n.s.) -0.17(0.0408) 
15 m -0.44(0.0001) -0.20(0.0250) -0.31(0.0001) 

20 m -0.23(0.0488) -0.03(n.s.) -0.26 (0. 0020) 
All depths -0.35(0.0001) -0.04(n.s.) -0.46(0.0001) 

n.s. = non-significant, p >0.05. 

No correlation was observed between larval abundance and salinity in 1986 (Table 

2.11). In 1988 a low positive correlation was observed but it was significant only at 

5 m. In 1989 a positive correlation was again observed at all depths which was 

significant at all but 10 m. 

TABLE 2.11 

Spearmans rank correlation coefficients (r) between mean daily larval 
abundance and salinity at time of sampling. Numbers in brackets are the 
significance probabilities of the correlations under the null hypothesis 
that r = 0 

1986 1988 1989 

5m 0.09 (n.s.) 0.25(0.0362) 0.17(0.0464) 

lOm 0.25(n.s.) 0.14(n.s.) 
15 m 0.27(n.s.) 0.34(0.0001) 

20 m 0.1 O(n.s.) 0.14(n.s.) 0.21(0.0114) 

All depths 0.08(n.s.) 0.25(0.0003) 0.42(0.0001) 

n.s. = non-significant, p > 0.05 
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2.4 DISCUSSION 

2.4.1 VARIATION IN LARVAL ABUNDANCE 

There was a large amount of variability in larval abundance among and within 

years. No temporal trends in abundance of larvae were apparent during the main 

survey although this study took place during a relatively short period each year. 

There are definite trends in settlement of Perna canaliculus in the Marlborough 

Sounds throughout the year (Meredyth-Young & Jenkins, 1978, 1980; Hayden & 

Kendrick, 1992) so it is likely that larval abundance exhibits trends throughout the 

year also. A survey carried out at a single site in Elie Bay in 1973/74 indicated that 

fortnightly larval abundance in the top 5 m of the water column was greatest 

between December and March (Tortell, 1976). 

All sites in the present study were near large quantities of mature mussels in all 

years. Despite this, there were some sites (eg licence Bea) where larvae were almost 

always abundant and others (eg licence 287) where abundance was always sparse. 

However there were some sites eg licences 180 and 163, where abundance varied 

among years studied. 

Although the temporal distribution of Perna canaliculus larvae was highly variable, 

peaks of abundance occurred with some regularity (every 2 - 4 days). There are two 

possible explanations for this. The first is that the adults are synchronising spawning 

every 2 - 4 days. Time and location of spawning are likely to be significant causes 

of variability in larval abundance. While there are definite periods of increased 

spawning activity, not all the mussels in a population spawn concurrently. A 

percentage of Perna canaliculus which are about to spawn (with ripe gonads), are 

spawning or have recently spawned can be found in all months of the year (Flaws, 

1975; Tortell, 1976). Individual Perna appear to be able to shed their gametes 

gradually over a period of several months (Flaws, 1975). Data on the reproductive 

cycle of Perna at a temporal scale finer than monthly are unavailable but it is highly 
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unlikely that mussels in an embayment synchronise the release of their gametes 

every 2 - 4 days. If they did, and if this was the cause of the pulses of larvae, one 

would expect all the larvae in a pulse to be of similar size. Instead they contain 

larvae of all sizes from very small to near-settlement size. 

A more likely explanation is that tidally driven circulation patterns are playing an 

important role in the distribution of Perna larvae. Horizontal currents can dominate 

transport of bivalve larvae because transport distances in the order of kilometres per 

day are common in coastal and estuarine systems (Mann, 1985). Oscillatory tidal 

currents generally reach greater velocities than non-tidal (residual) currents and are 

therefore likely to be one of the main influences on larval transport in the short term 

(Crisp, 1976). 

2.4.2 LARVAL DISPERSAL 

Exactly how Perna larvae might be transported requires an understanding of the 

water circulation in the Marlborough Sounds study area. The classical two-layer 

estuarine circulation has been suggested as the most likely mechanism for retaining 

larvae in estuaries (Boicourt, 1982). Heath did not find this type of circulation 

developed to any extent in the Pelorus Sound during his brief study in 1973 (Heath, 

1974). However Gibbs et al. (1991), looking specifically at the water movement and 

water column properties in the sidearms and embayments of the main Pelorus 

channel, found that density stratification associated with a salinity gradient did 

occur. This allowed the separation of the upper and lower water columns and their 

independent movement both in velocity and direction. At their sample station in 

Crail Bay, the flow at 20 m was sometimes in the reverse direction of the flow in 

the surface waters. Their data suggested the potential for a three-layered circulation 

system in Crail Bay. While the upper water column continuously moved around the 

bay apparently exchanging with other water masses over the tidal cycle, the water 

column below the pycnocline was often almost stagnant (indicated by an 
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accumulation of nutrients and strong nutrient gradients associated with poor mixing). 

A third layer was formed by the intrusion from the main channel of higher-salinity 

oceanic water along the bottom of the embayment at high tide. The boundary 

between the upper and lower layers oscillated in a manner consistent with the 

presence of an internal wave on the pycnocline. A different water residence time 

will apply to each layer. 

It is possible that these boundary layers form a barrier to larvae trying to migrate 

vertically and thus influence dispersal of the larvae relative to prevailing water 

currents. Such discontinuity layers have been shown to restrict upward and 

downward movement of several animals (Lance, 1962). Suspended solids 

concentrations in the water in Crail Bay indicated that the bottom water was poorly 

mixed and slow moving while the upper water was often well mixed (Gibbs et al., 

1991). Greater mixing and dilution in the upper layers may also contribute to the 

lesser abundance of larvae found there. Physical dilution was the most important 

factor determining the number of larvae in the studies of Bousfield (1955) and De 

Wolf (1973). 

Added to the complexity created by the multi-layered system in the Marlborough 

Sounds is the fact that the incoming tide is slower than the outgoing tide (Heath, 

1982). This asymmetry is more pronounced near the surface than in deeper waters. 

Circulation patterns are further complicated by flood events when freshwater passes 

through the sound at a faster rate than at other times (Gibbs et al., 1991). Salinity 

gradients will change with varying river flows so the hydraulic regime in the 

embayment will change continually in response to varying freshwater inflows. 

Temperature profiles within the embayment during the present study ranged from 

near-isothermal at times to strongly stratified at others. 

Clearly the circulation in the Pelorus Sound is complex and highly variable. Rates of 

dispersion of larvae will depend on features of each individual site and the overall 

residence time of the water in each layer of the embayment which, in turn, will be 

governed by the broad-scale circulation of the area (Heath, 1976a). While the data 
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of Gibbs et al. (1991) are the most recent and comprehensive available, they are not 

on a fine enough scale to allow much more than a guess at how the hydrodynamic 

processes affect larval distribution. A description of the circulation within the study 

area at a scale appropriate to larval transport would require a resolution and 

coverage far in excess of the resources of this study. Ideally such a study should be 

accompanied by concurrent measurements of larval abundance. 

2.4.3 THE INFLUENCE OF WIND ON LARVAL DISPERSION 

Using data on the settlement patterns of the scallop (Pecten fumatus) in Bass Strait, 

Young et al. (1992) developed a model which suggested that larval advection was 

influenced by the strength and direction of the wind. Neither Gibbs et al. (1991) nor 

Heath (1982) provided data on wind-driven circulation in Marlborough Sounds 

although the former made reference to the effect of wind on the hydrodynamics of 

surface waters. Wind clearly has an influence on circulation patterns and therefore 

on the distribution of larvae also. Tortell (1976) recorded daily wind speed and 

direction in Elie Bay in 1973 and based on these data described the 

Beatrix/Manaroa/Crail embayment as 'windy'. The mean wind speed was 7.3 knots 

with a maximum hourly mean of 30 knots. In Elie Bay, northerly winds were 

stronger than 10 knots almost 50% of the time, southerlies 59% of the time and 

southeasterlies 79% of the time. 

My data indicate that there is often a strong relationship between larval abundance 

and wind speed and direction. However the relationship is not as simple as that 

suggested by Jenkins (1985). At several sites in my study, the relationship at 5 and 

10 m was often quite different in sign and magnitude from that found at 15 and 20 

m. This is not surprising given the independent movement, both in velocity and 

direction, of the upper and lower water columns sometimes recorded by Gibbs et al. 

(1991). 
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During and immediately following southeasterly winds, mussel farmers report large 

increases in larval settlement at the head of Manaroa Bay. During the 1987 study 

period, there were far more southeasterly winds and far more strong ( ;;:=: 10 k) winds 

recorded than in other years. At licence 226 on the eastern side of outer Manaroa 

Bay, there was a strong negative correlation at 5 and 10 m and a strong positive 

correlation at 15 and 20 m when the winds were strong. These data suggest that 

southeasterly winds blow the surface waters out of the bay, setting up a vertical 

circulation pattern which brings the larvae-rich deeper water into the head of the 

bay. Temperature profiles indicate that the upper water layers are mixed with the 

cooler bottom water during southeasterly winds (Hayden, unpublished data). A 

similar wind-induced circulation effect has been described along the Canterbury 

coast where strong offshore winds cause coastal upwelling and cool the near-shore 

sea temperatures by 3-4 oc (McKendry et al., 1988). 

In the same year (1987), there was a negative correlation between wind and larval 

abundance at licence 163 which is on the west side of outer Manaroa Bay. However 

there was a strong positive relationship between larvae and wind recorded 1 and 2 

days prior to larval sampling. This suggests that the wind-driven circulation in 

Manaroa Bay causes the larvae to come in on the eastern side of the bay and later 

go out on the western side. It adds weight to the suggestion made in section 2.2.1.2 

that the larvae are aggregated rather than homogeneously dispersed in the water, 

their location reflecting water circulation patterns in the area. 

When the wind was ~ 10 knots, the relationships between wind and larval 

abundance were frequently strengthened or relationships appeared where there had 

been none in light winds. This suggests that there is a minimum wind strength 

required before wind-driven water circulation patterns become evident and effect 

larval distribution. 

A more detailed study of the effect of wind on water circulation and on larval 

distribution is clearly warranted. Because there appears to be a delay before the 

effect on larval abundance is observed at some sites, winds would need to be 
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recorded continuously. An in situ larval sampling device would allow more frequent 

sampling of larvae and would overcome the difficulty of sampling larvae from a 

boat during very strong winds. Such a study should also consider tidally driven 

circulation patterns since it is clear that this has a significant impact on horizontal 

transport of larvae and the temporal periodicity of peaks of abundance. 

2.4.4 THE INFLUENCE OF LARVAL BEHAVIOUR ON VERTICAL 
DISTRIBUTION 

There are two schools of thought about the processes of larval distribution; those 

who advocate solely passive transport (Korringa, 1952; Verwey, 1966; De Wolf, 

1973) and a far greater group who believe that larvae assist by actively swimming to 

change their depth, especially at certain phases of the tide (Carriker, 1951a; Haskin, 

1964; Bousfield, 1955; Wood & Hargis, 1971; Zeldis & Jillett, 1982; Mann & 

Wolf, 1983). Does larval behaviour play a role in the distribution of Perna 

canaliculus larvae also? 

Bayne (1963) investigated the response of three different stages of Mytilus edulis 

larvae to increases in pressure corresponding to depths between 7. 7 and 13.1 metres 

and found: At ambient pressure, the early veliconcha and eyed-veliger larvae swam 

slowly upwards in a spiral pattern. On making contact with the surface, they ceased 

swimming momentarily, dropped a short distance then recommenced swimming. 

Under conditions of increased pressure, however, they swam directly upwards 

without spirally and once at the surface, keep swimming to maintain contact with the 

surface film. Early veliconcha larvae showed this change of swimming pattern at a 

much lower pressure, and responded quicker, than the eyed-veligers. At ambient 

pressure, pediveliger larvae alternated between crawling on the substratum and 

swimming just above it. The behaviour did not change with increases in pressure. 

This positive response to increased hydrostatic pressure keeps the young larvae in 

the surface layers of the water. As the larvae age, the response weakens. Bayne 
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postulates that this mechanism encourages dispersal in the early larval stages and 

allows the later stages to come in contact with the seabed. Cragg & Gruffydd (1975) 

found a similar response to hydrostatic pressure in Ostrea edulis L. larvae and 

suggested that the mechanism might prevent the larvae from sinking out of the 

surface waters where their food occurs. 

Mytilus edulis L. trocophores showed no oriented response to light or gravity but as 

the pediveliger stage of development was attained, a photonegative, geopositive 

behaviour predominated (Bayne, 1964). The combination of data on the effects of 

light, gravity and pressure on Mytilus edulis larvae suggest that the veligers remain 

at or near the surface while the pediveligers move towards the bottom (Bayne, 1963, 

1964). 

A similar mechanism to that observed in M. edulis could explain the distribution of 

sizes found in 1988 and in the night time samples in 1989 of my study. In 1988, the 

mean size of the larvae increased with increasing depth with the mean at 20 m being 

significantly larger than the other three depths. A similar response was observed at 

night in the diurnal experiments in 1989, when most of the larger larvae either 

passively sunk or actively sought the bottom during the night. 

The influence of gravity and pressure remain constant whether it is night or day. 

Although there was clearly some variability in the responses of individual larvae, the 

night samples suggest that Perna canaliculus larvae may be similar to Mytilus edulis 

in that larger larvae tend to move or sink to the bottom. Whether this is a positive 

geotactic response or simply a loss of barotactic response by the larger larvae as 

observed in Mytilus is not clear. 

A different response was observed during the day in the diurnal experiments in 

1989. Then, many of the larger larvae appeared to be positively phototactic rising 

up to 10 m and 5 m although some appeared to remain at the bottom. Those that 

remained at the bottom, even during the day, may be close to settlement size and 

may have lost their barotactic (and/or phototactic) responses as Bayne (1963) 
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suggests occurs in Mytilus edulis which are close to settlement. Thorson (1964) 

reviewed data on the phototactic responses of 141 species of marine bottom 

invertebrates and found that 82% of these responded positively to light in their early 

pelagic stages. In their later and older pelagic stages, the larvae became 

photonegative and sought the bottom. This is important information for farmers 

seeking to collect larvae for settling elsewhere. Abundance and mean size of P. 

canaliculus larvae increase with depth so most near-settlement larvae will be located 

near the bottom. 

Why the difference between my daytime samples in 1988 and 1989? The apparent 

upward movement of the larger larvae during the daytime in 1989 may not have 

been a response to light but may have been caused by circulation patterns which 

were not present during the 1988 sampling. Samples for the diurnal experiments 

were taken during mid-flood and mid-ebb tides. According to De Wolf's (1973) 

model for dispersion of barnacle larvae, vertical movement of the larvae should 

have been maximal at these times. Both De Wolf and Bousfield (1955) maintain that 

changes in larval abundance with depth are related to current velocities, and that 

vertical movements are greatest when current velocities are greatest because vertical 

mixing of the water column is greatest at these times. 

A number of investigators claim that larvae swim with the flood tide only and rest 

on the bottom during ebb (Carriker, 1951a; Haskin, 1964; Wood & Hargis, 1971). 

Carriker (1951a) concluded that active swimming allowed older oyster larvae in 

New Jersey to drop on or near the bottom on the ebb tide and rise on the flood tide. 

The young larvae drifted passively with the tide and showed no difference in vertical 

distribution with the stage of the tide. Bousfield (1955), also, supposed that the 

depths of larval stages of Balanus improvisus relative to each other were maintained 

by swimming throughout the tidal cycle. How the larvae know which way the tide is 

running remains in question. Samples taken during slack tides when vertical mixing 

and passive transport caused by the tide would have been minimal were not taken in 

my study but may have helped to detect whether active larval behaviour is a 

significant factor in their distribution. 
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De Wolf (1973) concluded from his work with barnacle larvae in the Wadden Sea, 

that cyprid larvae sink to the bottom in periods of low current velocity, and are 

redispersed in the water column by increasing current velocities. However he found 

insufficient evidence in his own work and that of several other authors to support 

the conclusion that oyster, mussel, barnacle or medusae larvae assist in their 

dispersion by swimming. 

Abundance of Perna canaliculus larvae during the day increases with depth with 

most of the very big peaks of abundance occurring at 20 and 15 m (data from 

section 2.2.1.2). If the larger larvae really do actively swim upwards during the 

day, then the increasing larval abundance with depth must be caused by the small 

larvae being negatively phototactic. The size data in this study do not support this, 

the smaller larvae being almost uniformly distributed in the water column. Very 

small Perna larvae ( < 150 J.tm) were excluded from the diurnal experiments because 

they could not be distinguished from other bivalve larvae in the samples. Thus the 

possibility of a positive phototactic response by Perna larvae must remain in 

question. It seems more likely that the apparent vertical movement of large larvae 

observed in my 1989 diurnal experiments was a redispersal of older larvae which 

had accumulated near the bottom. Wind driven circulation probably caused the 

vertical redispersion of the older larvae during the day. Tortell (1976) found that 

mean wind strength during 1973 showed a diurnal pattern, increasing during the 

morning to a maximum at approximately 2 pm. then declining again. Nights were 

relatively calm. This diurnal pattern to wind strength was also observed during my 

1989 experiments and could explain the differences between night and daytime 

samples. 

Length frequency distributions of the samples showed that there was a spread of 

larval sizes at all depths. This is not unexpected given that uniform responses to 

stimuli are rare within and between populations (Raimondi & Keough, 1990). 

However it may be an indication that the responses of the larger larvae are being 

masked by the responses of the smaller larvae and vice versa (assuming the two size 

classes have opposite responses to the physical stimuli as in Mytilus edulis (Bayne, 
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1963)). More likely, it is an indication that physical transport processes such as 

currents and mixing are dominant over behaviour. 

In both years in which the diurnal experiments were conducted, data from several 

sites were pooled to increase sample sizes. While the wind was usually the same at 

each site during a sample run, the effect of a particular wind direction may differ 

among sites (section 2.2.1.5). Samples taken during the flood and ebb tide in each 

experiment were also pooled to increase sample sizes. Any site-specific effects due 

to weather or changes in circulation patterns due to tide will have been masked as a 

result of pooling the data. 

2.4.5 EFFECT OF TEMPERATURE AND SALINITY ON LARVAL 
DISTRIBUTION 

There was a negative correlation between larval abundance and water temperature. 

In a limited survey carried out in New England, Mann (1985) found high numbers 

of bivalve larvae associated with, but not necessarily related to, particular 

temperature isotherms where chlorophyll a concentrations were high during summer 

stratification of the water column. It seems likely that the larval concentrations were 

a result of low water mixing and dilution at particular depths as Gibbs et al. (1991) 

suggest occurs in Marlborough Sounds. 

Positive correlations between salinity and larval abundance were observed but they 

were not significant in all years. Wood & Hargis (1971) claimed that vertical 

distribution of Crassostrea virginica resulted from a process of selective swimming 

in response to increases in salinity that accompany a flood tide. Prior to this, Haskin 

(1964) had used laboratory studies to show that salinity variations played an 

important role in oyster larvae activity. Increasing salinities stimulated older larvae 

to swim but with decreasing salinities they remained quiescent on the bottom. 

However, in a field situation such as in the present study where the temperature 
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decreased and the salinity increased with depth, it is impossible to determine 

whether the larvae are responding to either of these factors. 

Active processes in the form of depth regulation by the larvae in response to 

physical stimuli, and passive transport as a result of oceanographic events, both 

appear to contribute to larval dispersal in the study area. The point at which the 

physical processes become strong enough to override the biological processes would 

require a better understanding of the water circulation patterns in the Marlborough 

Sounds than was available in my study. The larvae seem to respond to pressure, 

gravity and possibly to light. However their behavioural responses were not clear 

because of the confounding influence of temperature, salinity, tides, currents, wind, 

light intensity, etc. Controlled laboratory experiments would be required to clearly 

establish how various sizes of Perna larvae respond to physical stimuli. 
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Spatial and temporal variation 
in settlement and recruitment 

3.1 INTRODUCTION 

Temporal and spatial variation in settlement of larvae of benthic organisms is 

usually considerable (Coe, 1956; Connell, 1961a, 1961b; Loosanoff, 1964, 1966; 

Hawkins & Hartnoll, 1982; Kendall et al., 1982; Vahl, 1982; Wethey, 1984). 

Successful settlement is dependent on several factors. The larvae must be competent 

(a function of adult health and environmental conditions during larval development) 

(Widdows, 1991) and they must arrive at suitable surfaces when they are ready to 

settle (a function of hydrographic features and conditions) (Shanks, 1983; 

Roughgarden et al., 1987; Crisp, 1989). Settlement triggers may be necessary 

before the larvae will attach and metamorphose (Scheltema, 1974; Widdows, 1991). 

Once settled, the plantigrades may even release and re-enter the water column (De 

Blok & Tan-Maas, 1977; Board, 1983; Lane et al., 1985; Martel & Chia, 1991; 

Buchanan, 1994). With all these requirements, variability in settlement is hardly 

surprising. What is surprising is that so few studies have assessed this initial 

variation in settlement as a possible mechanism determining recruitment patterns of 

organisms in marine communities. 

Of the studies that have considered initial settlement as a factor influencing 

recruitment, most have been done on intertidal barnacles (Grosberg, 1982; 

Underwood & Denley, 1984; Caffey, 1985; Connell, 1985; Gaines & Roughgarden, 

1985; Gaines et al., 1985; Roughgarden et al., 1987; Raimondi, 1990). 

Roughgarden et al. (1985) have developed a model to predict the dynamics of 

barnacle populations which may be applicable to other benthic species which have 
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dispersive larval phases. It shows that population structure is dependent on 

settlement rate. 

Mussel farmers assess the success of the spat-catching operation by the density of 

mussels on the ropes at the end of the 'spat-catching' period which varies in length 

according to individual farm practice (see description of spat catching in Chapter 1, 

section 1.2). Their 'catches' are subject to large spatial and temporal variation 

(Jenkins, 1985). Some of this variation in recruitment is due to post-settlement 

processes such as predation (Chapter 5), but settlement itself is also highly variable. 

The main focus of this chapter is a description of that variability in settlement and 

recruitment on mussel ropes. The spatial and temporal variability of settlement, the 

way in which settlement is affected by the spacing between the spat-catching ropes 

and the relationship between settlement and selected hydrological factors are 

examined first in section 3.2.1. This is followed by a description of the spatial and 

temporal variability in recruitment in section 3.2.2. How much the variation in 

settlement contributes to the variation in recruitment is addressed in Chapter 4. 
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3.2 MATERIALS AND METHODS 

3.2.1 TEMPORAL AND SPATIAL VARIATION IN SETTLEMENT 

3.2.1.1 Large scale spatial and temporal variability 

SAMPLING METHODS 

Settlement was assessed on the same settlement surfaces that are used in the mussel 

farming industry so that the results would be directly applicable to commercial 

farming operations. Lengths of 'Christmas-tree' spat-catching rope were hung in the 

water on the first day of larval sampling and removed 7 days later. Three 20-cm 

ropes, spaced at least 1 m apart, were hung at each of the 4 depths tested at each 

site (5 m, 10 m, 15 m, 20 m). On Day 7, the ropes were placed in sealed plastic 

jars and kept refrigerated until examined in the laboratory. New ropes were placed 

in the water and the weekly settlement cycle repeated for a total of 4 weeks. 

Because of the transparency and small size of newly settled mussel spat, and the 

fibrous structure of spat-catching rope, measurement of settlement on the ropes first 

required removal of the spat from the ropes. This was achieved using the method of 

Carriker (1979) which involves soaking the ropes in sodium hypochlorite solution to 

dissolve the byssus material (Brown, 1952), vigorous shaking to dislodge the spat 

and washing through nylon sieves. The spat were identified under a stereo

microscope according to Redfearn et al. (1986). 

Connell (1985) defines settlement as the number of larvae attaching to the settlement 

surface. The large settlement area provided by the filamentous structure of the rope 

together with the low settlement density of the mussels made it impractical to record 

settlement as it occurred or even to measure it on a daily basis. In this study, 

therefore, settlement was defined as the number of mussels attached to the ropes 

after one week in the water. Any off-migration or mortality occurring immediately 
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after settlement will have gone undetected. Thus, total settlement during the week 

may have been slightly underestimated. 

STUDY SITES 

The study sites were the same as those used for larvae sampling as described in 

section 2.2.1.2. 

MODELS USED FOR ANALYSES 

To compare between year and within year variation at each site, mean settlement 

densities during the study period were graphed, and the main sources of variability 

in settlement examined using an orthogonal three factor analysis of variance model 

with the following factors: 

Weeks 

Sites 

Depths 

n 

1986 

7 

4 

3 

5 

1987 

3 

4 

4 

3 

1988 

6 

6 

4 

3 

1989 

6 

6 

4 

3 

Sites and depths were treated as fixed factors, weeks as random. Because the sites in 

the first two years differed from those in the latter two years, each year was 

analysed separately using this model. 

The variance components that were attributable to the main factors and their 

interactions were calculated (Winer, 1962; Sokal & Rohlf, 1987) and the 

relationships between the factors in the ANOV A model graphed. 
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Sites were ranked in order of decreasing mean weekly settlement during the study 

period in each of the years. Differences between means were tested using the 

Student-Newman-Keuls test (Winer, 1962). 

3.2.1.2 Effect on settlement of spacing between spat-catching ropes 

To determine whether the spacing between spat-catching ropes affects settlement 

rate, ropes were hung at vertical spacings of 1 m, 130 mm and 65 mm at a water 

depth of 5 m from the surface. Most farmers space their ropes approximately 130 

mm apart. The closer spacing (65 mm) was being used in one of the largest spat 

catching operations in the Marlborough Sounds at the time of the study (T. 

Jamieson, pers. comm.) and is the closest spacing which can be used without the 

ropes touching or becoming tangled. Three groups of three ropes at each of the 

spacings were hung in random order at five sites in Manaroa and Beatrix Bays 

(Figure 3.1) and were left for 9 days. All the spat on the ropes were then removed 

and counted by the methods described in section 3.2.1.1. The data were examined 

using a two factor ANOVA model with rope separation treated as a fixed factor. 

Site was treated as a random factor so that the results of the experiment could be 

generalised to the sites used in the larvae and settlement surveys. 
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Beatrix Bay 
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~ .. ) . 
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t 

Crail Bay 

0 5 km 

FIGURE 3.1 

Site locations used in experiment 3.2.1.2 to determine the effect of rope spacing on 
settlement density 
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3.2.1.3 Relationship between hydrological factors and settlement 

Daily salinities and water temperatures were recorded at each site and depth as 

described in section 2.2.1.6. Weekly mean values were correlated with mean weekly 

settlement numbers using Spearman's rank correlation coefficient. 

3.2.2 VARIATION IN RECRUITMENT 

In this study, I use the term 'recruitment' in the same manner as Keough & Downes 

(1982) to mean the number of mussels surviving from settlement until they are 

counted. In this study, assessments of recruitment were made 8 and 12 weeks after 

the spat-catching ropes had been placed in the water. 

In 1986, recruitment was assessed at six sites during three 8-week periods between 

November 1985 and April 1986. The sites were on licences 111 and Bea in Beatrix 

Bay, 226 and 163 in Manaroa Bay, and 80 and 49 in Crail Bay (Figure 3.2). 

In 1987, recruitment was assessed at two of the above sites only, licence 226 in 

Manaroa Bay and Bea in Beatrix Bay. Measurements were made during four 8 week 

periods between January and May 1987. 

In 1988 and 1989, recruitment was assessed at the same sites and depths as were 

used for the larval sampling in section 2.1.2 (Figure 3.2). In both years, 

measurements were made at 8 weeks and also at 12 weeks. 
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Six spat-catching ropes were placed at each site/depth at the start of the study 

period. At the end of 8 weeks, three ropes from each site/depth were removed from 

the water and the spat counted by the method described in section 3.2.1.1. Four 

weeks later, a further 3 ropes were removed from the water and counted to assess 

recruitment at 12 weeks (1988 & 1989 only). To differentiate between recently 

settled mussels and those that settled at the start of the recruitment period, only spat 

~ 1.5 mm were counted. The growth rate of newly settled spat was not known when 

the surveys were designed but it was expected that 8 week recruits would be larger 

than 1.5 mm. Therefore this size was chosen as the lower size limit for counting the 

number of recruits. Growth rate data collected during the study (see Chapter 4) 

show that this size limit was too conservative. Eight weeks after settlement, the 

mean size of spat would be in the range 3.5 - 5.7 mm depending on the water depth 

(section 4.3.4). 

The structure of the surveys is summarised in the table below: 

Summary of recruitment surveys carried out between 1986 and 1989 

Expt Depths Recruitment 
Year No. Sites (m) period (wks) 

1986 2A 163,111,226,80,49 20,15,5 8 

1986 2B Bea,163,111 ,226,80,49 20,15,5 8 

1986 20 Bea, 163,111,226,80,49 20,15,5 8 

1987 2E Bea,226 20,15,5 8 

1987 2F Bea,226 20,15,5 8 

1987 2G Bea,226 20,15,5 8 

1987 2H Bea,226 20,15,5 8 

1988 21 Bea, 163 ,80,94, 180,287 20,15,10,5 8,12 

1989 21 Bea, 163,80,94,180,287 20,15,10,5 8,12 
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Because the structure of the recruitment surveys differed among years, data from 

each year were analysed separately. The number of recruits in each of the 

recruitment periods were compared graphically and the main sources of variability 

examined using an orthogonal three factor analysis of variance model with the 

following factors: 

1986 1987 1988 1989 

Recr. period* 3R 4R 2F 2F 

Sites 6F 2F 6F 6F 

Depths 3F 4F 4F 4F 

n 5 3 3 3 

R = Random factors, F = Fixed factors. 

* In 1986 and 1987, the recruitment periods were all 8 weeks long with 
different start dates. Because the periods overlapped, they could not be 
regarded as discrete samples so were treated as random factors. In 1988 
and 1989, the two recruitment periods tested in each year (8 and 12 weeks) 
started concurrently and were treated as fixed factors. Sites and depths 
were treated as fixed factors in all years. 

The variance components that were attributable to the main factors or interactions 

were calculated (Winer, 1962; Sokal & Rohlf, 1987). Sites and depths were ranked 

in order of decreasing mean recruitment during the study period in each of the 

years. Differences between means were tested using the Student-Newman-Keuls test 

(Winer, 1962). 
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3.3 RESULTS 

3.3.1 TEMPORAL AND SPATIAL VARIATION IN SETTLEMENT 

3.3.1.1 Large scale spatial and temporal variability 

Although at times it was very low, settlement was recorded in all weeks of the study 

period at all sites and depths except for one occasion at licence Bea, 15 m depth, in 

1986. Despite large fluctuations in larval abundance among years (section 2.3.1.2), 

settlement density remained relatively constant among years (Figure 3.3a & 3.3b). 

Mean weekly settlement density ranged from 0 - 235.4 spat per 20 cm rope in all 4 

years. 

Data from each year were analysed separately using the three-factor ANOVA 

model. Considerable variability in settlement density was evident within all four 

years. In 1986, no significant differences were observed between depths but all 

other factors and interactions showed significant differences (Table 3.1). The 

differences between sites and the fluctuations in abundance among weeks can be 

clearly seen in Figure 3.3(a). In 1987, no significant differences were observed 

between sites but all other factors and interactions were significantly different (Table 

3.1 and Figure 3.3(a)). In 1988 and 1989, all factors and interactions were 

significantly different (Table 3.1 and Figure 3.3(b)). 

Page 94 



Chapter 3. Settlement & recruitment 
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FIGURE 3.3a 
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... 

226 Sea 163 111 

Mean settlement density in 1986 and 1987. Data points have been joined to show the 
relationships among weeks, sites and depths. Sites are plotted on the X-axes 
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1988/Week 1 1988/Week 2 1988/Week3 
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FIGURE 3.3b 

Mean settlement density in 1988 and 1989. Data points have been joined to show the 
relationships among weeks, sites and depths. Sites are plotted on the X-axes 
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Of the main effects, the differences between weeks accounted for most of the 

variability in 1986 and 1987 (36.0 & 46.9% respectively) (Table 3.2). In the 

following two years settlement density among weeks varied less, accounting for 

16.9% of the variability in 1988 and for only 7.4% in 1989. Site differences 

accounted for between 18.8 and 29.8% of the variability in all years except 1987 

when differences between the sites were insignificant. Differences between depths 

were insignificant in 1986 but in all other years, the percentage of variation 

accounted for by depth differences was relatively constant (12.1 - 18.2% ). 

Of the interactive effects, the week x site term accounted for most of the variance in 

all four years which is probably a reflection of the spatial and temporal variability in 

abundance of near-settlement larvae (discussed in chapter 2). In all four years, the 

three factor ANOVA model used in the survey accounted for more than 80% of the 

variance (93.5% in 1986, 89.4% in 1987, 80.1% in 1988, 87.0% in 1989) 

indicating that the three factors tested and their interactions gave a good account of 

the variability in settlement density (Table 3.2). 
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TABLE 3.1 

Three factor analysis of variance of settlement density. Data are log(x + 1) transformed 

DF ss MS F p 

1986: (Cochran's C4,84 = 0.20, p >0.05). 

Week 6 381.96 63.66 334.36 0.0001 
Site 3 196.79 65.60 8.57 <.001 
Depth 2 5.88 2.94 1.49 n.s. 
Week x Site 18 137.72 7.65 40.19 0.0001 
Week x Depth 12 23.58 1.97 10.32 0.0001 
Site x Depth 6 59.38 9.90 5.53 <.001 
Week x Site x Depth 36 64.48 1.79 9.41 0.0001 
Residual 336 63.97 0.19 
Total 419 933.75 

1987: (Cochran's C4,84 = 0.20, p >0.05). 

Week 2 55.30 27.65 213.57 0.0001 
Site 3 1.13 0.38 0.24 n.s. 
Depth 3 18.71 6.24 6.89 <0.025 
Week x Site 6 9.47 1.58 12.19 0.0001 
Week x Depth 6 5.43 0.90 6.99 0.0001 
Site x Depth 9 11.13 1.24 2.97 <0.025 
Week x Site x Depth 18 7.50 0.42 3.22 0.0001 
Residual 96 12.43 0.13 
Total 143 121.09 

1988: (Cochran's C2 , 144 = 0.06, p = 0.05). 

Week 5 76.84 15.37 62.29 0.0001 
Site 5 119.41 23.88 8.60 <.001 
Depth 3 52.47 17.49 31.93 <.001 
Week x Site 25 69.39 2.78 11.25 0.0001 
Week x Depth 15 8.22 0.55 2.22 0.0060 
Site x Depth 15 25.60 1.71 5.11 <.001 
Week x Site x Depth 75 25.06 0.33 1.35 0.0418 
Residual 282 69.58 0.25 
Total 425 446.57 

1989: (Cochran's C2 , 144 = 0.05, p <0.05). 

Week 5 45.04 9.01 41.91 0.0001 
Site 5 193.26 38.65 11.73 <.001 
Depth 3 99.33 33.11 47.99 <.001 
Week x Site 25 82.40 3.30 15.34 0.0001 
Week x Depth 15 10.35 0.69 3.21 0.0001 
Site x Depth 15 32.68 2.18 3.24 <.001 
Week x Site x Depth 74 50.46 0.67 3.13 0.0001 
Residual 273 58.67 0.12 
Total 416 572.18 

n.s. = not significant, p >0.05 
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The graphs in Figures 3.3(a) and (b) suggest that settlement is heavier at some sites 

than others. For instance licences 226 and 163 (all depths) and 111 (5m) were 

always better than licence Bea in 1986 (Figure 3.3(a)). In 1987, there was little 

difference between the sites, but in both 1988 and 1989 settlement at Bea, 180 and 

80 was nearly always heavier than at the other three sites (Figure 3.3(b)). To 

determine whether some sites did consistently perform better than others for 

settlement, sites were ranked each year according to mean number of spat settled 

during the study period and a posteriori multiple comparison of means were 

performed (Table 3.3). Only a limited comparison of the rankings was possible 

because some sites were tested in two years only and the results should be treated 

with some caution since the effect of site had been found to depend on the other 

factors in the ANOV A model. The rank of most sites changed between years and no 

one site emerged as being consistently better than the others although the 

observations made above from Figures 3.3 (a) and (b) were confirmed, ie. licence 

226 was the best settlement site in 1986, all sites were similar in 1987, Bea 

followed closely by 180 and 80 was best in 1988, and 180, 80 and Bea were again 

the best sites in 1989. Licences 94 and 287 always ranked poorly. 
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TABLE 3.2 

Percentage of variance in settlement density accounted for by each factor 
in the ANOV A model 

1986 1987 1988 1989 

% of variance accounted 93.52 89.41 80.10 86.96 
for by model 

Week 36.00 46.87 16.94 7.41 

Site 18.78 <1.00 23.64 29.81 

Depth 0.02 12.11 12.65 18.22 

Week x Site 16.93 9.87 16.99 15.58 

Week x Depth 3.02 5.28 1.40 1.60 

Site x Depth 7.88 7.45 6.15 5.08 

Week x Site x Depth 10.89 7.83 2.34 9.26 

Residual 6.48 10.59 19.90 13.04 

TABLE 3.3 

Settlement at each site during the study period of each year. Data are 
mean settlement per 20 cm of rope ± S.E. Sites are ranked in order of 

decreasing settlement density. Solid bars indicate no significant difference 
between means, p > 0.05 

1986 1987 1988 1989 

Site Mean± S.E. Site Site Mean± S.E. Site Mean± S.E. 

226 63.65 ± 6.66 111133.86± 6.69 Be a 25.65 ± 4.68 

180J 
39.13 ± 3.87 

163] 
44.90 ± 3.31 226 25.81 ± 4.48 180 18.72 ± 3.44 80 31.78 ± 4.83 

111 37.82 ± 5.98 Bea 25.53 ± 5.81 80 12.57 ± 1.06 Be a 24.30 ± 3.28 

Bea 10.16 ± 0.94 163 20.81 ± 2.52 94 7.29 ± 0.97 163 14.91 ± 2.23 

163 5.44 ± 0.54 94 6.44 ± 0.86 

287 2.56 ± 0.26 287 4.29 ± 0.47 
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Because depth was found to be a significant factor in the distribution of larvae 

(section 2.3.1.3), it was considered worthwhile exploring further the influence of 

depth on settlement. The data from all the years were pooled and settlement density 
graphed at each depth for each site (Figure 3.4). This revealed a different pattern 

from that found for larval abundance. Settlement density was highest at 20 m 

followed by 15 m at 6 of the 8 sites which is similar to the pattern found for larvae. 

However, although larval abundance was lowest at 5 m at all sites, settlement 

density was lowest at 5 m at only 3 of the sites. At five of the sites, settlement 

density was lowest at 10 m (Figure 3.4). 
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3.3.1.2 Effect of spacing between spat-catching ropes on settlement 

At four of the five sites, settlement density was greatest on the medium-spaced (130 

mm) ropes, with fewer mussels settled on the closely spaced (65 mm) ropes (Table 

3.4 & Figure 3.5). At all five sites, settlement was significantly less on the ropes 

which were widely (1 m) spaced (Table 3.4). 

The higher settlement density observed using 130 mm rope spacing is partly offset 

by the larger number of ropes which can be tied to a longline at the 65 mm spacing. 

On a 100 m longline with 10 m dropper ropes, the settlement densities obtained in 

this experiment would have yielded 19 million mussels using 65 mm rope spacing 

and 11 million with 130 mm spacing. However, rope requirements, labour costs and 

the chances of rope entanglement will be higher at the 65 mm spacing. 

TABLE 3.4 

Effect of rope spacing on settlement density. Data are mean numbers of 
spat per 20 cm of spat-catching rope ± S.E. Two factor analysis of 

variance of settlement density with site and rope spacing (Cochran's C2,15 

= 0.22, p > 0.05) 

Site 

111/S 

190 

111/N 

180 

163 

ANOVA: 

Site 

Spacing 

Site x Spacing 

Residual 

Total 

1m 

151.0 ± 31.0 

96.7 ± 23.2 

133.0 ± 39.9 

119.0 ± 9.1 

100.0 ± 4.7 

DF 

4 

2 

8 

30 

44 

Rope spacing 

130 mm 65 mm 

349.0 ± 35.2 291.0 ± 12.5 

263.0 ± 52.0 268.0 ± 18.4 

243.0 ± 15.3 214.3 ± 12.0 

305.0 ± 37.5 251.7 ± 62.4 

275.0 ± 39.5 217.0 ± 51.6 

ss MS F p 

27820.44 6955.11 1.98 0.1224 

229524.58 114762.29 32.74 0.0001 

11946.09 1493.26 0.43 0.8961 

105172.00 3505.73 

374463.11 
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3.3.1.3 Relationship between hydrological factors and settlement 

Because settlement was measured over weekly periods, weekly mean temperature 

and salinity measurements were use to examine the relationship between settlement 

and physical parameters. In 1986 there were no significant correlations between 

mean temperature and settlement (Table 3.5). In 1988 significant negative 

correlations were observed at all depths except 5 m. In 1989 negative correlations 

were observed at all depths except 5 m but none were significant. 

TABLE 3.5 

Spearmans rank correlation coefficients (r) between mean weekly 
settlement density and mean water temperature at time of sampling. 
Numbers in brackets are the significance probabilities of the correlations 
under the null hypothesis that r = 0 

1986 1988 1989 

5m -0.22 (n.s.) 0.36 (0.0293) 0.07 (n.s.) 

lOm -0.33 (0.0432) -0.35 (n.s.) 

15 m 0.25 (n.s.) -0.55 (0.0005) 0.38 (n.s.) 

20 m 0.46 (n.s.) -0.39 (0.0189) -0.47 (n.s.) 

All depths 0.24 (n.s.) -0.46 (0.0001) -0.39 (0.0001) 

n.s. = non significant, p > 0.05 
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The only significant correlation between settlement and salinity was observed at 5 m 

in 1989 (Table 3.6). 

TABLE 3.6 

Spearmans rank correlation coefficients (r) between mean weekly 
settlement density and mean salinity at time of sampling. Numbers in 
brackets are the significance probabilities of the correlations under the 

null hypothesis that r = 0 

1986 1988 1989 

5m 0. 77 (n.s.) 0.07 (n.s.) 0.49 (0.0155) 

10 m 0.19 (n.s.) 0.24 (n.s.) 

15 m 0.12 (n.s.) 0.35 (n.s.) 

20 m 0.26 (n.s.) 0.05 (n.s.) -0.36 (n.s.) 

All depths 0.33 (n.s.) 0.10 (n.s.) 0.40 (0.0001) 

n.s. = non significant, p >0.05 
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3.3.2 VARIATION IN RECRUITMENT 

Mean 8-week recruitment at each site ranged between 0.6 and 2179.3 spat per 20 

cm rope (Tables 3.7, 3.8, 3.9, 3.10). Recruitment was clearly better in deeper water 

(20 & 15 m) than at 5 m (Figures 3.6 (a-i)). 

TABLE 3.7 

Mean number of ;::: 1500 ~-tm mussels (± S.E.) per 20 cm rope remaining 
at end of the 8-week recruitment periods in 1986 

Site 20 m 15 m 5m 

Experiment 2A: 

111 2.60 ± 1.94 2.20 ± 1.28 0.60 ± 0.24 
226 66.40 ± 6.78 6.80 ± 1.32 4.60 ± 0.87 
163 24.80 ± 4.14 8.00 ± 1.10 63.20 ± 4.88 
80 41.33 ± 4.84 7.40 ± 1.81 1.80 ± 0.86 
49 9.60 ± 1.69 1.80 ± 0.92 0.40 ± 0.24 

Experiment 2B: 

Bea 1.67 ± 0.33 266.67 ± 205.69 67.33 ± 21.67 
111 5.33 ± 2.33 67.67 ± 16.37 12.67 ± 4.41 

226 65.33 ± 20.17 84.33 ± 11.02 1.67 ± 0.88 
163 247.00 ± 68.55 391.67 ± 79.74 1.67 ± 0.66 
80 14.33 ± 6.98 12.33 ± 0.88 1.00 ± 0.00 
49 14.00 ± 3.21 15.33 ± 5.36 3.67 ± 2.73 

Experiment 2D: 

Bea 20.67 ± 14.95 124.67 ± 44.61 287.00 ± 69.92 
111 26.00 ± 21.03 116.67 ± 41.16 6.33 ± 2.90 
226 44.67 ± 22.93 236.00 ± 85.71 80.33 ± 1.85 
163 1693.50 ± 158.80 2179.33 ± 207.65 5.33 ± 2.60 
80 317.67 ± 39.48 464.00 ± 72.57 8.33 ± 4.25 
49 21.33 ± 10.36 151.67 ± 14.05 2.00 ± 0.00 
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TABLE 3.8 

Mean number of ;;:::; 1500 ttm mussels (± S.E.) per 20 cm rope remaining 
at end of the 8-week recruitment periods in 1987 

Site 20 m 15 m 5m 

Experiment 2E: 

Bea 535.6 ± 94.54 567.0 ± 93.17 110.4 ± 102.42 
226 261.0 ± 2.24 68.2 ± 20.63 7.2 ± 2.08 
Experiment 2F: 

Bea 335.4 ± 54.10 188.0 ± 35.23 4.2 ± 1.32 
226 16.8 ± 6.85 19.6 ± 6.00 4.4 ± 0.98 
Experiment 2G: 

Bea 70.8 ± 21.40 144.2 ± 33.26 13.6 ± 8.49 
226 118.2 ± 35.03 108.0 ± 35.80 62.4 ± 35.53 
Experiment 2H: 

Bea 535.4 ± 143.65 491.0 ± 81.53 232.4 ± 30.35 
226 14.6 ± 7.81 165.0 ± 75.53 141.6 ± 48.70 

TABLE 3.9 

Mean number of ;;:::; 1500 ttm mussels (± S.E.) per 20 cm rope remaining 
at end of the 8-week and 12-week recruitment periods in 1988 

(Experiment 21) 

Site 20 m 15 m 10 m 5m 

8-week: 

80 108.0 ± 25.0 204.0 ± 8.0 306.0 ± 24.0 87.0 ± 9.0 

Bea 440.0 ± 153.0 81.0 ± 25.0 69.5 ± 2.5 106.5 ± 15.5 

94 81.5 ± 0.5 103.0 ± 6.0 58.0 ± 18.0 24.5 ± 5.5 

287 20.0 ± 4.0 12.5 ± 2.5 17.0 ± 2.0 16.0 ± 4.0 

180 119.0 ± 53.0 102.0 ± 0.0 61.0 ± 8.0 10.0 ± 4.0 

163 75.0 ± 13.0 87.0 ± 13.0 69.5 ± 0.5 29.5 ± 11.5 

12-week: 

80 464.7 ± 52.4 407.0 ± 40.6 749.7 ± 141.6 158.7 ± 73.2 

Bea 839.0 ± 238.8 84.0 ± 15.6 158.0 ± 106.0 33.0 ± 5.5 

94 273.3 ± 64.4 354.0 ± 30.0 381.0 ± 34.1 164.7 ± 85.0 

287 294.0 ± 13.5 146.3 ± 16.8 121.7 ± 33.7 87.0 ± 17.3 

180 271.0 ± 47.8 100.7 ± 27.6 28.3 ± 14.3 6.3 ± 4.8 

163 248.3 ± 19.7 308.5 ± 94.5 225.0 ± 21.0 90.3 ± 40.0 
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TABLE 3.10 

Mean number of ~ 1500 ~-tm mussels (± S.E.) per 20 cm rope remaining 
at end of the 8-week and 12-week recruitment periods in 1989 

(Experiment 2J) 

Site 20 m 15 m 10 m 5m 

8-week: 

80 569.0 ± 92.8 150.0 ± 49.1 128.3 ± 19.9 13.7 ± 0.9 

Bea 710.3 ± 115.3 300.0 ± 17.8 131.0 ± 52.5 41.3 ± 9.9 

94 128.7 ± 52.0 69.7 ± 17.9 19.7 ± 7.1 4.3 ± 1.2 

287 39.7 ± 5.2 30.3 ± 7.5 11.0 ± 4.6 1.3 ± 0.3 

180 636.0 ± 176.0 224.5 ± 2.5 26.0 ± 3.0 23.0 ± 4.0 

163 241.3 ± 16.2 126.3 ± 37.8 69.3 ± 33.1 16.3 ± 7.9 

12-week: 

80 62.7 ± 6.6 62.7 ± 3.9 108.0 ± 26.8 35.7 ± 10.7 

Bea 303.7 ± 21.7 207.3 ± 12.0 130.3 ± 41.9 37.0 ± 16.5 

94 183.0 ± 54.2 124.3 ± 25.8 8.7 ± 4.2 7.7 ± 3.3 

287 69.3 ± 35.9 68.7 ± 6.7 12.7 ± 6.1 2.7 ± 0.3 

180 42.7 ± 14.8 75.7 ± 31.2 35.3 ± 8.6 15.7 ± 8.7 

163 2.0 ± 1.5 121.0 ± 21.2 40.3 ± 16.7 9.7 ± 3.4 
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Because recruitment was measured during more than one period in 1986 and 1987, a 

temporal comparison was possible. Recruitment was measured three times between 

November 1985 and April 1986 (experiments 2A, 2B, 2D). Recruitment increased 

during that time (Figure 3. 7(a)). In 1987, 8-week recruitment was measured four 

times between January and May (experiments 2E- 2H). Recruitment was high early 

in the period, dropped in February and March, and increased again at the end of the 

period (Figure 3. 7(b)). 
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Mean number of recruits after 8 weeks in 1986 and 1987. Depths have been pooled 
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In 1988 and 1989, recruitment was measured only during the period which 

corresponded to larvae and settlement sampling in those years. Recruitment was 

assessed at 8 weeks as in previous years but it was also assessed again 4 weeks later 

(12-week recruitment). 

In 1988, 12-week recruitment was higher than 8-week recruitment at all sites 

(Figure 3.8(a)). This was not the case in 1989 when 8-week recruitment was higher 

at 4 of the 6 sites than the 12-week recruitment (Figure 3.8(b)). One would expect 

the number of recruits at 12 weeks to be equal to (if there was no mortality) or less 

than (if there was mortality) the number of recruits at 8 weeks. The fact that there 

were often more recruits at 12 weeks than at 8 weeks is probably an artifact of the 

lower size limit (1.5 mm) used to define the recruits. The same size limit was used 

for both the 8 week and 12 week samples. Growth rate data (section 4.3.4) indicate 

that the samples may have contained not only 8 and 12 week old recruits but also 

some as young as 3 weeks. It would appear that the 12-week samples in 1988 

contained a number of recruits which had settled in the last 4 weeks of the 

recruitment period. 
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Data from each year were examined separately using the three factor ANOVA 

model as described in the methods section (Table 3.11). The patterns of variance 

were similar to those found for settlement density (section 3.2.1). In 1986 no 

significant differences between the depths were found. This was similar to the 

pattern found for settlement density in 1986. In 1987, site and three of the 

interaction terms were non-significant. Site differences for settlement density were 

also non-significant in 1987. The Time x Site x Depth interaction was non 

significant in 1988 but all other factors and their interactions were significant in both 

1988 and 1989. The relationships among recruitment periods, sites and depths are 

illustrated in Figure 3. 9. 
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TABLE 3.11 

Three factor analysis of variance of mean number of recruits. The factor 'Recruitment 
period' in the ANOV A model has been abbreviated to 'Time' in this table 

DF ss MS F p 

1986: Data log(x+1) transformed. Cochran's C2,54 = 0.10, p >0.05. 
Time 2 105.95 52.98 99.55 .0001 
Site 5 96.62 19.32 14.28 < .001 
Depth 2 90.20 45.10 2.92 n.s. 
Time x Site 9 12.18 1.35 2.54 .0113 
Time x Depth 4 61.69 15.42 28.98 .0001 
Site x Depth 10 91.93 9.19 2.27 n.s. 
Time x Site x Depth 18 72.73 4.04 7.59 .0001 
Residual 101 53.75 0.53 

1987: Data heteroscedastic. Cochran's C2,32 = 0.17, p < 0.05. 
Time 3 1055964.39 351988.13 15.47 .0001 
Site 1 1083822.31 1083822.31 6.87 n.s 
Depth 3 866120.78 288706.93 20.33 <.005 
Time x Site 3 473377.75 157792.58 6.94 .0003 
Time x Depth 6 85189.83 14198.31 0.62 n.s. 
Site x Depth 3 346853.27 115617.76 2.47 n.s. 
Time x Site x Depth 6 281202.47 46867.08 2.06 n.s. 
Residual 104 2365722.40 22747.33 

1988: Data log(x + 1) transformed. Cochran's C1,48 = 0.23, p > 0.05. 
Time 1 17.10 17.10 86.29 .0001 
Site 5 32.84 6.57 33.14 .0001 
Depth 3 34.67 11.56 58.31 .0001 
Time x Site 5 17.56 3.51 17.72 .0001 
Time x Depth 3 4.13 1.38 6.95 .0006 
Site x Depth 15 22.12 1.47 7.44 .0001 
Time x Site x Depth 15 4.55 0.30 1.53 n.s. 
Residual 48 9.51 0.20 

1989: Data log(x+1) transformed. Cochran's C2,48 = 0.09, p >0.05. 
Time 1 6.81 6.81 23.57 .0001 
Site 5 74.16 14.83 51.32 .0001 
Depth 3 115.19 38.40 132.86 .0001 
Time x Site 5 14.23 2.85 9.85 .0001 
Time x Depth 3 14.96 4.98 17.25 .0001 
Site x Depth 15 26.08 1.74 6.02 .0001 
Time x Site x Depth 15 22.50 1.50 5.19 .0001 
Residual 92 26.59 0.29 

n.s. =not significant, p>0.05 
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The three main factors in the ANOV A model and their interactions accounted for 

more than 89% of the variance in 1986, 1988 and 1989 and 65% in 1987 (Table 

3.12). No one factor accounted for more than 35% of the variance in any year 

unlike the larval and settlement models where one factor sometimes accounted for 

up to 50% of the variance. 

TABLE 3.12 

Percentage of variance in recruitment at 8 weeks accounted for by each 
factor in the ANOVA model. 'Recruitment period' in the ANOVA model 

has been abbreviated to 'Time' 

1986 1987 1988 1989 

% of variance accounted 90.11 64.70 90.20 89.39 
for by model 

Time 18.06 12.78 17.41 3.33 

Site 12.37 17.97 9.44 18.33 

Depth 10.22 10.65 20.96 34.06 

Time x Site 1.70 10.48 20.47 7.82 

Time x Depth 15.38 <0.01 4.85 9.58 

Site x Depth 10.64 5.33 14.47 1.46 

Week x Site x Depth 21.74 7.49 2.60 14.81 

Residual 9.89 35.30 9.80 10.61 

Sites were ranked according to decreasing mean recruitment and a comparison made 

between the rankings in each recruitment period in 1986 and 1987, and between the 

8-week and 12-week rankings in 1988 and 1989 (Table 3.13). Bea was the only site 

to be tested in all four years but it is interesting to note that it ranked highly every 

year. Licence 226 was always ranked just behind Bea. Licence 163 was the best site 

in 1986 but ranked relatively poorly in 1988 and 1989. Some sites eg. 94, 111, 287 

ranked poorly in all years. 
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Some sites changed rank:ings dramatically between 8 and 12 weeks. For instance, at 

8 weeks licence 94 ranked 4th in 1988 and 5th in 1989, but within 4 weeks changed 

its ranking to 2nd in both years. Conversely, licence 180 ranked highly at 8 weeks 

in both years but 4 weeks later had slipped to last place in 1988 and second to last 

in 1989. 

TABLE 3.13 

Sites ranked in order of decreasing mean recruitment in each year. Solid 
bars indicate no significant difference between means (p > 0.05) (Student

Newman-Keul's test) 

1986: 

8 weeks Expt 2A 163 >226 >80 >49 > 111 

Expt 2B 163 >Bea >226 > 111 >49 >80 

Expt 2D 163 >80 >Bea >226 >49 >111 

1987: 

8 weeks Expt 2E Bea >226 

Expt 2F Bea >226 

Expt 2G 226 >Bea 

Expt 2H Bea >226 

1988: 

8 weeks 80 >Bea >80 >94 > 163 >287 

12 weeks 80 >94 >Bea > 163 >287 > 180 

1989: 

8 weeks Bea > 180 >80 > 163 >94 >287 

12 weeks Bea >94 >80 > 163 > 180 >287 
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3.4 DISCUSSION 

3.4.1 ABUNDANCE OF PLANTIGRADES 

Despite large fluctuations in larval abundance, settlement density remained relatively 

constant among years. This suggests that there is an upper limit to settlement density 

(possibly determined by the amount of available settlement space) which is 

independent of larval abundance. Within years, considerable spatial and temporal 

variability in settlement density was observed. The study period in each year was 

too short to detect any long-term trends in settlement densities. Definite trends in 

settlement of Perna canaliculus in the Marlborough Sounds do occur throughout the 

year (Meredyth-Young & Jenkins, 1978, 1980; Hayden & Kendrick, 1992). As was 

the case with larval abundance, most of the variability in settlement density was 

accounted for by differences between sites, depths and the temporal component of 

the data. 

3.4.2 INFLUENCE OF FLOW RATES ON SETTLEMENT 

The results of the experiment on spacing of ropes suggest that settlement may be a 

function of the rate of water flow past the settlement surfaces. Significantly more 

larvae settled on ropes which were hung close together (130 or 65 mm apart) than 

on ropes separated by 1 m. This suggests that closely spaced ropes form a semi

permeable barrier which partially impedes or slows the water flow and thus allows 

the larvae more time to make contact with the settlement surfaces. In Mytilus edulis, 

some water movement seems to be necessary to increase the contact frequency 

between larvae and the filamentous settlement surfaces (Eyster & Pechenik, 1987) 

but excessive water velocity can inhibit or prevent settlement of many marine 

invertebrate larvae (Crisp, 1955; De Wolf, 1973). 
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Currents are considered to be of great importance in the settling of oysters and 

barnacles under natural conditions also; strong currents prevent oyster larvae from 

settling, and most of the settling is limited to periods of slack water (Korringa, 1952 

in De Wolf, 1973). Shelbourne (1957 in De Wolf, 1973) found that 'planktonic 

oyster larvae do not accumulate in eddies, and he suggests that higher settlement in 

such eddies results from a water speed below the critical for settlement, for a longer 

period in each tidal cycle.' Water currents may be critical in the early stage of 

barnacle settlement by stimulating or permitting attachment to take place (Crisp, 

1976). 

Laboratory experiments carried out by Buchanan (1994) suggest that water flow 

rates may also play a role in determining whether Perna plantigrades remain at their 

primary settlement site or are able to migrate to a secondary site by means of 

mucous drifting. 

If time to make contact with the ropes (and to metamorphose) were the only factor 

limiting settlement of the larvae, then one would expect that the more closely the 

ropes were spaced, the more the water flow would be slowed and the greater the 

chance of successful settlement. This was not observed. Although not statistically 

significant, fewer larvae settled on the very closely spaced ropes than on the 

medium-spaced ropes. This may have been due to the water being impeded to such 

an extent by the closest rope spacing that much of it was forced to pass under and 

around the ropes rather than between them. On a typical mussel farm, water flow is 

reduced to about 30% of the flow outside the farm and the remainder is forced 

below or around the farm (Gibbs et al., 1991). Reduction of flow may be even 

higher on spat-catching lines where the ropes are hung much closer together than 

ropes used for grow-out of larger mussels. 

The results of the present study, and those of Gibbs et al. (1991), suggest that not 

only do mussel farms provide settlement surfaces for the larvae but they also have 

the potential for altering the hydrodynamics of the larval environment in a way 
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which may enhance the likelihood of settlement. Further experimentation with rope 

spacings would be worthwhile. 

3.4.3 SETTLEMENT PATTERNS WITH RESPECT TO DEPTH 

Depth was less significant in determining settlement patterns than it was in the 

distribution of larvae. Furthermore the patterns of settlement with depth differed 

from those observed for larvae. Larval abundance increases with depth (section 

2.3.1.3). Settlement density does not always increase with depth. At licence 226, for 

instance, larvae were most abundant at 20 m, followed by 10 m, 15 m and 5 m 

(Table 2.1.3(b)). Settlement at this site was best at 15 m. At 5 of the 8 sites studied 

over the 4 years, mean settlement was lower at 10 m than at 5 m despite there being 

more larvae at 10 m. The presence of large numbers of larvae is clearly not the only 

pre-requisite for successful settlement. Site-specific factors such as water flow, light 

and the presence of conspecifics or other organisms may also be influencing 

settlement. 

In a study of the ecological factors controlling the occurrence of barnacles in the 

Miramichi Estuary in eastern Canada, Bousfield (1955) describes a water layer of 

'no net motion' occurring at about 10 feet in depth during periods when the water 

was vertically stratified with respect to salinity. The water layers above and below it 

moved in opposite directions. During a year long survey in Marlborough Sounds, 

Gibbs et al. (1991) described a similar layer of almost stagnant water below the 

pycnocline at a site in Crail Bay not far from my study site at licence 226. The 

pycnocline changed depth over the tidal cycle but was usually between 10 and 15 m. 

Temperature profiles recorded during my study indicated that it was frequently at 11 

- 12 m. The physical and chemical characteristics of the water in this zone (or of its 

boundaries with the other water layers) may explain the unexpected settlement 

patterns. Because the vertical location of the zone moves with the tide, it is difficult 
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to know whether it would have been affecting the 10 m or the 15 m sample ropes in 

the present study. 

Assuming that it is a 'stagnant' zone as Gibbs et al. suggest, and assuming that its 

effect was mainly on the 10 m ropes, then it suggests that the flow rate may have 

been below that which is ideal for settlement, resulting in lower settlement at 10 m 

than at other depths. However, if its effect was mainly on the 15 m ropes, then it 

suggests that the decreased water flows in the zone may facilitate higher settlement 

rates than are possible at other depths where water flows are faster. This may 

explain why settlement was better at 15 m than at 20 m at sites such as licence 226. 

Gibbs et al. (1991) recorded maximum chlorophyll a levels in the 'stagnant' zone 

between 10 and 15 m at the Crail Bay site. The chlorophyll a maximum was more 

than four times the concentration in the overlying water and was also associated with 

maximum levels of particulate nitrogen and phosphorus. It appears that hydrological 

conditions cause more food to accumulate there than in the water above or below it. 

Thus it is possible that food abundance also may play a role in determining these 

settlement patterns. 

Siddall (1982) found that survival and subsequent recruitment of Perna perna and P. 

viridis are dependent more on the environmental conditions experienced during and 

after metamorphosis than on the conditions under which the early larval stages 

developed. It is possible that the elevated chlorophyll levels in the 'stagnant' zone 

lead to better post-metamorphosis survival rates than at other depths. This might 

explain the higher settlement at 15 m but it does not explain the lower settlement at 

10 m. 

It is possible that zooplankton predators such as the medusa Aurelia aurita also 

accumulate in the 'stagnant' zone and consume large quantities of P. canaliculus 

larvae before they have a chance to settle. A. aurita is a voracious predator on a 

broad range of prey, ranging in size from phytoplankton to fish larvae, but 
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especially zooplankton in the size range 200 - 2000 ~-tm (Olesen et al., 1994). A. 

aurita were sometimes so abundant that it was impossible to avoid them during 

larval sampling and they caused innumerable delays when sucked into the pump. 

Large aggregations of another potential predator, Munida gregaria, have also been 

observed in the study area. While I have no data so show that these predators were 

more abundant at particular depths, it is not unreasonable to assume that they may 

accumulate along with other things in the 'stagnant' zone and cause the lower 

settlement observed at 10 m. Tortell (1976) observed 'innumerable A. aurelia' along 

with other flotsam in a slick where the Pelorus Sound water mass converged with 

the water mass in Crail Bay. 

Finally, some bivalve larvae require specific chemical or tactile cues or 'triggers' 

before they settle and metamorphose. These may include temperature changes (Lutz 

et al., 1970), the presence of metamorphosed conspecifics (Hidu & Haskin, 1971; 

Keck et al., 1974), bacterial/algal films (Scheltema, 1974) and the presence of 

chemicals (Eyster & Pechenik, 1987). Whether Perna canaliculus requires specific 

settlement 'triggers' before it will settle is not known. Although identical ropes were 

used for the settlement surfaces at all sites and water depths in this study, it does not 

preclude the possibility that Perna canaliculus may require a film to build up on the 

ropes before they will attach. Some mussel farmers claim that new ropes do not 

catch spat until they have been in the water for a few days although there are no 

data to substantiate this. 

Buchanan (1994) showed that adult mussels consume conspecific larvae and 

postulated that this was a cause of low settlement rates into adult Perna beds. Dense 

beds of mussels enhance their food supply by causing water turbulence as water 

flows over them (Holloway, 1990). While these two processes may have a localised 

effect on settlement to adult beds and to ropes of cultured mussels, they are unlikely 

to effect settlement on to bare catching ropes which are usually separated by 15 m 

or more from ropes of mature mussels. However the consumption of larvae by 
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mature mussels may be a significant cause of larval mortality especially in heavily 

stocked culture areas. 

3.4.4 EFFECT OF TEMPERATURE AND SALINITY ON SETTLEMENT 

PATTERNS 

There appears to be a negative correlation between settlement and temperature 

although it was difficult to confirm from my study because only weekly settlement 

data were available. Furthermore the settlement data were confounded by larval 

abundance which is also greater in deeper waters where the temperature is generally 

lower. In oysters, temperature increases have been shown to stimulate setting (Hidu 

& Haskin, 1971) although the temperature changes used in their study were far in 

excess of temperature fluctuations observed in mussel farms. Positive correlations 

between salinity and settlement were observed but they were not significant in all 

years. Again the settlement data were confounded by larval abundance. 

3.4.5 VARIATION IN RECRUITMENT 

Recruitment is clearly variable both within and among years. Coe (1956) examined 

the long-term fluctuations in populations of six species of marine invertebrates and 

found large annual variations. He found no conclusive evidence of regular and 

predictable periodicities in abundances, and concluded "that irregularity in the 

periods of fluctuations was the general rule". The same rule would appear to apply 

to annual variations in settlement in Marlborough Sounds. Sites where settlement 

success is nearly always high do fail on occasion (Hayden & Kendrick, 1992). 

The change in recruitment rankings between 8 and 12 weeks at some sites suggests 

that post-settlement processes such as predation may be starting to have a significant 

impact some time after 8 weeks. For instance, the ranking of licence 94 increased 

dramatically between 8 and 12 weeks. Although initial settlement and 8-week 
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recruitment was low at this site, it appears that mortality was also low so the 8 week 

recruits were still there at 12 weeks. Conversely, the ranking of licence 180 slipped 

from high at 8 weeks to very poor at 12 weeks. It appears that although initial 

settlement and 8-week recruitment was high at this site, heavy mortalities occurred 

somewhere between the 8th and 12th week after settlement. Licence 180 is known to 

be subject to heavy fish predation (Chapter 5) which may start occurring at about 

week 8 when the mussels may be of a size which would be visible to fish. It is also 

possible that density dependent processes such as competition from conspecifics 

occur at sites such as 180 where initial settlement density is high. However, there 

was no evidence for this at other sites which had high initial settlement so it is more 

likely that predation was the cause of the drop in rankings at licence 180. 

3.4.6 PRACTICAL APPLICATION OF THE DATA 

The data presented in this chapter indicate that choice of sites and depths for spat 

catching cannot be based only on relative abundances of larvae. Flow rate appears 

also to have a significant impact on settlement success and is worthy of further 

investigation. 

Prior to the present study, most spat catching in Marlborough Sounds was conducted 

at three sites which had been identified as suitable for spat catching (Meredyth

Young, 1971). At these sites, Te Matau-a-Maui Bay in Kenepuru Sound, Wet Inlet 

in Crail Bay, and one site at the head of Manaroa Bay (Figure 3.10), the New 

Zealand Marine Farming Association installed communal spat catching longlines 

where farmers could lease space to hang spat catching ropes. Heavy catches were 

frequently obtained at these sites. However, good catches depended on particular 

wind conditions which were not predictable, and heavy post-settlement mortalities 

were often experienced. If an adequate catch of mussels was not obtained soon after 

the ropes had been put in the water, the ropes became heavily fouled with other 
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marine organisms and had to be removed from the water for cleaning before re-use 

(Jenkins, 1985). 

FIGURE 3.10 

Main spat catching sites in Marlborough Sounds prior to present study 

All three traditional sites were in water less than 12 m deep and catching ropes were 

hung in the top 5-7 m of the water column only. The present study, however, has 

shown that reliable catches of spat can be obtained at many sites which are located 

in deeper water and that settlement is heavier on ropes hung at 15 or 20 m than 

nearer the surface. This finding has been confirmed by a subsequent study which 

identified a number of sites in Marlborough Sounds where large numbers of spat 

settled for up to 4 months of the year (Hayden & Kendrick, 1992). Settlement was 

shown to be consistently heavier at 15 m than at 5 m. Particular weather conditions 

are not necessary to bring the larvae in contact with catching ropes set in deeper 

water eg. at 15 or 20 m. 

As a result of these two studies, most spat-catching in the Marlborough Sounds is 

now carried out 10-15 m below the surface, either on farmers' own leases or on 
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new communal sites which have been established in deeper water. The catching 

ropes are hung from the headlines as before, then the entire longline is sunk to the 

water depth required. This change in catching technique has necessitated a change to 

the management of the communal catching areas. It is no longer feasible to allocate 

sections of a longline to individual farmers since the line cannot be continually 

raised and lowered. Instead the farmers instal and operate their own longlines within 

the catching area. 
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CHAPTER 4 

Relationship between larval abundance, 

settlement and recruitment 

4.1 INTRODUCTION 

It is logical to assume that the abundance of larvae and the density at which they 

settle will influence the number of recruits in a population. Despite this, many 

studies have failed to consider the relationship between larval abundance, settlement 

and recruitment. Failure to distinguish between settlement and recruitment has led 

some workers to make erroneous inferences about larval settling behaviour based on 

patterns of recruitment e.g. Dean & Hurd (1980) and Mason & Drinkwater (1981). 

For instance, Mason & Drinkwater (1981) claimed that there was a close 

relationship between numbers of Mytilus edulis larvae in the plankton in a Scottish 

loch and settlement although they actually were recording numbers of recruits a 

considerable time after initial settlement. 

Of the studies that have considered initial settlement as a factor influencing 

recruitment, most have been done on intertidal barnacles, probably because they 

often dominate the high rocky intertidal zone throughout the world (Grosberg, 1982; 

Underwood and Denley, 1984; Caffey, 1985; Connell, 1985; Roughgarden et al., 

1987; Raimondi, 1990). Gaines and Roughgarden (1985) showed a high correlation 

between the abundance of barnacle larvae and the density of settlement of barnacles 

in several intertidal sites. Based on this study, a model for the demography of an 

open population with space limited recruitment was developed which showed that 

the settlement rate of larvae onto vacant substrata is a parameter that controls the 

structure of communities containing sessile marine organisms which have dispersive 

larval phases (Roughgarden et al., 1984). 
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Among the sites in this study, settlement densities of Perna canaliculus (Chapter 3) 

tended to be high where larval abundances were also high. Furthermore, mean 

settlement appeared to show a trend similar to recruitment at 8 weeks (section 

3.3.2). These results suggest a close relationship between larval abundance, 

settlement and abundance of 8-week recruits. 

However, other results from the present study suggest that the relationship may not 

always be so clear. For instance at the largest temporal scale examined (years), the 

distribution of late-stage Perna canaliculus larvae was found to be highly variable 

(section 2.3.1.2). Despite these large fluctuations among years, settlement density 

remained remarkably constant among years (section 3.3.1.1). At the finest spatial 

scale examined, larval abundance increased with depth but settlement densities did 

not follow exactly the same pattern (section 3.3.1.1) 

The relationship between larval abundance and settlement patterns is examined in 

section 4.2.1 (method) and 4.3.1 (results) of this chapter and the relationship 

between numbers of settlers and recruits is discussed in section 4.2.2 (method) and 

4.3.2 (results). Initially, it was hoped that it would be possible to mark larvae and 

settled plantigrades so that recruits originating from particular settlement events 

could be distinguished from later arrivals, and their growth and survival monitored 

from settlement to the end of the recruitment period. Unlike barnacles, newly settled 

mussels are relatively small, almost transparent and often move after settlement. 

Marking methods tested included alizarin red and neutral red but neither dye was 

retained long enough to be of value. (Refer Levin (1990) and Castell & Mann 

(1994) for reviews of marking techniques for marine larvae). Therefore the 

relationships between abundance of larvae, settled plantigrades and recruits were 

examined using the data from chapters 2 and 3 which were recorded during 

February/March in four consecutive years. 

In examining these relationships, assumptions were made about the ages of the 

larvae, settlers and recruits based on sizes. To verify these assumptions, the sizes of 

near-settlement larvae, newly settled spat and recruits are compared with measured 
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growth rates of spat (sections 4.2.3 and 4.2.4). Finally, sites are ranked according 

to abundance of larvae, settled plantigrades and recruits in each of the years tested. 

These rankings are compared in section 4.2.5. 
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4.2 MATERIALS AND METHODS 

4.2.1 RELATIONSHIP BETWEEN ABUNDANCE OF LARVAE AND 
SETTLED PLANTIGRADES 

Triplicate larval samples were taken once per day during mid flood tide. Thirty 

consecutive days were sampled in 1986, twenty three days in 1987, twenty one in 

1988 and twenty three in 1989. Depths sampled in 1986 were 5 m, 15 m and 20 m. 

In 1987, 1988 and 1989, four depths were sampled, 5 m, 10 m, 15 m and 20 m. 

Study sites were the same as those described in section 2.2.1.2 and the larvae were 

identified and counted as in section 2.2.1.1. 

Weekly settlement was measured for at least 4 weeks using the methods described in 

section 3.2.1.1. Settlement was measured at the same sites, and during the same 

period, as the larval sampling. 

Abundance of larvae and settled plantigrades at each of the sites was compared 

graphically, and the relationship between larval abundance and settlement was 

examined using Spearman' s rank correlation coefficients (Snedecor & Cochran, 

1980). Data from all sites were pooled to calculate correlations for each year and 

for each depth. 

It was important to know whether there was a relationship on individual marine 

farms. Therefore, to examine whether there was a consistent relationship at 

individual sites and depths, correlations were computed from the mean number of 

spat which settled each week and the mean larval abundance in the same week. 

However at this spatial scale, the sample sizes were relatively small and the power 

of the test low (Cohen, 1969). 

Weekly settlement in the study was defined as the number of mussels attached to the 

ropes after one week in the water. Any emigration or mortality occurring soon after 

Page 131 



Chapter 4. Relationship between life stages 

settlement will have gone undetected. If these losses were high, then the settlement 

figures used may have largely comprised spat which had settled in the days 

immediately prior to the ropes being removed from the water and counted. To check 

this possibility, correlations were calculated sequentially using the larvae from the 1 

(2, 3, 4, 5, etc.) day(s) prior to removal of the settlement ropes. 

4.2.2 RELATIONSHIP BETWEEN ABUNDANCE OF SETTLED 

PLANTIGRADES AND RECRUITS 

Mean abundances of 8-week recruits and plantigrades which had settled in the first 

three weeks of each recruitment period were compared graphically, and the 

relationship between the two life stages was examined using Spearman' s rank 

correlation coefficients (Snedecor & Cochran, 1980). Data from individual sites and 

depths were pooled to calculate correlations in each year. 

As discussed in Chapter 3, mussels on the spat-catching ropes which were larger 

than 1.5 mm eight and twelve weeks after the ropes had been placed in the water 

were counted as recruits. However, until post-settlement growth rates had been 

established (section 4.2.4) it was not possible to be sure that mussels settled on the 8 

and 12 week recruitment ropes were in fact 8 and 12 weeks old. It is possible that 

settlement may not have occurred in the first week that the ropes were in the water, 

but rather at a later date. Therefore, to examine the relationship between the 

abundance of settlers and recruits, Spearman's correlation coefficients were 

computed and compared using the mean settlement in the first one, first two, first 

three (up to 5) weeks of the recruitment period. 
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4.2.3 VERIFICATION OF "NEAR SETTLEMENT" STATUS OF LARVAE 

Perna canaliculus has a pelagically dispersed larval phase of up to three weeks 

(Redfearn et al., 1986). During that period the larvae may travel large distances 

(Mann, 1984). When establishing whether there was any relationship between the 

abundance of larvae and subsequent settlement at a site, it was important to exclude 

early stage larvae from the analyses since they may travel a considerable distance 

before reaching settlement size. Small larvae found at a site might be unlikely to 

settle at that site. Only eyed larvae ~0.20 mm with the morphological features of 

Perna canaliculus described by Booth (1977) and Redfearn et al. (1986), were 

counted as P. canaliculus larvae. To determine whether larvae classified according 

to this definition were of "near-settlement" size and therefore capable of settling at 

or near the site being examined, length frequency distributions of newly settled spat 

(less than 24 hours after settlement) were compared with length frequency 

distributions of larval samples. 

Three datasets were used to compile length frequency distributions of larvae and 

spat: 

(i) In 1986, a sample of larvae taken from 20 m water depth at licence 226 during 

the survey described in section 2.2.1.2. was measured. 

(ii) The sizes of newly settled spat were measured at two sites (licences 226 and 

163) on six days in February 1987. Five 20 cm lengths of Christmas tree rope 

were hung at four depths at each of the sites and left for 24 hours. At the end of 

this period, the ropes were removed from the water and the spat stripped from the 

ropes then counted and measured. The spat from the 5 replicate ropes had to be 

pooled to ensure an adequate sample size for measurement. Therefore, the 6 daily 

samples were treated as the replicates in the analyses. 

(iii) During March 1988, a survey was designed specifically to determine the size 

of larvae sampled and newly settled spat. Twelve 20 cm lengths of Christmas tree 
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rope were hung at each of four depths at six sites when the tide was in mid-flood. 

Twenty four hours later, the ropes were removed from the water and all the spat 

stripped from the ropes, counted and measured. Half way through the 24 hour 

period, when the tide was again at mid flood, larval samples were taken from each 

of the sites and depths using the method described in 2.2.1.1. 

All larvae and spat were measured along the posterior-anterior axis using an 

eyepiece micrometer on a stereo-microscope. Insufficient larvae were obtained in 

some of the water samples to permit a valid comparison of sizes among sites. 

Therefore, larvae from the 6 sites sampled in 1988 were pooled to allow a 

comparison among depths, and with the sizes of newly settled spat. Data obtained 

from the three datasets were compared using either analyses of variance or a 

Student's t-test. Where no significant differences in size were found between 

samples, these samples also were pooled to increase sample sizes. For instance, no 

significant difference was found between the mean size of larvae sampled from 20 m 

depth in 1986 and those sampled from 20 m depth in 1988 (Figure 4.4) so these 

data were pooled. Length frequency distributions of larvae and spat were then 

compared. 

4.2.4 GROWTH RATE OF PLANTIGRADES 

To verify the age of the spat defined as 8 and 12 week old recruits in Chapter 3 and 

section 4.2.2 above, growth rates of newly settled spat were measured. From these 

results, the expected sizes of 8 and 12 week recruits were calculated and compared 

with the actual sizes of mussels on the recruitment ropes. 

Growth rate was expected to be density dependent and was also expected to be a 

function of site-specific factors such as food availability. Therefore, it was 

considered important to measure it at several sites and depths. An earlier attempt to 

measure growth rates of spat had failed because heavy fish predation at the sample 
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sites reduced the number of mussels remaining on the ropes to a level where there 

were not enough to measure. Therefore three sites were selected which were reputed 

to be relatively free from fish predation. These were licence 163 in Manaroa Bay, 

the spat catching zone on the northern side of Garnes Bay and licence 13 in 

Kauauroa Bay (Figure 4.1) . 

. . . 
Garnes BaY_.'. · .. 

FIGURE 4.1 

Sample sites for growth rate of plantigrades 
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At each site, 24 half-metre lengths of spat catching rope were hung at each of four 

depths (5, 10, 15, 20 m). At weekly intervals, 2 ropes were randomly selected from 

each site and depth for counting and measurement. The number of spat which settled 

in each week was also estimated by hanging two ropes at each site and depth at the 

start of each week and counting all the spat on them at the end of the week. The 

spat were removed from the ropes and counted by the method described in section 

3.1.1. At least 100 spat were measured from each sample using either an eyepiece 

micrometer on a stereo-microscope or VIDS II software on an image analyser. 

An attempt was made to analyse the growth rate data with 'MULTIFAN 2' (Otter 

Software) which simultaneously analyses a series of length frequency samples taken 

over time to estimate the proportions of mussels at age in each sample and the 

parameters of the von Bertalanffy growth function. Simultaneous analysis of all the 

samples overcomes the common problem of assuming that modes corresponding to 

dominant age classes are modes corresponding to consecutive age classes. However 

when the length frequencies were plotted, it was clear that the growth rate was 

exponential and that one of the assumptions of the MULTIFAN model (that the 

mean lengths at age lie on, or near, a von Bertalanffy growth curve) could not be 

fulfilled. Therefore 'MIX 2.3' software (MacDonald & Green, 1988) was used. MIX 

utilises a similar method to MULTIF AN to fit the mix of distributions to the data 

(maximum likelihood estimation for grouped data), but does so by a slower iterative 

procedure and is capable of analysing data from a mixture of distributions resulting 

from exponential growth. 

MIX assumes that the population from which the samples were taken is a 

mixture of k component populations. For each of these component populations, MIX 

estimates the mean (~-t), the standard deviation (cri) and the proportion of the total 

population that the i1
" component population constitutes. A polynomial regression 

analysis was performed on the mean length vs time, and a linear regression on 

ln(mean length) vs time. In each case the residuals were plotted to determine which 

was the most appropriate regression model to use. A regression was also calculated 

from the maximum sizes in each sample. 
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4.2.5 COMPARISON OF SITE RANKINGS 

In sections 2.2.1.2, 3.2.1.1 and 3.2.2, sites and depths were ranked in order of 

decreasing mean abundances of larvae, settled plantigrades and recruits during the 

study period in each year. Differences between means were tested using the Student

Newman-Keuls test (Winer, 1962). In this section, the rankings during the three life 

stages are compared. If supply of the early life stages (larvae and settled 

plantigrades) is the major determinant of recruitment variability, then one would 

expect that the site rankings would be the same for each of the life stages (eg. the 

site which has the most larvae would also have the most settlers and recruits). 

Changes in rankings among the life stages may indicate that processes such as 

predation and competition are having an important effect (eg. a site which ranks 

high for larvae and settlers but ranks low for number of recruits). 
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4.3 RESULTS 

4.3.1 RELATIONSIDP BETWEEN ABUNDANCE OF LARVAE AND 
SETTLED PLANTIGRADES 

When mean larval abundance and mean weekly settlement at each of the sites were 

graphed the two plots showed a very similar pattern especially in 1987, 1988 and 

1989 (Figure 4.2a-4.2d). Mean settlement densities tended to be high at sites where 

mean larval abundances were also high. There were occasional exceptions. For 

instance, settlement was high at 20 m at licence 180 in 1988 even though larval 

abundance was not particularly high at that site/depth in 1988 (Figure 4.2c). 

However these graphs represent means over the entire study period in each year so 

any time lags between peaks in larval abundance and peaks in settlement are 

masked. It is possible that the high settlement at licence 180/20 m in 1988 was 

caused by a peak of larvae occurring just prior to the study period and therefore not 

detected. 
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1986 

163 Be a 

Site 

FIGURE 4.2a 

1 11 

Larvae 
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8 wk 
recruits 

Abundance of larvae, settlers and 8-wk recruits in 1986. Larvae and settlers are mean 
numbers during the first 4 weeks of the study period. Recruits are all spat ;;:: 1500 ttm 
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Sea 111 

Larvae 

Settlers 

.5m 

I2J 10 m 

015m 

lSJ2o m 

8 wk 
recruits 

I 0~---J~~------------~LL~-------------
226 Sea 
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FIGURE 4.2b 

Mean abundance of larvae, settlers and 8-wk recruits in 1987. Larvae and settlers are mean 
numbers during the first 4 weeks of the study period. Recruits are all spat ~ 1500 ~m 
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Mean abundance of larvae, settlers, 8-wk & 12-wk recruits in 1988. Larvae and settlers are 
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Mean abundance of larvae, settlers, 8-wk & 12-wk recruits in 1989. Larvae and settlers are 
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Data from all sites and depths were pooled to investigate whether there was a 

statistical relationship between larval abundance and settlement in each of the years 

tested. A significant and almost identical positive relationship was observed in three 

of the four years (Table 4.1). In those three years the relationship was robust 

regardless of the depth (Table 4.2). In the other year (1986), the relationship was 

positive and significant at 5 m but very weak at the other depths tested. 

TABLE 4.1 

Spearman's rank correlation coefficient (r) between weekly larval 
abundance and settlement (all sites, depths, and sampling periods pooled) 

Year Sites Depths Weeks Spearman's r n 

1986 4 3 4 0.087 60 

1987 4 4 3 0.689* 48 

1988 6 4 4 0.629* 96 

1989 6 4 4 0.667* 96 

*Significant, p :::;;0.05 

TABLE 4.2 

Spearman's correlation coefficients (r) between larval abundance and 
settlement, obtained by pooling sites and grouping data by depth and 

years 

Depth 1986 1987 1988 1989 

5m .564* .529 .696* .475* 

lOm .694* .659* .644* 

15 m .050 .795* .630* .666* 

20 m -.173 .427 .520* .571 * 

n 20 12 24 24 

* Significant, p :::;; 0.05 
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Is the relationship consistent at individual sites? Analysis of individual sites in each 

of the years showed significant positive correlations for all sites in some years 

(Table 4.3). Ninety per cent of the correlations were positive, and 78% of these 

were higher than 0.5. However the pattern was not consistent among years. For 

instance, at licence 163, significant correlations were found in 1986, 1987 and 1988 

but a negative and non-significant correlation occurred in 1989. At Site Bea, 

significant correlations were observed in 1988 and 1989 but not in the two preceding 

years. 

TABLE 4.3 

Spearman's rank correlation coefficient (r) between settlement and larval 
abundance for each site in each year 

Spearman's r 

Site 1986 1987 1988 1989 

287 .227 .861 * 

163 .732* .953* .710* -.129 

180 .357 .936* 

94 .594* .827* 

Bea .043 .392 .806* .724* 

80 .563* .911 * 

111 -.531* .802* 

226 .786* .874* 

n 15 12 16 16 

* significant at p ~ .05 
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Part of the reason for the lack of a consistent pattern among years at each site was 

revealed when each depth at each site was examined separately (Table 4.4). This 

showed that a relationship may exist at some depths only. For instance, the overall 

negative correlation observed at licence 111 in 1986 (Table 4. 3) can be explained by 

the negative relationships found at both 15 and 20 m. However at 5 m, there was a 

relatively strong positive relationship. Similarly, there was a strong positive 

relationship at licence 163 in 1988 but only at 10, 15 and 20 m. At 5 m, the 

correlation was negative. This analysis at the finer spatial scale (Table 4.4) also 

showed that while there may be a consistent pattern to the relationship among years at 

one depth (eg. licence 163/10 m), it may be highly variable at another depth (eg. 

licence 163/5 m). 

Only 34% of the correlations were significant at p = 0.05. The relatively low 

percentage of significant correlations detected at this scale of sampling (individual sites 

and depths) is probably the result of the small sample sizes used and hence the low 

power of the test. Even when this is taken into account, there were some occasions 

when the correlation was very low, negative or non-existent. Therefore, one must 

conclude that while there is frequently a strong positive relationship between larval 

abundance and subsequent settlement, the relationship is highly variable among sites, 

depths and years. 
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TABLE 4.4 

Spearman's rank correlation coefficient (r) between settlement and larval 
abundance at each site/depth combination in each year 

Spearman's r 

Site/Depth 1986 1987 1988 1989 

287/5m -.949 * .632 

287110 0 .400 

287/15 .400 .200 

287/20 .632 -.211 

163/5 .300 1.000 * -.400 -.600 

163/10 1.000 * .948 * .800 

163115 .800 1.000 * 1.000 * 0 

163/20 .900 * 1.000 * 1.000 * .400 

180/5 .316 .600 

180110 .949 * 1.000 * 

180115 -.200 1.000 * 

180/20 -.800 .800 

94/5 1.000 * 1.000 * 

94110 1.000 * .800 

94/15 .400 .400 

94/20 .800 .400 

Bea/5 .700 -.500 .630 1.000 * 

Bea/10 -.500 1.000 * .949 * 

Bea/15 .100 .500 1.000 * 0 

Bea/20 -.300 -.500 .800 -.800 

80/5 0 .800 

80/10 .600 .800 

80115 1.000 * .800 

80/20 .800 -.400 

11115 .700 .500 

111/10 1.000* 

111115 -.500 1.000 * 

111120 -.500 1.000 * 

226/5 1.000 * 

226110 .500 

226115 1.000 * 

226/20 .500 

* Significant, p ::::;; 0.05 
n = 5 
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If spat were dying or emigrating soon after settlement, the weekly settlement figures 

used may not have represented all the spat settled during the week. They may have 

comprised only those recently settled spat which had not yet died or moved away. If 

so, then better correlations should have been found when only spat which settled in 

the latter part of the week were counted. This was not observed. Spearman's r 

decreased with decreasing number of days of larval data used indicating that all 7 

days' larvae probably contributed to the observed settlement (Table 4.5). 

TABLE 4.5 

Comparison of Spearman's rank correlation coefticients (r) between 
settlement and larval abundance calculated using days 1-7 of the 

settlement period. (Results from all sites, sampling periods, and depths 
pooled) 

1987 

n = 48 

Mean of days 1-7 .688* 

Mean of days 2-7 .628* 

Mean of days 3-7 .522* 

Mean of days 4-7 .445* 

Mean of days 5-7 .399* 

Mean of days 6-7 .181 

Larvae Day 7 only .022 

Day 1 = First day of settlement period 
Day 7 = Last clay of settlement period 

* Significant p s0.05 

Spearman' s r 

1988 1989 

n = 96 n = 96 

.629* .667* 

.629* .659* 

.577* .646* 

.584* .610* 

.565* .590* 

.475* .544* 

.386* .511 * 

Page 147 



Chapter 4. Relationship between life stages 

4.3.2 RELATIONSHIP BETWEEN ABUNDANCE OF SETTLED 

PLANTIGRADES AND RECRUITS 

Eight-week recruitment was measured three times between November 1985 and 

April 1986, and four times between January and May 1987. Recruitment increased 

with time during the 85/86 study period (Figure 4.3a). In 1987, recruitment was 

high early in the period, dropped in February and March, and increased again at the 

end of the period (Figure 4.3a). At all of the recruitment sites where settlement also 

was recorded, mean settlement in the first three weeks of each recruitment period 

followed a similar trend to recruitment (Figure 4.3a). Eight-week recruitment was 

measured only once in both 1988 and 1989. As in previous years, settlement during 

the first. three weeks of the recruitment period followed a similar trend to 

recruitment (Figure 4.3b). The similarity in the patterns of abundance of each of the 

life stages can also be seen in the graphs of individual sites in Figure 4.2. These 

suggest a strong relationship between settlement and 8-week recruitment, especially 

in 1987, 1988 and 1989. However the relationship between settlement and 12-week 

recruitment is not so evident from the graphs (although there still appears to be a 

relationship). 
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Settlement and recruitment at each site in 1986 and 1987 
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To compute overall correlations for each year, the data from individual sites and 

depths were pooled. Significant positive correlations between settlement and 8-week 

recruits were obtained in 1987, 1988 and 1989 but not in 1986 (Table 4.6). The 

relationship in the later three years was reliable regardless of whether settlement in 

the first one, first two or first 3 weeks of the recruitment period was used in the 

calculation. In 1987, the correlation coefficient was low and non-significant when 

the mean of four or more weeks of settlement was used, but in 1988 and 1989 the 

relationship remained positive and significant when up to 5 weeks settlement data 

were used. 

The relationship between settlement and 12 week recruitment (examined in 1988 and 

1989) was much weaker than that with 8 week recruitment. Although positive 

correlations were still obtained, they were lower than for 8 week recruitment and far 

fewer were statistically significant (Table 4.6). 

Individual sites and depths were examined for a relationship in each of the years but 

the results are not listed. Although positive correlations were found at all sites, the 

small sample size (n =4 in most cases) resulted in a very low test power (Cohen, 

1969). 
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TABLE 4.6 

Spearman's rank correlation coefficient (r) between mean settlement 
density during the initial weeks of the recruitment period and number of 

8-week and 12-week recruits in each year (sites and depths pooled) 

r 

8-wk recruits 12-wk recruits 

1986 
Settlement 

Week 1 0.02 

Weeks 1-2 0.13 

Weeks 1-3 0.08 

Weeks 1-4 0.34 

Weeks 1-5 0.40 

n = 9 

1987 
Settlement 

Week 1 0.41 * 

Weeks 1-2 0.46* 
Weeks 1-3 0.68* 

Weeks 1-4 0.10 

Weeks 1-5 -0.21 

n = 24 

1988 
Settlement 

Week 1 0.76* 0.52* 

Weeks 1-2 0.67* 0.30 

Weeks 1-3 0.77* 0.38 

Weeks 1-4 0.66* 0.25 
Weeks 1-5 0.47* -0.08 

n = 24 

1989 

Settlement 

Week 1 0.62* 0.33 

Weeks 1-2 0.60* 0.16 
Weeks 1-3 0.80* 0.43* 

Weeks 1-4 0.56* 0.38 
Weeks 1-5 0.75* 0.58* 

n = 24 

*Significant, p :::;;0.5 
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4.3.3 VERIFICATION OF 'NEAR SETTLEMENT' STATUS OF LARVAE 

The means and the range of sizes of larvae at each depth are listed in Table 4.7. 

TABLE 4.7 

Mean size and range of sizes of larvae and newly-settled spat. Solid 
vertical lines indicate no significant difference between means, p > 0.05. 

Year 

Larvae: 

1986 

1988 

1988 

1988 

1988 

Spat: 

1987 

1987 

1987 

1987 

1987 

1987 

1987 

1987 

1988 

1988 

1988 

1988 

All data are in pm unless otherwise indicated 

Site Depth Mean± S.E. Range n 

226 20 m) 279.23 ± 2.63 228*- 321 60 

Sites pooled 20 m 274.60 ± 5.45 226*- 332 25 

Sites pooled 15 m] 243.36 ± 7.85 172*- 328 36 

Sites pooled 10 m 231.05 ± 7.99 182* - 319 22 

Sites pooled 5m 218.83 ± 5.87 172*- 316 42 

226 
15 m] 342.44 ± 2.89 264- 406 97 

226 20 m 340.35 ± 2.32 219 - 482 142 

226 5m 340.44 ± 5.23 248 - 416 63 

226 10 m 339.85 ± 3.93 244- 520 88 

163 
5 m] 343.70 ± 6.03 287 - 416 30 

163 15 m 337.76 ± 2.73 216- 442 134 

163 20 m 334.60 ± 2.93 242- 414 103 

163 lOm 333.65 ± 3.49 254- 397 82 

Sites pooled 20 m 317.08 ± 2.46 240- 460 146 

Sites pooled 
5 m] 301.06 ± 3.72 204- 480 113 

Sites pooled 15 m 300.34 ± 2.25 230- 364 154 

Sites pooled 10 m 296.73 ± 3.00 200- 430 137 

Lower limit of range may not be accurate. Smaller larvae may 
have been present but will not have been detected by the sampling 
method and the criteria used to identify Perna canaliculus. 
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No significant difference was found between the mean size of larvae sampled from 

20 m depth in 1986 and those sampled from 20 m in 1988 (Figure 4.4) so these data 

were pooled before comparison with spat sizes. 

20 
2:) 196& (Lie: 22&) 

I'll 1 gee (slt .. pool•d) 

15 

Date 2.2.86 

Mean 279.23 
S.E. 2.63 
n 60 

17.3.88 

174.60 
5.45 

25 

:::S10 
0" Student's t test: Q) .... u. 

5 

Size (microns) 

FIGURE 4.4 

tcalc. = 0.573 
tcrit. = 3.373-3.460 
No significant difference between 
size of samples (p = 0.001, 
DF = 83) 

Comparison of larval sizes at 20 m on 2/2/86 and 17/3/88 

During the 1987 experiment, there was a slight (0.008 mm) but significant 

difference between the mean size of the settled spat at the two sites. This may have 

been caused by 3 large 'outliers', measuring 0.667, 0.692 and 0.657 mm, in the 

samples from licence 226 (Figure 4.5.(a)). At the growth rates measured in section 

4.3.4, it is very unlikely that these were primary settled plantigrades. They were 

probably spat which had resettled after a period of bysso-pelagic drifting and 

therefore were removed from the dataset before comparing mean sizes of larvae 

with those of new settlers. There was no difference between the mean size of spat 
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settled at the four depths (Table 4.8). The similarity in mean size of plantigrades at 

each of the depths suggests that larvae will settle anywhere so long as they have 

reached a critical size (and stage of development) and there is a suitable settlement 

substratum. 

In 1988, there were no significant differences among the mean size of settlers at 5, 

10 or 15 m but those at 20 m were significantly larger (Tables 4.7 and 4.8 and 

Figure 4.5(b)). Although statistically significant, the difference in mean size of the 

spat at the 4 depths was very small (20.35 ,um between the largest and smallest). 

The mean size of larvae also was greater at 20 m than at the other depths in 1988. 

The mean size of the 24 hr settlers in 1987 was significantly larger than in 1988 

(Mean1987 =0.341 mm SE=0.002, Mean1988 =0.304 mm SE=0.001, 

F(l,I2930F)=275.72, Pr> F=0.0001 and Figure 4.5(a & b)). Some, but not all, of this 

difference was caused by the presence of the secondary settlers discussed above. 

TABLE 4.8 

Analysis of variance with site and depth of length of newly settled spat 
(::::;24 hrs) in 1987 and 1988. (Note: Data set unbalanced so Cochran's C 

not calculated) 

DF ss MS F p 

1987 

Site 1 0.0096 0.0096 5.31 0.0215 
Depth 3 0.0088 0.0029 1.63 n.s. 

Site x Depth 3 0.0009 0.0003 0.17 n.s. 
Residual 734 1.3242 0.0018 

1988 

Depth 3 35331.16 11777.05 10.82 0.0001 
Residual 549 597776.83 1088.85 

Total 552 633107.99 

n.s. not significant, p > 0.05 
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While the mean size of newly settled spat in my experiments ranged from 296 f.Lm to 

343 f.Lm, some were as small as 200 f.Lm. They ranged in size from 200 - 482 f.Lm. 

All of the larvae at 20 m, 72.2% at 15 m, 86.4% at 10 m and 68.3% at 5 m were 

within this size range. There appeared to be only one size range of larvae at 20 m 

(Figure 4.6). At 5, 10 and 15 m, there appeared to be two size classes, one 

consisting of larvae slightly smaller than the settlers (although still within the 

settlement size range) and one consisting of larvae of settlement size (Figure 4.6). 

Only larvae ~ 200 f.Lm were included in the larval abundance surveys in Chapter 2 

and the correlations in this chapter. The data presented here indicate that most of 

these larvae would have been at or close to settlement size. 
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1987, lie. 226, all depths 

1987, lie. 163, all depths 

1988, all sites, 20m 

Plantigrades 

1988, all sites, 15m 

1988, all sites, 1 Om 

1988, all sites, 5m 

2/2/86, lie. 226, 20m 

17/3/88, all sites, 20m 

Larvae 
17/3/88, all sites, 15m 

17/3/88, all sites, 1 Om 

Size (microns) 

FIGURE 4.6 

Length frequencies of larvae samples and newly settled plantigrades ( ~ 24 hr) 1986-1988 
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4.3.4 GROWTH RATE OF PLANTIGRADES 

Settlement occurred at all sites in all 12 weeks of the growth rate survey (Figure 

4. 7(a)-4. 7(c)) but was highest at licence 163. Cumulative weekly settlement at 

licence 163 increased during the first 9 weeks but levelled off slightly in the final 

three weeks. At Games Bay, cumulative weekly settlement increased during the first 

6 weeks but levelled off after that. Settlement was lowest at licence 13, increasing 

for the first 8 weeks but tapering off in the final weeks. 

If mortality during the survey was low, then one would expect little difference 

between the cumulative weekly settlement and the total number of mussels on the 

length frequency ropes. However large numbers of spat were lost from the length 

frequency ropes especially at licence 13 and Games Bay (Figure 4.7). At Games 

Bay, no mussels larger than 3.5 mm were found in any of the length frequency 

samples. Only two samples from licence 13 contained mussels greater than 3.5 mm. 

The cause of these losses is not known but estimates of growth rate at Games and 

licence 13 were not possible because of insufficient data from the samples. 

Therefore a comparison of growth rates among sites could not be done. 
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Mean number and maximum size of mussels on length frequency ropes (LF), and 
cumulative weekly settlement at licence 13 
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The data were more substantial at licence 163 although even at this site it was not 

possible to discern clear modes in the length frequency histograms beyond 5 weeks 

(Figure 4.8). Beyond 5 weeks, the right-hand tail of the distribution was an "ill

defined smear" with relatively low numbers of older age-group mussels. Therefore 

the maximum size of the mussels in each weekly sample was used to estimate the 

shape of the growth curve in weeks 6-12. 
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Week 1 

Week 5 

Week2 

Week 6 

Week 3 

Week 7 

Week 4 

FIGURE 4.8a 

Modes identified by "MIX 2.3" from the length frequency histograms at licence 163, 5 m 
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Week 1 

Week 6 

Week 3 

Week 7 

Week 4 

FIGURE 4.8b 

Modes identified by "MIX 2.3" from the length frequency histograms at licence 163, 10 m 
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Week 3 

Week 5 

FIGURE 4.8c 

Modes identified by "MIX 2.3" from the length frequency histograms at licence 163, 15 m 
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Week 1 Week 4 

Week 5 

A. A A .. .. 
Week 6 

FIGURE 4.8d 

Modes identified by "MIX 2.3" from the length frequency histograms at licence 163, 20 m 
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At all four depths at licence 163, polynomial regressions on the means and the 

maximums of each mode in the length frequency distributions, and linear regressions 

on the log transformed values, were highly significant. Comparison of the fraction 

of the total variation in length explained by the regression equation (represented by 

R2
) and plots of the residuals indicated that a polynomial regression equation gave a 

slightly better fit in all cases. Therefore only the results of the polynomial 

regressions are given (Tables 4.9 and 4.10) 

At 5m, the growth rate calculated from the maximum lengths (Gmax) closely follows 

the rate calculated from the means (Gmean). At 10m, the two rates are similar until 8 

weeks when Gmax starts to increase at a faster rate than Gmean· At both 15 and 20m, 

Gmax is faster than Gmean (Figure 4.9). One would expect Gmax to increase at a faster 

rate than Gm=· The length frequencies of newly settled plantigrades ( ~ 24 hr old) in 

section 4.3 suggest that Gmax is a better estimate of growth rate than is Gmean· 

The expected mean sizes of 8-week and 12-week old mussels were calculated from 

the Gmean equations for each depth: 

8 week 12 week 

5m 5.67 mm 12.67 mm 

10 m 4.92 mm 10.16 mm 

15 m 2.74 mm 4.10 mm 

20 m 3.45 mm 6.97 mm 

Mussels larger than 1.5 mm were counted in the recruitment samples in Chapter 3. 

Based on the above calculations of size-at-age, the recruitment samples will have 

contained all the mussels which were 8 weeks or older but they probably contained a 

percentage of younger mussels as well. They may have contained mussels as young 

as 4 weeks at 5 and 10m, 41/z weeks at 15m and 5 weeks at 20m (Figure 4.9). 

Page 168 



Chapter 4. Relationship between life stages 

TABLE 4.9 

Regression analysis calculated from the means of each mode in the length frequency 
distributions of post-settlement Perna. Note that parameter estimates in the table were 
calculated for a fourth degree polynomial equation. Where the F-test indicated that a lower 
order polynomial was adequate, sequential parameter estimates were used to determine the 
regression equation 

Parameter 
Variable DF estimate 

Sm 
Intercept -0.5914 
Week 1.5721 
Week2 -0.8419 
Week3 0.2121 
Week4 -0.0166 
Residual 18 
Regression equation: Mean length = 0.31 - 0.05(Week) + 0.09(Weekf 
Prob >F = 0.0001 

R2 = 0.9770 

10 m 
Intercept -0.0267 
Week 0.5152 
Week2 -0.1714 
Week3 0.0522 
Week4 -0.0040 
Residual 16 
Regression equation: Mean length = 0.20 + 0.11(Week) + 0.06(Week)2 

Prob >F = 0.0001 
R2 = 0.9895 

15 m 
Intercept 
Week 

Week2 

Week3 

Week4 

Residual 10 
Regression equation: Mean length = 0.02 + 0.34(Week) 
Prob > F = 0.0001 

R2 = 0.9803 

20 m 
Intercept 

Week 
Week2 

Week3 

-0.4971 
1.3753 

-0.6629 

0.1658 

-0.0141 

0.0674 

0.3499 
-0.0782 

0.0157 
Week4 -0.0004 
Residual 15 
Regression equation: Mean length = 0.25 + 0.08(Week) + 0.04(Week)2 

Prob >F = 0.0001 
R2 = 0.9708 

n.s. = not significant, p >0.05 

Type I SS 
(sequential) F 

16.0250 
6.0008 883.77 
0.3484 51.30 

0.0137 n.s. 
0.0106 n.s. 

0.1222 

15.2252 
5.5478 1830.96 

0.1510 49.83 
0.0011 n.s. 

0.0005 n.s. 
0.0485 

9.8743 
2.6670 699.99 

0.0019 n.s. 
0.0000 n.s. 

0.0045 n.s. 

0.0381 

10.7563 

2.7399 619.89 
0.0626 14.15 

0.0060 n.s. 
0.0000 n.s. 

0.0662 
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TABLE 4.10 

Regression analysis calculated from the maximum values in each mode in the length 
frequency distributions of post-settlement Perna. Note that parameter estimates in the table 
were calculated for a fourth degree polynomial equation. Where the F -test indicated that a 
lower order polynomial was adequate, sequential parameter estimates were used to 
determine the regression equation 

Parameter 
Variable DF estimate 

5m 
Intercept 1.9640 

Week -1.7498 

Week2 0.7302 

Week3 -0.0836 

Week4 I 0.0035 

Residual 5 

Regression equation: Max. length = 0.82 - 0.06(Week) + 0.09(Week)2 

Prob >F = 0.0001 

R2 = 0.9921 

10 m 

Intercept 

Week 

Week2 

1.6125 

-1.4288 
0.6445 

Type I SS 
(sequential) 

291.3840 

177.0149 
8.7243 
0.5324 
0.9458 

0.8302 

181.4760 
121.5518 

19.2360 

Week3 -0.0902 1.5599 

Week4 I 0.0051 0.4320 

Residual 5 0.9085 

Regression equation: Max. length = -0.15 + 0.82(Week)- 0.18(Week)2 + 0.02(Week)3 

Prob >F = 0.0001 

R2 = 0.9886 

15 m 

Intercept 0.9845 

Week -0.7368 

Week2 0.3913 

Week3 -0.0418 

Week4 0.0017 

Residual 4 

Regression equation: Max. length = 0.16 + 0.26(Week) + 0.06(Week? 

Prob >F = 0.0001 

R2 = 0.9860 

20 m 

Intercept 
Week 

Week2 

Week3 

Wee~ I 

Residual 3 

-0.5100 

1.6035 
-0.6424 

0.1139 
-0.0056 

Regression equation: Max. length = 0.22 + 0.17(Week) + 0.06(Week)2 

Prob > F = 0.0003 

R2 = 0.9940 

n.s. = not significant. p >0.05 

153.8427 

90.7976 

2.1034 

0.0014 

0.1023 
0.6555 

68.4450 

51.8745 

2.6154 

0.3758 
0.2917 
0.1428 

F 

1066.10 
52.54 

n.s. 
n.s. 

668.97 
105.87 

8.59 

n.s. 

554.12 

12.84 

n.s. 

n.s. 

1089.57 
54.93 

n.s. 
n.s. 
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FIGURE 4.9a-b 

Growth rates of settled plantigrades at licence 163, 5 & 10 m, calculated from the means 
and maxima of each mode in the length frequency distributions 
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FIGURE 4.9c-d 

Growth rates of settled plantigrades at licence 163, 15 & 20 m, calculated from the means 
and maxima of each mode in the length frequency distributions 
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4.3.5 COMPARISON OF SITE RANKINGS 

Mean larval abundance, settlement density and number of recruits at each site were 

ranked from highest to lowest for each year (Table 4.11). The change in rank 

between the various life stages in each year revealed some interesting patterns. In 

general, sites with a high rank for larval abundance eg. licences Bea, 180, 80, and 

226, tended to have a high rank for settlement density. 

There were significant changes in recruitment rankings between 8 and 12 weeks 

however. The ranking of licence 94 increased between 8 and 12 weeks in both 1988 

and 1989, while the ranking of licence 180 slipped from high at 8 weeks to very 

poor at 12 weeks in both years. Other sites, such as licences 80 and Bea, did not 

markedly change their rankings between 8 and 12 weeks. 
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TABLE 4.11 

Sites ranked in decreasing order of mean larval abundance, settlement 
and number of recruits. Solid bars indicate no significant difference 

between means, p > 0.05 

1986: 

Larvae Bea > 111 > 163 > 226 

Settlement 226 > 163 > 111 > Bea 

8 week recruits: Expt 2A 163 > 226 > 80 > 49 > 111 

Expt 2B 163 > Bea > 226 > 111 > 49 > 80 

Expt 2D 163 > 80 > Bea > 226 > 49 > 111 

1987: 

Larvae 226 > 111 > Bea > 163 

Settlement 111 > 226 > Bea > 163 

8 week recruits: Expt 2E Bea > 226 

Expt 2F Bea > 226 

Expt 2G 226 > Bea 

Expt 2H Bea > 226 

1988: 

Larvae Bea > 80 > 94 > 163 > 180 > 287 

Settlement Bea > 180 > 80 > 94 > 163 > 287 

8 week recruits 80 > Bea > 180 > 94 > 163 > 287 

12 week recruits 80 > 94 > Bea > 163 > 287 > 180 

1989: 

·Larvae Bea > 180 > 80 > 163 > 287 > 94 

Settlement 180 > 80 > Bea > 163 > 94 > 287 

8 week recruits Bea > 180 > 80 > 163 > 94 > 287 

12 week recruits Bea > 94 > 80 > 163 > 180 > 287 
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4.4 DISCUSSION 

There is clearly a strong relationship between larval abundance and settlement, and 

between settlement and subsequent recruitment, but the relationships are not 

consistent. Why do the relationships fail on some occasions? 

4.4.1 THE RELATIONSHIP BETWEEN LARVAL ABUNDANCE AND 
SETTLEMENT 

Because it was not possible to study the same mussels from the larval phase through 

to the end of the recruitment period, samples were taken of the population at each 

stage being studied. The errors associated with sampling highly variable populations, 

such as mussel larvae in the water column, will account for some of the observed 

discrepancies. 

Secondly, settlement density remained relatively constant among years despite large 

fluctuations in larval abundance (chapter 3). This suggests that there may be an 

upper limit to settlement density (possibly determined by the amount of available 

settlement space) which is independent of larval abundance. Once the upper limit of 

settlement density has been reached, the correlation between larvae and settler 

numbers may become quite low or non existent. 

Specific settlement cues or conditions may be necessary for successful settlement 

(Prytherch, 1983; De Blok & Geelen, 1958; Keck et al, 1974; Scheltema, 1974; 

Crisp, 1976; Strathmann & Branscomb, 1979; Hadfield, 1984). Often large numbers 

of presumably competent larvae were present and yet settlement was relatively low. 

In other cases, larval abundance was relatively low but settlement was high. 

Particular current flows may be necessary for successful settlement of larvae (Crisp, 

1955; Rittschof et al., 1984; Eyster & Pechenik, 1987) and the settlement 

experiments discussed in chapter 3 certainly suggest that this may be the case for P. 

canaliculus larvae. 
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In addition to environmental factors, there may be differences in the competence of 

larvae. All the larvae counted in this study were eyed and ~ 200 p..m but these 

features alone do not necessarily indicate that larvae are competent to settle. It is not 

known whether they all had a functional foot for instance. Siddall (1982) found that 

within a broad range of temperatures, time of onset of metamorphosis in Perna 

perna and P. viridis larvae was more a function of age than of growth rate. It is 

possible, therefore, that a wide size range of larvae are capable of settling. Whether 

very small spat survive for long after settlement is not known. A small percentage 

of the larvae in the 5, 10 and 15 m samples were in a slightly smaller size range 

than those at 20 m (section 4.3.3) and may not have been quite ready to settle. Use 

of a slightly larger lower size limit for larvae in the analyses eg. 250 p..m rather than 

200 p..m, would have increased the chance of sampling only competent larvae and 

may have yielded more consistent correlations. 

Larval quality may prove to be particularly important to understanding settlement 

processes and subsequent survival. Lipid content is a good indicator of larval quality 

in fishes and invertebrates (Holland, 1978; Gallager et al., 1986). Gallager et al. 

(1986), for example, showed for some molluscs that competence to settle could be 

determined by the pattern of lipid distribution in the larvae. Some estimation of the 

'quality' of the larvae in this study may have helped explain divergences from the 

detected patterns. 

Finally diurnal changes in the distribution of larvae may have had an effect on the 

relationship between settlement and larvae in some cases. Settlement ropes were in 

the water night and day for a week but the larvae were always sampled during the 

daytime. However the larval distribution data discussed in chapter 2 suggest that the 

location with respect to depth of larvae may sometimes change diurnally so that 

larval abundances calculated from the mean of several daytime samples may not be 

an accurate reflection of where the larvae were throughout the whole week. 

While the relationship between larval abundance and settlement was strong most of 

the time, the exceptions reinforce the conclusion made in chapter 3 that the presence 
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of large numbers of larvae is clearly not the only pre-requisite for successful 

settlement. 

4.4.2 THE RELATIONSHIP BETWEEN SETTLEMENT AND RECRUITMENT 

The relationship between settlement and recruitment was also generally strong but 

lacked consistency. Again there are likely to be several reasons. 

The growth rate data showed that 1.5 mm lower size limit for recruits may have 

been an inappropriate. The growth rate data indicate that the 8-week recruitment 

samples probably contained 4, 5, 6, & 7 week old recruits as well as 8 week 

recruits. Therefore it is not that surprising that the relationship between settlement 

and 8 week recruitment held whether the first 1, 2, 3, 4 or 5 weeks of settlement 

were used to calculate the correlations coefficients. The use of 1.5 mm lower size 

limit for recruits was even more inappropriate at 12 weeks. 

Finally, one cannot overlook the possibility of errors caused by the sampling 

method. Settlement was measured only once a week. Any mortalities or emigration 

occurring between settlement and the end of the week will have resulted in some 

settlement events being undetected or underestimated. Larvae were sampled once 

each day. The pilot study described in section 2.3.1.1 showed that more frequent 

sampling than once per day may be necessary to detect all peaks of larvae, but it 

was not practical to sample more frequently than daily in this study. 

Despite these factors, there were some sites where the relationship between 

settlement and recruitment remained strong and positive even after the ropes had 

been in the water for 12 weeks. Many mussel farmers claim that spat survival 

increases as the season progresses from summer to autumn (see also Meredyth

Young & Jenkins, 1980). Their claims are most often based on the 'catch' on their 

ropes (recruitment), because few farmers assess initial settlement on their ropes and 
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subsequent survival. Given the high correlations between settlement and recruitment 

found in this study, any increase in recruitment observed as summer progresses to 

autumn, is just as likely to be caused by settlement increasing over the period than 

to survival increasing. In both 1986 and 1987, when recruitment was measured 

several times in each year, 8 week recruitment followed the pattern of settlement 

very closely (Figure 4.3a) and there was no indication of different survival rates at 

the sites tested in those years. 

4.4.3 THE DIFFERENCE BETWEEN 8 AND 12 WEEK RECRUITMENT 

The change in recruitment rankings between 8 and 12 weeks at some sites in 1988 

and 1989 suggests that post settlement processes such as predation and competition 

may be starting to have a significant impact some time after 8 weeks. For instance, 

the ranking of licence 94 increased dramatically between 8 and 12 weeks. Although 

initial settlement and 8-week recruitment was low at this site, it appears that 

mortality was also low so the 8 week recruits were still there at 12 weeks. 

Conversely, the ranking of licence 180 slipped from high at 8 weeks to very poor at 

12 weeks. It appears that although initial settlement and 8-week recruitment is high 

at this site, heavy mortalities occur somewhere between the 8th and 12th week after 

settlement. 

It is possible that density dependent processes such as competition from conspecifics 

occurs at sites such as 180 where initial settlement density is high. Competition from 

conspecifics will increase as the mussels grow larger. At what point this process 

begins to have a significant effect on recruitment numbers will depend on settlement 

density and a number of other factors. It is more likely to be a cause of weakness in 

the relationship between settlement and recruitment at 12 weeks than at 8 weeks. 

However, there was no evidence for this at sites other than licence 180 which also 

had high initial settlement. Predation by fish is a more likely cause of the drop in 

rankings at licence 180. 
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Some sites eg. licence 180, are known to be subject to heavy fish predation (Chapter 

5). The impact of predation on recruitment numbers may not be significant until 

about week 8. It is possible that mussels are unattractive or too small to be seen by 

fish before then. Twelve week recruits, being larger and more visible, may be even 

more vulnerable than 8 week recruits. 

Caution is required when using the data in this study to assess at what stage the post 

settlement processes become significant in determining recruitment numbers. The 

impact becomes obvious after the ropes have been in the water for 8 weeks but the 

growth rate data showed that after 8 weeks the ropes may have contained recruits as 

young as 4-5 weeks. Thus the post settlement processes may be having a significant 

impact before the spat are 8 weeks old. 

4.4.4 THE INFLUENCE OF EXPERIMENTAL DESIGN ON OBSERVED 

PATTERNS 

This study illustrates that spatial and temporal scales of sampling affect detected 

patterns. If, for example, sampling had occurred only during 1987 it would have 

appeared that two sites, regardless of depth, had a consistent relationship between 

larval abundance and settlement. These patterns, however, did not hold among 

years. At a slightly larger scale of sites (with all depths combined), licence 163 

showed a relationship for 3 years but not the fourth while licence Bea showed a 

relationship in 2 of 4 years. 

Pooling data produced more distinct patterns, possibly because the larger sample 

sizes strengthened the power of the test when the data were pooled. For instance 

when correlations between larvae and settlers were calculated at individual sites and 

depths in each year, 34% were significant (p ::; 0.05). Grouping data by depth and 

years (sites pooled) showed significant correlations for 73% of the samples. 
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4.4.5 PRACTICAL APPLICATION OF THE DATA 

While it can be argued that too fine a scale of sampling is bound to reveal 

considerable variability, the finest spatial scale used in this study ie. individual sites 

and depths, is the one which is of most significance to mussel farmers. Many 

farmers are unable to hang their spat-catching ropes at more than one site and depth 

so they are interested in the relationship at that particular site and depth only. 

Broader scale patterns are of little use to them. In this study the small sample size 

used at individual sites and depths limited my ability to detect accurately the 

relationship between larval abundance and settlement. Nevertheless, it is clear that 

the relationship was very low or non existent in some years and is therefore of 

limited value to mussel farmers as a practical tool for predicting settlement. Failure 

to obtain a catch in one year could be disastrous, especially for those farmers who 

specialise in catching spat for others in the industry. 

Examination of the site rankings in each year suggested that, despite annual 

variability in abundances, there are some sites (eg. licence Bea), that consistently 

rank better than others. This is similar to the pattern found by Gaines and 

Roughgarden (1985) in their study of barnacles. While abundance of larvae changed 

among years at different sites, the rankings of the sites for relative larval abundance 

remained consistent from year to year. 

Because detection of the relationship between larvae and settlers requires a scale of 

sampling which is too fine to be of practical value to most farmers and because the 

relationship cannot be relied on at all times, other means of ensuring successful 

"catches" are needed. There are several practices which could increase the chance of 

obtaining a good catch but the likelihood of being able to accurately predict the 

location and timing of particular settlement events seems low. 
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Practices which will increase the chance of getting good settlement and largely 

obviate the need to predict settlement include; 

(i) the use of sub-surface longlines or other methods so that the catching 

ropes are located where the abundance of late-stage larvae is highest, and 

(ii) concentrating spat-catching efforts at sites which consistently rank 

highly for settlement and early recruitment (such as licences Bea and 180). 

4.4.6 GROWTH RATES 

The data collected to compare the sizes of larvae and newly settled spat suggest that 

there are differences between wild and hatchery-reared Perna canaliculus. Redfearn 

et al. (1986) observed a functional foot in some hatchery reared pediveliger larvae 

at 235 p.m. The size at which the eyespot was visible ranged from 220-270 p.m and 

many larvae settled from about 250 p.m. The results of my study suggest that some 

wild larvae develop an eyespot and are able to settle at a smaller size than in the 

hatchery. The smallest settled spat measured was 200 p.m, and many were less than 

250 p.m. Wild spat transferred into a laboratory by Buchanan (1994) also grew much 

slower than the spat in the present study. 

Post settlement growth rates recorded in this study varied with depth, the highest 

growth rate being recorded at 5 m, followed by 10 m, 20 m and 15 m the lowest. 

Flaws (1975) measured the growth rate of mussels hung from a raft in Marlborough 

Sounds and found that the growth rate increased with depth between 0.5 and 4 m. 

These differences in growth rate were more likely to have been caused by factors 

which affect the mussel filtration rates than by differences in food availability. 

Several factors affect filtration and energy intake of P. canaliculus including oxygen 

concentration, temperature and salinity. It is likely that a combination of these 

factors cause the differences in growth rate with depth. Filtration ceases rapidly 

when the salinity of the water is reduced from 34 ppt to 25 ppt (Waite, 1989). 
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Salinities as low as this are common in the surface waters after rainfall and are 

undoubtedly a major cause of the low growth rates found at the surface by Flaws. 

Reduced salinity did not, however, appear to have a significant impact on growth 

rates at 5 m or below in the present study. 

Mussel filtration rates decline with oxygen concentration (Waite, 1989). Oxygen 

concentration in the water is highest in the well mixed surface layers and declines 

with depth (Gibbs et al., 1991) so filtration rate will be highest nearest the surface. 

This may have contributed to the decline in growth rates from 5 m down to 15 m 

observed in the present study but does not explain why the mussels grew faster at 20 

m then at 15 m. 

Temperature differences will also have affected the growth rates. Filtration rates 

increase with increasing temperature (Sprung, 1984). During the present study the 

water temperature decreased with increasing depth but Gibbs et al. (1991) frequently 

found small temperature increases towards the bottom especially during winter. This 

could explain the unexpected increase in growth rate observed at 20 m. 

Increasing food concentration has a positive effect on growth rates of Perna 

canaliculus held in a hatchery (Dean & Hayden, unpubl. data) but one can only 

conjecture about its influence in the present study because food levels were not 

measured. Nutrient enrichment from rivers and land runoff will have more effect on 

phytoplankton production in the surface layers especially when the water is 

stratified. The combination of this, high light levels and warmer water temperatures 

near the surface is likely to cause phytoplankton production to be highest near the 

surface and may have contributed to the high growth rates recorded at 5 m. Nutrient 

rich oceanic water enters the embayment along the bottom (Gibbs et al., 1991) and 

may be causing the growth rates to be higher at 20 m than at 15 m. Mussels at 15 m 

would be least affected by either of these nutrient sources and thus grow slower. 

Data collected by Gibbs et al. (1991), however, indicated that the highest 

chlorophyll levels occurred between 10 and 15 m, probably because dilution and 

mixing are lowest there. If this was the case during the present study then the effect 
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of food availability on growth rates may have been masked by factors which affect 

the mussels' filtration and ingestion rates. 

There are few published growth rates of Perna canaliculus spat less than 10 mm 

with which to directly compare the results of the present study. Extrapolation from 

studies done on larger mussels eg. MacDonald (1963) and Paine (1971), is not 

appropriate for several reasons. Both of the above studies were on wild intertidal 

populations which are likely to grow more slowly than subtidal mussels since they 

cannot feed when uncovered at low tide. Secondly, the disturbance occasioned by 

the removal and measurement of mussels causes a slowing or temporary cessation of 

growth even when no apparent damage is done to the mantle or shell margin (Flaws, 

1975). Therefore growth rates estimated by repeated measurements of the same 

animals are likely to be lower than for mussels which are undisturbed. Finally, P. 

canaliculus grow much faster when suspended in the water column than they do in 

the rocky intertidal beds where they originally settled (Flaws, 1975; Hickman, 

1979). 

Hickman (1979) and Flaws (1975) measured the growth rates of wild P. canaliculus 

which had been transferred to rafts so their data are the most appropriate for 

comparison with the growth rates in the present study. Hickman grouped all mussels 

between 15 and 60 mm into one category and calculated a growth rate for the whole 

group. Growth rate decreases with size (MacDonald, 1963; Hickman, 1979) so one 

would expect Hickman's estimate of growth rate to be slower than that for mussels 

less than 15 mm. This was confirmed in my study. The mean size of mussels in my 

length frequency samples from 5 m increased from 5.67 to 12.67 mm between 8 and 

12 weeks, an average of 1.75 mm per week. Using Hickman's estimate of growth 

rate for 15-60 mm mussels, the increase in growth would be only 1.19 mm per 

week at a comparable depth and temperature. 

Flaws (1975) estimated that P. canaliculus which had settled on rafts in Kenepuru 

Sound grew from 10 mm to a maximum size of 75 mm in 6 months. Using the 

growth rate regression equation Gmax calculated in the present study at 5 m, mussels 
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would be 10 mm in size 10-11 weeks after settlement. If they maintained this 

growth rate for the next 6 months, they would reach a theoretical size of 119 mm. 

This estimate is unrealistically high, however, because the regression equation was 

calculated from late summer data. Growth rates vary seasonally and will be much 

lower in winter (Hickman, 1979). 
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CHAPTER 5 

Effect of disturbance on recruitment 

5.1 INTRODUCTION 

In the context of rocky shores, the term disturbance is used to include a number of 

processes which remove organisms from a community such as physical damage or 

removal by waves, storm-tossed rocks, and drift logs (Dayton, 1971) and predation 

(Sebens, 1985). Disturbance, especially predation by marine invertebrates, is 

considered to have a major influence in determining the structure of many sessile 

marine communities (Dayton, 1971; Paine, 1974; Flaws, 1975; Menge & 

Sutherland, 1976; Keough and Butler, 1979; Peterson, 1979; Keough and Downes, 

1982; Witman, 1985). One interaction involving direct effects of predation occurs in 

rocky intertidal communities in the Pacific Northwest which are potentially 

dominated by the mussels Mytilus edulis and M. cal(fornianus. In the lower intertidal 

zone, species diversity is enhanced as a result of predation by the starfish Pisaster 

ochraceous preventing mussels from dominating the community (Paine, 1966, 

1974). This predator-prey interaction formed the basis of the 'keystone species' 

concept (Paine, 1969) which states that a predator may have an influence on a 

community disproportionate to its abundance. Hence, some species are the 

'keystones' which determine community structure. 

More recent studies have recognised that communities are frequently structured, 

often indirectly, by a combination of processes including competition, physical 

disturbances such as waves, drift logs and siltation, and biological disturbances such 

as predation (Dayton, 1971; Menge, 1976; Young & Chia, 1984). Witman (1985) 

observed that predation by crabs, lobsters and fish significantly reduced the 

abundance and distribution of several invertebrate species in a New England rocky 

subtidal community. Within the same community, sub tidal beds of the horse mussel 

Modiolus modiolus provided a spatial refuge from the predators, resulting in less 
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change in species composition, dominance and diversity of the infaunal invertebrates 

within the Modiolus beds. In a later study, Witman (1987) showed that the most 

significant source of mortality of large subtidal mussels (Modiolus modiolus) in the 

Gulf of Maine was caused by kelp overgrowth on the mussels reducing their ability 

to maintain a holdfast during storms. 

The predatory gastropod, Nucella lapillus, is thought by Menge (1976) to control 

the distribution and abundance of mussels on the rocky shores of New England but 

Petraitis (1990) suggests that the cause may be the removal of recruitment sites 

(algae) by Nucella rather than direct predation on the mussels. 

Natural mussel-dominated communities can be strongly affected by predators of 

several phyla. The predators include various species of starfish (Paine, 1971, 1974, 

1976; Flaws, 1975; Keough & Butler, 1979; Penney & Griffiths, 1984; Tokeshi, 

1989), conch (Carriker, 1951b), other carnivorous gastropods (Paine, 1974; Menge, 

1976; Burrows & Hughes, 1991), crabs (Lin, 1991; Ojeda & Dearborn, 1991), rock 

lobster (Penny & Griffiths, 1984; Robles, 1987, Ojeda & Dearborn, 1991) and birds 

(Marsh, 1986; Goss-Custard & Durell, 1988; Bustnes & Erikstad, 1990). All of 

these studies have been done in natural habitats within the littoral and sublittoral 

zones of rocky shores. 

Marine communities modified for aquaculture, such as the mussel growing areas of 

the Marlborough Sounds, are characterised by a preponderance of a single species, 

often of a single age cohort. Such communities may be particularly susceptible to 

predation effects (Menzel et al., 1976; Castagna and Kraeuter, 1977; Pirquet, 

1990). Cultured P. canaliculus grow much more quickly, and have thinner and 

lighter shells, than mussels growing in their natural habitat on subtidal rocks 

(Hickman, 1979). Mussel growing ropes also provide fewer refuges from predators 

than natural rocky shores. Mussels on longlines may, therefore, be more susceptible 

to predators than wild mussels. In the Marlborough Sounds, the ropes used for 

catching and on-growing mussels are suspended from floats on longlines in 10-30 m 

water (Figure 5.3). The ropes range in length from 5-10 m depending on the 
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available water depth and are designed so that the lower ends are several metres 

above the bottom. Because there is no direct connection to natural habitats other 

than an anchor rope at each end of a longline, predation is most likely to come from 

fish or from organisms which recruit to the catching and growing ropes rather than 

from benthic predators. 

Fish forage over a range of depths, are more mobile than invertebrates and can 

detect even well-hidden prey (Choat, 1982). Given the diversity and abundance of 

predatory fish in nearshore marine environments, it is surprising that predation by 

fish has not been shown to have an important effect in many marine communities. 

Edwards et al. (1982) suggest the reason is that the effects of highly mobile 

intermittent predators such as fish are hard to demonstrate and easy to overlook or 

misinterpret. They suggested that Menge (1976) overlooked fish when he concluded 

that Thais lapillus was the only significant predator of the mid-intertidal rocky 

shores in New England. In a later study Menge et al. (1986) showed that pufferfish 

affect the structure of intertidal communities in Panama through removal of 

carnivorous gastropods. Menge et al. (1986) also found that the abundance, species 

composition, and microhabitat of herbivorous limpets were strongly influenced by 

predation by fishes. During an exclusion experiment, they observed that the tropical 

mussel Modiolus capax was eliminated almost immediately when exposed to 

predation by fishes. In another study, Gaines & Roughgarden (1987) presented 

evidence of fish in offshore kelp forests of central California affecting recruitment to 

intertidal barnacle populations by preying on the larvae as they pass through the 

kelp. However, while predation by fish may have a measurable impact on the 

abundance of organisms, this is often not strong enough to have a major effect on 

community organization (Andrew and Choat, 1982; Andrew, 1988; Jones, 1988). 

Habitat structure may, in fact, have a far greater impact on fish populations than 

vice versa (Choat & Ayling, 1987; Jones, 1988). 

Predation by fish is claimed to be one of the major problems associated with the 

greenshell mussel industry (Jenkins, 1985; Bartrom, 1985). One farmer estimates 

that he loses $24,000 worth of his crop each year to fish predation 
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(Meredyth-Young, pers. comm.). Evidence, however, is largely subjective and 

inconsistent. Anecdotes about which fish are the main predators and how they 

behave around mussels lines abound among mussel farmers. Three species of fish 

have been observed preying on mussels and are believed to be the main predators of 

cultured mussels in the Marlborough Sounds (Jenkins, 1985; Bartrom, 1985): the 

labrid Notolabrus celidotus (spotties), the sparid Pagrus auratus (snapper), and the 

monocanthid Parika scaber (leatherjackets). 

Mussel farmers claim that mussels as small as 2 mm and as large as 30 mm may be 

eaten by fish. Because some farmers believe that spotties eat mussels only towards 

the deeper ends of mussel ropes, these are looped in shallower water to prevent 

predation. Whether this is effective is not known. Other farmers believe that fish use 

the anchor ropes on the longlines as a guide to locating mussel ropes and, therefore, 

that mussels towards the ends of longlines get eaten first. Some insist that the fish 

are at shallow sites only, and do not occur in deeper sites. While anecdotes are 

plentiful, data are scarce. 

Mussel ropes may also be disturbed by the normal activities of mussel farmers and 

their boats. Fish are known to be attracted to mussel harvesting vessels which drop 

large quantities of small and broken shellfish and the epibiota stripped from the 

culture ropes into the water. It is possible that standard mussel farming practices 

such as harvesting and reseeding contribute significantly to post-settlement mortality 

of mussels on culture ropes. There are frequent anecdotal reports of farmers who lift 

some of their spat-catching ropes into the boat to estimate the size and density of the 

catch and then return the ropes to the water. Days later when they return to the site 

to strip and reseed the catch, the mussels have vanished from the ropes. 

This chapter describes a series of observations and experiments designed to provide 

some answers to the following questions. Does predation by fish significantly affect 

the abundance of recruits on mussel lines? If so, are the effects depth-related? Does 

this differ from site to site? What species of fish are the major predators? Are there 

Page 188 



Chapter 5. Disturbance. 

measures that farmers may take to control fish predation? Are marine farming 

practices contributing to the loss of recruits from mussel ropes? 

The chapter is divided into three parts. Part 5.2.1 describes five fish exclusion 

experiments (A-E) using cages which were carried out to determine whether fish 

predation is a significant process determining the abundance of mussels on mussel 

ropes, and whether some sites and depths may be affected more than others. Despite 

criticisms that the potential exists for cages to modify the physical environment in 

various ways and thus confound experimental results (Edwards et al., 1982; Keough 

& Downes, 1982; Hall et al., 1990), predator caging experiments are still the only 

practical way to test for predator effects in the field. Controls were included in the 

design of each experiment to test for confounding cage effects. To confirm that fish 

are preying on P. canaliculus and to assess which species of fish are the predators, 

fish in the vicinity of mussel ropes were identified and counted and the gut contents 

of fish caught around mussel lines were examined (part 5.2.2). The final part of the 

chapter (part 5.2.3) describes an experiment designed to determine whether the 

disturbance caused by a typical marine farming practice (lifting spat covered mussel 

ropes out of the water, into a boat and returning them to the water) contributes to 

predation effects by fish. 
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5.2 MATERIALS AND METHODS 

5.2.1 FISH EXCLUSION EXPERIMENTS 

5.2.1.1 Mussel sizes and densities 

P. canaliculus juveniles are likely to be affected by a variety of predators from egg 

to several months of age. Larval Perna probably are preyed on by most animals that 

feed on plankton, including the young and adults of some fish, larval decapod 

crustacea, shrimps and some copepods. While predation of larvae and recently 

metamorphosed spat may be a significant factor affecting recruitment of P. 

canaliculus, from a practical farming viewpoint, it does not appear to be as 

important as predation at later stages of the life cycle. Farmers frequently report 

good settlement on their ropes but heavy mortalities occurring after the spat has 

become visible to the naked eye. Therefore the fish exclusion experiments were 

confined to spat in the visible size range up to 15 mm. (The first thinning and 

reseeding operation usually takes place when the mussels are 10 - 25 mm in size). 

Five experiments were carried out over a period of 3 years as spat of different sizes 

became available. 

Very densely settled ropes of mussels which were close to thinning and reseeding 

size were used in the first two experiments. The mussels used in experiment B were 

of the same spat catch as those in experiment A, but had grown larger and were 

lower in density. Experiments C and D were designed to look at the effects of 

predation on very small spat (approximately one month old). Below this age, the 

spat are so small and translucent, they are unlikely to be visible to fish. The final 

experiment E was intended to test mussels which were slightly below reseeding size. 

The spat ropes used for this experiment had been in the water for 14 weeks. Growth 

rates calculated in Chapter 4 indicate that spat grown at 10 - 15 m water depth for 

14 weeks should have a mean size of 5-13 mm. However none of the spat exceeded 

5 mm in size suggesting that the spat was less than 14 weeks old, that predation or 
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some other process had already caused the loss of the larger mussels or that growth 

had been particularly slow. 

Because fish predation can occur rapidly, it was important to set up the experiments 

at all the sites in one day or less. This limited the number of sites and depths which 

could be tested at one time. The availability of longline space on mussel farms to set 

up the experiments further restricted the number and location of sites which could 

be tested. Therefore, not all the recruitment sites and depths discussed in Chapters 2 

and 3 were tested in any one year. 

Details of the 5 experiments are summarised below: 

Spat density 
Size of spat No./100mm rope Experimental 

Expt Sites mm (X± S.E.) ± S.E. treatments 

A 1,2 9.35 ± 0.13 435 ± 110 C,P,N 

B 1,2 14.5 ± 0.24 282 ± 13.2 C,P,N 

c 3,4 0.86 ± 0.03§ 620 ± 117.1 C,P,N,S 

D 4,5,6,7,8,9# 1.2 - 1.6?1 162 ± 27.9 C,P,N,S 

E 4,5,6,7,8,9# 0.5 - 5.0, 188 ± 9.9** C,P,N,S 

§ Measured 1 week before experiment. Bad weather delayed the start of the 
experiment for a week at which time the mussels were not re-measured. 
Density was measured when the experiment started, at which time 16% were 
> 1.5mm 

# Experiments D and E were carried out at the same 6 sites as the 
recruitment experiments in that year (1988) and were designed to test 
predation effects in the 6th and 7th weeks of the recruitment period. 
However, cyclone damage to the spat catching lines delayed the start of the 
experiment until other spat could be found. 

f The spat catching ropes used in experiment D had been in the water for 4 
weeks. Growth rate data (section 4.3.4) indicate that 4 week old spat should 
have a mean size of 1.2 - 1.6 mm if caught between 10 - 15 m. However the 
ropes already showed evidence of fish predation (rope fibres chewed and 
teeth marks on the few remaining > 2 mm mussels) and 59.0% of the 
mussels were less than 0.5 mm. 
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, Mussels less than 0.5 mm were not counted or measured. The mean 
number of mussels ;;:;: 0.5 mm was 188 per 100 mm of rope (SE = 9.9). All 
mussels were < 5 mm. 

** Only spat ;;:;: 0.5 mm were counted 

Because suitable equipment to accurately measure spat in the field was not available 

during experiments D & E, size distribution was estimated by the number of 

mussels retained on a selection of sieves of known pore size. 

Treatment abbreviations; 

C = Full cage 

P = Partial cage 

N =No cage 

S = Stocking 

A full description of the treatments is given in section 5.2.1.3. 
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5.2.1.2 Site locations and water depths 

All sites were on commercial mussel farms or spat catching areas (Figure 5.1). 

Longlines are numbered sequentially starting with the line closest to the shore: 

Site depth 
at MLLW 

Site Farm licence no. and location (m) 

1* 

2* 

3 

4 

5* 

6 

7 

8 

9 

180, NW end of longline 1 17 

158, SE end of longline 5 25 

226, SE end of longline 6 33 

163, NW end of longline 8 27 

180, SE end of longline 7 22 

80, centre of longline 5 25 

94, centre of longline 5 27 

287, S end of longline 7 28 

Bea, W end of longline 1 21 

* These sites had a known history of fish predation (T. 
Jamieson, mussel farmer, pers. comm.). 

In all five experiments, two water depths, 5 m and 15 m, were tested. Five metres 

has traditionally been the depth used by the industry for spat catching and 

on-growing of mussels (Jenkins, 1985). More consistent spat-catching and 

recruitment has been observed at 15m at some sites (Hayden & Kendrick, 1992), so 

this depth was tested also. 
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FIGURE 5.1 

Sample sites used in disturbance experiments. Numbers in brackets are site numbers for 
fish exclusion experiments 

Page 194 



Chapter 5. Disturbance. 

5.2.1.3 Experimental treatments 

Cylindrical cages (Full-cages), 200 mm in diameter and 300 mm long, were 

constructed of 13 mm plastic coated mesh supported on two rings of PVC piping 

(Figure 5.3). Partial cages (Part-cages) were used to test for confounding cage 

effects. These were constructed to the same design as the full-cages except for the 

sides which consisted of four 80 mm wide strips of mesh evenly spaced around the 

circumference. This left four sections of the cage walls open to fish entry. The 

cages were placed around the ropes of mussels, then sewn closed with nylon twine, 

and held in place with rigid stainless steel wire threaded through the cage and the 

lay of the mussel rope. Other ropes were left without cages (No-cages) but were 

otherwise handled in the same manner as the caged treatments. 

A fourth treatment (Stocking) was also tested in experiments C, D and E. 

Biodegradable cotton mesh tubing (2" diameter) normally used for reseeding spat 

was placed around the outside of the mussel ropes and secured with nylon string at 

both ends to prevent the mussels from migrating out. During reseeding operations, 

mussels are placed inside the mesh 'stocking' along with a culture rope. The 

stocking holds the mussels in place long enough for them to attach to the culture 

rope and then rots and disintegrates. It has been suggested that the stocking may 

also provide temporary protection from predatory fish. 

To obtain a consistent catch of mussels for each experiment, it was necessary to 

catch all the spat at one site and depth, then apply the treatments to the ropes before 

moving them to the test sites and depths. This meant that the effect of taking the 

spat ropes out of the water and applying the treatments could not be tested in the 

same experiment. Instead, the effect of handling and disturbing the ropes was tested 

in a separate experiment (section 5.2.3). 

In all the experiments, the ropes of mussels were removed from the water, cut into 

half metre lengths and stored in covered fish bins until the treatments were applied. 
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This process took less than 4 hours. The no-cage treatments were out of the water 

for the same length of time. 

To determine the initial densities and sizes of mussels, samples were taken from the 

ropes before the treatments were applied. Care was taken not to handle the central 

portion of each rope during application of the treatments. 

The treatments were randomized among adjacent mussel ropes, with each rope 

having a replicate at 5 m and at 15 m. Mussel ropes were 1 m apart on the 

longlines. 

FIGURE 5.2 

Full-cage treatment being lowered into water at start of experiment A 
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Layout of fish exclusion experiments on mussel longline 
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FIGURE 5.4 

Underwater view of treatments in experiment A. 
Treatment in foreground is a part-cage at 5 m 
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5.2.1.4 Duration of experiments and timing of inspections 

Accurate counts of the mussels in each of the treatments could be made only at the 

end of each experiment as this required stripping all the mussels from the ropes. 

However, occasional estimates of the proportion of mussels remaining on the ropes 

were made during experiments A & B either by a scuba diver or by gently raising 

the treatments in the water until they were visible from a boat. Experiments A and 

B were inspected after they had been in the water for 1-3 days. Experiment B was 

also inspected after 9 days. Experiment D was inspected after 12 days. 

All the experiments remained in the water for 2 weeks except for experiment D 

which remained in the water for 26 days. At the end of each experiment the cages 

were removed and all the mussels remaining on the treatments were stripped from 

the ropes and counted. Samples were also taken for measurement of mussel sizes. 

Samples for measurement and counting were always taken from the centre 100 mm 

of each rope, as cage movement may have abraded some mussels near the ends of 

experimental ropes. 

5.2.1.5 Experimental design 

Experiments A and B were identical in design but were done 2 weeks apart. This 

was done because fish predation on mussels might vary through time, possibly 

because of temporal variations in the abundance of predators. The results and 

discussion of these two experiments are combined. Experiments D and E were also 

similar in design although experiment D remained in the water longer than the other 

experiments. Their results are also combined. Six sites were tested in experiments D 

and E which allowed the number of replicates to be reduced to 2 while still retaining 

adequate power for analysis of variance. 
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Because the initial sizes and densities of mussels were different in each of the five 

experiments, they were analysed individually using a three-factor analysis of 

variance model. An orthogonal fixed factor design was used: 

Experiment Sites Depths Treatments n 

A&B 2 2 3 4 

c 2 2 4 4 

D&E 6 2 4 2 

Heteroscedasticity was tested using Cochran's test (Winer, 1962) and data 

transformed as necessary. ANOVA's were performed on the numbers and sizes of 

mussels in each treatment at the start and at the end of experiments A & B. Where 

significant differences among means were found, these were further examined using 

the Student-Newman-Keuls multiple comparison test (Zar, 1984). 

5.2.2 GUT CONTENTS OF FISH 

During experiment C, two unbaited fish traps were hung at each of the two sites (3 

& 4). The traps were covered in 13mm chicken mesh and were designed to catch 

fish such as spotties and leatherjackets (Meredyth-Young, 1985). The traps were 

emptied daily for the duration of the experiment. Three days before the start of 

experiment D, identical unbaited fish traps were hung at a depth of 10 m at all the 

test sites. The traps were emptied daily for 9 days. 

The fish were identified and measured for standard length, then sexed by 

examination of external features and gonads. Finally, gut contents were examined 

for evidence of mussels. Organisms other than mussels were identified according to 

common taxa. 
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5.2.3 EFFECT OF MOVING CULTURE ROPES 

Sites for this experiment were established on the most seaward longlines of three 

commercial mussel farms in Manaroa Bay (Figure 5.1). These were: 

(a) licence 163 (northwest end) 

(b) licence 180 (southeast end) 

(c) licence 190 (southeast end) 

Fifteen five-metre lengths of spat-catching rope were hung 10 m from the surface at 

each of the sites in late February 1987 and left undisturbed to catch spat for 34 

days. Five ropes were then selected at random and the density of settled spat on the 

ropes measured. Two treatments were applied to the remaining ropes as follows: 

(i) 'Disturbed'. Five randomly selected ropes were lifted out of the water 

and onto the boat deck for a simulated inspection of up to 5 minutes. Care 

was taken not to disturb adjacent ropes. The 'disturbed' ropes were handled 

relatively roughly on the boat resulting in some mussels being crushed and 

others knocked off the ropes. The ropes were then returned to the water. 

To ensure that the treatments were completely independent, the 'disturbed' 

ropes were hung at least 50 m from their original position on the longline. 

(ii) 'Undisturbed'. Five ropes were left in the water undisturbed. 

After 24 hours, all the ropes were removed from the water and counted. All samples 

for density measurements were made by cutting a 20 cm sample from the bottom of 

each rope, stripping off all the spat using the method described in section 3.2.1.1, 

and counting all Perna spat. To ensure that any spat which had settled on the ropes 

after the treatments had been applied were omitted from the calculation, only spat ~ 

0.5 mm were counted. 
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5.3 RESULTS 

5.3.1 FISH EXCLUSION EXPERIMENTS 

5.3.1.1 Experiments A & B 

INITIAL NUMBERS OF MUSSELS 

Despite the mussels being randomly assigned to treatments, depths and sites, there 

were significantly more mussels at Site 1 than at Site 2 at the start of experiment A. 

(Table 5.1 and Figures 5. 7a & 5. 7b). A significant interaction between site and 

treatment was found in the numbers of mussels in experiment B (Table 5.2 and 

Figure 5. 7c & 5. 7d). 

TABLE 5.1 

Comparison of initial numbers of mussels in experiment A. Data are 
mean numbers of mussels per 100 mm of rope (± S.E.). Three factor 
analysis of variance of initial number with site, depth and treatment. 
(Cochran's ~.12 = 0.21, p > 0.05) 

Site 1 Site 2 

5m 15 m 5m 15 m 

Full cage 413.5 ± 44.6 449.0 ± 61.9 421.0 ± 37.8 424.3 ± 35.8 

Part cage 420.5 ± 34.5 524.5 ± 40.8 394.0 ± 32.8 400.3 ± 19.3 

No cage 474.0 ± 35.3 469.0 ± 51.6 399.5 ± 33.4 428.8 ± 11.8 

ANOVA: 

DF ss MS F 

Site 26649.19 26649.19 4.44 

Depth 10005.19 10005.19 3.27 

Treatment 2 2016.17 1008.08 0.21 

Site x Depth 3056.02 3056.02 0.51 

Site x Treatment 2 9541.50 4770.75 0.80 

Depth x Treatment 2 4239.50 2119.75 0.49 

Site x Depth x T'ment 2 8712.17 4356.08 0.73 

Residual 36 215848.25 5995.78 

Total 47 280067.98 5958.89 

n.s. = not significant, p > 0.05 

p 

0.04 

n.s. 

n.s. 

n.s. 

n.s. 

n.s. 

n.s. 
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TABLE 5.2 

Comparison of initial numbers of mussels in experiment B. Data are 
mean numbers per 100 mm of rope (± S.E.). Three factor analysis of 
variance of initial number with site, depth and treatment. (Cochran's 
~.12 = 0.22, p > 0.05) 

Site 1 Site 2 

5m 15 m 5m 15 m 

Full cage 319.0 ± 13.8 198.5 ± 8.7 369.3 ± 49.5 327.3 ± 45.0 

Part cage 296.5 ± 18.0 315.0 ± 26.4 256.3 ± 52.9 251.5 ± 40.9 

No cage 255.3 ± 26.7 277.0 ± 22.6 267.8 ± 13.9 246.3 ± 91.3 

N VA: 

DF ss MS F p 

Site 1083.00 1083.00 0.26 n.s. 

Depth 7350.75 7350.75 153.14 n.s. 

Treatment 2 14148.88 7074.44 0.34 n.s. 

Site x Depth 48.00 48.00 0.01 n.s. 

Site x Treatment 2 42055.13 21027.56 5.05 0.01 

Depth x Treatment 2 19244.63 9622.31 2.26 n.s. 

Site x Depth x T'tment 2 8525.38 4262.69 1.02 n.s 

Residual 36 149857.50 4162.71 

Total 47 242313.25 5155.60 

n.s. = not significant, p > 0.05 

ESTIMATES OF NUMBER OF MUSSELS IN FIRST 1-3 DAYS 

It was apparent from the inspections made in the first 1-3 days that the number of 

mussels in all of the treatments decreased during the first 24 hours (Figure 5. 6). 

This was probably caused by mussels falling off as a result of handling during the 

experimental set -up and to some mussels migrating outside the cages. At Site 1, the 

number of mussels in the full cages remained steady after the first 24 hours or 

declined only slightly. In experiment A at Site 1, all the part-cage and no-cage 

mussels at 15 m disappeared within the first 24 hours (Figure 5.5). By 72 hours, all 

of the 5 m part-cage and no-cage mussels also had disappeared (Figure 5.6a). A 

similar pattern was observed in experiment B at Site 1 with all the 15 m part-cage 

and no-cage, and 5 m no-cage mussels gone within 24 hours. All of the 5 m 

part-cage mussels were also gone by 48 hours (Figure 5 .6c). 
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During experiment A at site 2, the effects of caged and the part-caged treatments 

were similar to the caged treatments at Site 1, showing a decline in numbers in the 

first 24-48 hours but then numbers remaining constant until the end of the 

experiment (Figure 5.6b). The numbers of mussels in the no-cage treatments 

continued to decline throughout the experiment, although at a much slower rate at 

Site 2 than at Site 1 (a few mussels remained at both 5 and 15 m at the end of the 

experiment). 

In experiment B at Site 2, there was little or no decline in the 5 and 15 m caged 

mussels, the 5 m part-cage, and the 5 m no-cage mussels (Figure 5.6d). The 15 m 

part-cage and no-cage mussels steadily declined. On Day 9, the ropes were lifted 

and inspected and a dramatic change in numbers was observed after this. The caged 

mussels remained constant but the part-cage and no-cage mussels at both depths 

declined rapidly to zero. 

The dramatic decline in numbers of mussels during both experiments in all but the 

full cage treatments suggests that predation occurred at both sites. However, the 

losses observed during the first 72 hours of each experiment indicate that the 

predation occurred at different rates at each site. At Site 1, all the mussels in the 

part-cage and no-cage treatments were probably removed in the first 48 hours of the 

experiment. At Site 2, the loss took much longer. In experiment A at Site 2, it took 

more than 14 days and the loss was from the no-cage treatments only. In experiment 

B at Site 2, the loss took more than 9 days. 
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FIGURE 5.5 

No-cage ropes after 24 hours of experiment A at Site 1. Rope on the left was at 15 m and 
rope on the right was at 5 m 
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FINAL NUMBERS OF MUSSELS 

At the end of experiment A, no mussels were left on any of the ropes at Site 1 

except those with full cages. At Site 2, mussels remained in all the treatments but 

significantly greater losses were observed on the ropes with no cages (Table 5.3 and 

Figure 5.7). Student-Newman-Keuls test showed no significant difference between 

the numbers of mussels remaining in the full-cages and part-cages at Site 2. 

TABLE 5.3 

Comparison between numbers of mussels remaining in the treatments at 
the end of experiment A. Data are mean final numbers of mussels per 
100 mm rope (± S.E.). Numbers in brackets are numbers of mussels 
remaining expressed as percentages of initial numbers. Two factor 
analysis of variance in number remaining with depth and treatment at 
Site 2 data only. (Cochran's ~.6 = 0.48, p > 0.05) 

Site 1 Site 2 

5m 15 m 5m 15 m 

Full cage 242.25±18.63 336.50±56.85 255.75±23.69 215.25±28.85 
(58.58) (74.94) (60.75) (50.74) 

Part cage 0 0 327.00±34.94 251.00±62.47 
(0) (0) (82.99) (62.71) 

No cage 0 0 9.00± 5.73 75.25±38.81 
(0) (0) (2.25) (17.55) 

ANOV A on Site 2: 

DF ss MS F p 

Depth 1683.38 1683.38 0.31 n.s. 

Treatment 2 269875.75 134937.88 25.13 0.0001 

Depth x Treatment 2 21927.25 10963.63 2.04 n.s. 

Residual 18 96652.25 5369.57 

Total 23 390138.63 16962.55 

n.s. = not significant, p > 0.05 
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At the end of experiment B, no mussels remained on any of the ropes at either site 

except those with full cages (Table 5.4 and Figure 5. 7). 

Although the treatments at Site 1 were found to have slightly more mussels than 

those at Site 2 at the start of experiment A, the difference proved inconsequential in 

light of the overall results. All mussels at Site 1 not protected by a full cage were 

lost so rapidly that small differences in initial numbers were immaterial. 

TABLE 5.4 

Comparison between numbers of mussels remaining in the treatments at 
the end of experiment B. Data are mean final numbers of mussels per 
100 mm rope (± S.E.). Numbers in brackets are numbers of mussels 
remaining expressed as percentages of initial numbers 

Site 1 Site 2 

5m 15 m 5m 15 m 

Full cage 200.00±29.11 126.75±15.49 180.75±27.75 166.25±29.48 
(62.70) (63.85) (48.95) (50.80) 

Part cage 0 0 0 0 
(0) (0) (0) (0) 

No cage 0 0 0 0 
(0) (0) (0) (0) 
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INITIAL SIZES OF MUSSELS 

Significant differences in the initial sizes of mussels used in each treatment in 

experiments A and B were found in some of the interactions (Tables 5.5 & 5.6). 

The differences were slight but the power of the test (DF = 1199) caused small 

differences to become significant. Ultimately, it did not matter because all the 

mussels disappeared anyway. 

TABLE 5.5 

Comparison of initial sizes of mussels used in experiment A. Data are 
mean sizes in mm (± S.E.). Three factor analysis of variance of size with 
site, depth and treatment. Note variances are heteroscedastic (Cochran's 
c99,12 = o.13) 

Site 1 Site 2 

5m 15 m 5m 15 m 

Full cage 9.58±0.16 9.16±0.17 10.05±0.20 9.19±0.20 

Part cage 9.40±0.18 8.90±0.18 10.11±0.20 8.82±0.23 

No cage 8.67±0.16 9.39±0.18 9.27±0.15 9.65±0.17 

ANOVA: 

DF ss MS F p 

Site 37.45 37.45 11.13 0.001 

Depth 1 28.21 28.21 1.26 n.s. 

Treatment 2 10.23 5.12 8.05 n.s. 

Site x Depth 22.41 22.41 6.66 0.010 

Site x Treatment 2 1.27 0.64 0.19 n.s. 

Depth x Treatment 2 118.62 59.31 41.17 0.024 

Site x Depth x T'ment 2 2.88 1.44 0.43 n.s. 

Residual 1188 3999.46 3.37 

Total 1199 4220.55 3.52 

n.s. = not significant, p > 0.05 
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TABLE 5.6 

Comparison of sizes of mussels at start of experiment B. Data are mean 
sizes in mm (± S.E.). Three factor analysis of variance of size with site, 
depth and treatment. Data are square root transformed (Cochran's C99,12 

= 0.122) 

Site 1 Site 2 

5m 15 m 5m 15 m 

Full cage 14.10±0.21 16.39±0.30 14.11±0.23 13.51 ±0.21 

Part cage 13.92±0.19 13.81 ±0.22 14.83±0.22 14.62±0.22 

No cage 13.67±0.27 14.94±0.28 14.87±0.23 15.23 ±0.20 

ANOVA: 

DF ss MS F p 

Site 0.03 0.03 0.32 n.s. 

Depth 1.21 1.21 0.58 n.s. 

Treatment 2 0.45 0.22 0.08 n.s. 

Site x Depth 1 2.08 2.08 21.62 0.0001 

Site x Treatment 2 5.72 2.86 29.70 0.0001 

Depth x Treatment 2 1.21 0.60 0.73 n.s. 

Site x Depth x T'ment 2 1.65 0.83 8.57 0.0002 

Residual 1188 114.42 0.10 

Total 1199 126.76 0.11 

n.s. = not significant, p > 0.05 

FINAL SIZES OF MUSSELS 

The mussels in experiment A grew in length by 38.76% during the experiment and 

those in experiment B grew by 40.69%. In both experiments, the mussels grew 

more at site 1 than at site 2. In experiment A, the mussels grew by 41.98% at site 1 

and 36.03% at site 2. In experiment B, they grew by 45.79% at site 1 and by 

35.61% at site 2. 

At site 1 in experiment A and at both sites in experiment B, only caged mussels 

remained at the end of the experiments. Therefore final sizes in each of the 

treatments could be compared only at site 2 in experiment A. 

Page 211 



Chapter 5. Disturbance. 

The results of experiment A at site 2 show that the largest mussels were eaten first. 

At the start of this experiment, there was no significant difference (Table 5. 7a) in 

the sizes of mussels in each of the treatments but at the end of the experiment, there 

was (Table 5. 7b and Figure 5. 8). In the treatments where losses were greatest 

(No-cages), the mean sizes of mussels was smallest. Ranking of mean sizes in 

increasing order at the end of the experiment was No-cage < Part-cage < Full-cage 

(Student-Newmans-Keuls multiple f test for difference between means showed all 

three treatments to be significantly different, p = 0.05). The most likely explanation 

is that the largest mussels in the most accessible treatments were eaten first leaving 

a range of smaller sizes in those treatments. This was clearly illustrated when only 

those mussels > 12 mm were counted. At the start of the experiment, there was no 

difference in the number of > 12 mm mussels in each of the treatments. At the end 

of the experiment, there were significantly fewer > 12 mm mussels in the 5 m and 

15 m no-cage treatments and the 15 m part-cage treatment than in the other 

treatments (Student's to.oo1<4> = 1.98). It is possible that the bigger mussels protrude 

more from the culture rope and are therefore more accessible to fish. Alternatively, 

the fish may simply prefer larger size mussels. A less likely explanation is that the 

rate of predation may have affected the growth rate of the mussels so that the 

mussels in the most accessible treatments grew the slowest. 
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TABLE 5.7 

Analysis of variance of mean mussel size in each treatment (a) at the 
start and (b) at the end of experiment A at Site 2 

DF ss MS F 

(a) Start 

Treatment 2 3.01 1.51 0.39 

Residual 597 2332.75 3.91 

Total 599 2335.76 3.90 

(b) End 

Data are square root transformed (Cochran's C199,3 = 0.35, p < 0.05). 

p 

n.s. 

Treatment 2 14.95 7.48 65.67 0.0001 

Residual 597 67.96 0.11 

Total 599 82.91 0.14 

n.s. = not significant, p > 0.05. 
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5.3.1.2 Experiment C 

To assess the number of mussels in the treatments at the start of experiment C, 

samples from five randomly selected ropes were counted. Mean number of mussels 

was 620 per 100 mm rope (SE = 117.1). At the end of the experiment, samples 

from all the treatments were counted. 

In contrast to experiments A & B, large losses of mussels from no-cage and 

part-cage treatments were not observed in experiment C (Figure 5.9). At 5 m at Site 

3, there was no significant difference between the part-cage, full-cage, and stocking 

treatments at the end of the experiment but there were significantly more mussels on 

the no-cage ropes. At 15 m at Site 3, and at both 5 m and 15 m at Site 4, there was 

no significant difference between any of the treatments (Table 5.8). The efficacy of 

stocking as a protection against predation could not be determined as there did not 

seem to be any predation at either of the test sites during experiment C. In the 

absence of predation, the stocking actually had a detrimental effect on the mussels. 

While not a significant difference, more mussels were lost from the stocking 

treatments at both sites and at both depths. Stocking is designed for use on larger 

mussels than were used in this experiment. Very small mussels may have been 

smothered as a result of stocking pressure preventing normal filtration. 
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TABLE 5.8 

Comparison of final numbers of mussels in experiment C. Data are mean 
numbers of mussels per 100 mm of rope (± S.E.). One-way analysis of 
variance of final number with treatment at each depth and site 

Site 3 Site 4 

5m 15 m 5m 15 m 

Full cage 168.5± 69.5 564.3±143.8 307.3±118.6 512.3±100.1 

Part cage 278.8± 65.3 527.5±167.8 196.3± 78.6 666.3±156.7 

Stocking 120.8± 36.4 72.0± 57.8 171.3± 17.5 196.8±110.0 

No cage 851.3 ±232.4 265.5±196.4 369.3± 34.1 797.5±222.6 

ANOVAS: 

OF ss MS F p 

Site 3, 5 m: 

Treatment 3 1366933.19 455644.40 7.07 0.005* 

Residual 12 773463.25 64455.27 

Total 15 2140396.44 

Site 3, 15 m: 

Treatment 3 646478.69 215492.90 2.37 n.s. 

Residual 12 1089004.75 90750.40 

Total 15 1735483.44 

Site 4, 5 m: 

Treatment 3 104419.00 34806.33 1.60 n.s. 

Residual 12 260485.00 21707.08 

Total 15 364904.00 

Site 4, 15 m: 

Treatment 3 803181.19 267727.06 2.78 n.s. 

Residual 12 1154671.25 96222.60 

Total 15 1957852.44 

* No significant difference between full-cage, part-cage and stocking. 
No-cage significantly different (Student-Newman-Keuls, p = 0.05, OF = 
12) 
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5.3.1.3 Experiments D and E 

At the end of experiment D, no significant difference in numbers of mussels was 

observed between any of the 6 sites nor the two depths tested, but there was a 

significant difference in the number of mussels left in each of the treatments (Table 

5.9 and Figures 5.10 - 5.12). In 7 of the 12 site/depth combinations, there were 

more mussels left in the full-cage treatments than in the part-cage or no-cage 

treatments but in only one of these (Site 9/15m) was the difference statistically 

significant. There is inadequate evidence to show conclusively that predation 

occurred in this experiment. 

TABLE 5.9 

Comparison of final number of mussels in experiment D. Data are mean 
numbers of mussels per 100 mm rope (± S.E.). Three factor analysis of 
variance of final number with site, depth and treatment. (Cochran's C1,48 

= 0.167, p > 0.05) 

Site Depth Full-cage Stocking Part-cage No-cage 

94 5 183.0±102.0 185.0±32.0 81.0±32.0 111.0± 4.0 

15 48.5± 17.5 151.5±94.5 36.0± 0.0 161.0±53.0 

163 5 64.5± 25.5 87.0±12.0 77.0±37.0 84.5±52.5 

15 142.5± 19.5 66.0± 0.0 107.5± 6.5 42.0± 0.0 

287 5 165.0± 67.0 138.0±15.0 36.0± 7.0 96.0±69.0 

15 159.0± 0.0 159.0± 9.0 34.0± 2.0 91.0±45.0 

180 5 104.5± 10.5 91.5± 2.5 82.5±31.5 50.0±37.0 

15 89.0± 21.0 127.0±70.0 59.0± 3.0 112.0± 1.0 

Bea 5 145.5± 38.5 87.5±21.5 136.5±16.5 107.5±15.5 

15 147.5± 5.5 84.5±17.5 68.0±13.0 26.0± 6.0 

80 5 119.0± 17.0 124.0±16.0 97.0±18.0 141.0±38.0 

15 92.5± 40.5 62.5±15.5 155.5±72.5 76.5±21.5 

ANOVA: 

DF ss MS F p 

Site 5 17497.52 3499.50 1.32 n.s. 

Depth 2916.90 2916.90 1.10 n.s. 

Treatment 3 23647.90 7882.63 2.98 0.0412 

Site x Depth 5 10125.13 2025.03 0.76 n.s. 

Site x Treatment 15 58736.18 3915.75 1.48 n.s. 

Depth x Treatment 3 715.59 238.53 0.09 n.s. 

Site x Depth x T'ment 15 48383.62 3225.57 1.22 n.s. 

Residual 47 124457.50 2648.03 

Total 94 286480.36 3047.66 

n.s. = not significant, p > 0.05 
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When all the sites and depths in experiment D were pooled, the treatments could be 

ranked according to the number of mussels remaining in each treatment at the end of 

the experiment (Figure 5.13). This showed full-cage > stocking > no-cage > 

part-cage. However, a multiple comparison of means showed a significant difference 

between the full-cage and part-cage treatments only {Table 5.10). 
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FIGURE 5.13 

Mussel density in each treatment (± S.E.) at end of fish exclusion experiment D 

TABLE 5.10 

Student-Newman-Keuls multiple comparison of means test on numbers of 
mussels remaining in the treatments at the end of experiment D. Solid 
line indicates no significant difference between means, p > 0.05 

Treatment 

Full cage 

Stocking 

No cage 

Part cage 

Mean± S.E. 

121.71 ± 12.00] 

113.62 ± 11.04 ] 
91.54 ± 10.94 

82.78 ± 9.94 
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In experiment E, differences between the sites were more apparent. The result at 

Site 5 was similar to that obtained in experiments A and B on the same farm (Site 1) 

in that the only mussels remaining at the end of the experiment were those in the 

full-cage treatments. At the other five sites, mussels remained in all the treatments 

at the end of the experiment and no obvious predation effects were observed (Table 

5.11 and Figures 5.14 - 5.16). 

At all the sites except Site 5, artifactual cage effects were observed. More mussels 

appeared to be lost from the full-cage treatments than any of the other treatments. 

Experiment E was placed in the water as soon as experiment D had concluded, 

using the same cages. The cages were scrubbed in seawater between experiments but 

this did not remove all epibiota totally and the cages were heavily fouled by the end 

of experiment E. Many mussels had migrated to the outside of the cages. As only 

the central 100 mm of the rope inside the cage were counted, the final densities 

recorded in the full-cages therefore may have been artificially low. Artifactual cage 

effects due to fouling may also have been present in experiment D which was in the 

water for 26 days without any cage cleaning during that time. 

At all the sites except Site 5, the stocking treatments had more mussels (not 

statistically significant) at the end of the experiment than the no-cage treatments 

suggesting that the stocking had a slight protective effect (Figure 5 .17). 
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TABLE 5.11 

Comparison between numbers of mussels remaining in the treatments at 
the end of experiment E. Data are mean numbers of mussels per 100 mm 
rope (± S.E.). Three factor analysis of variance of number with site, 
depth and treatment. (Cochran's C1,48 = 0.16, p > 0.05) 

Site Depth Full-cage Stocking Part-cage No-cage 

94 5 83.0±24.0 74.5± 29.5 102.0±24.0 62.5± 30.5 

15 59.5±25.5 153.5± 83.5 69.0±32.0 87.5± 1.5 

163 5 178.0±86.0 217.0± 17.0 272.0±37.0 172.5± 72.5 

15 71.5± 2.5 184.0± 18.0 174.5±16.5 76.5±104.5 

287 5 68.5± 0.5 195.5± 3.5 135.5±11.5 226.5± 1.5 

15 78.0± 18.0 315.5±117.5 136.0±37.0 183.5± 84.5 

180 5 212.0± 1.0 0.0± 0.0 3.0± 1.0 0.0± 0.0 

15 150.5±50.5 1.0± 0.0 0.5± 0.5 0.0± 0.0 

Bea 5 101.5±44.5 211.0± 121.0 134.0±69.0 154.0± 55.0 

15 94.5±19.5 85.5± 22.5 161.0±10.0 150.0± 0.0 

80 5 78.0± 0.0 105.5± 0.5 97.0±40.0 71.5± 9.5 

15 69.5± 6.5 118.5± 32.5 66.5± 1.5 126.0± 24.0 

ANOVA: 

DF ss MS F p 

Site 5 217800.18 43560.04 11.42 0.0001 

Depth 1 2450.26 2450.26 0.64 n.s. 

Treatment 3 15655.78 5218.59 1.37 n.s. 

Site x Depth 5 17771.18 3554.24 0.93 n.s. 

Site x Treatment 15 195688.28 13045.89 3.42 0.0006 

Depth x Treatment 3 7850.53 2616.84 0.69 n.s. 

Site x Depth x T'ment 15 43203.78 2880.25 0.76 n.s. 

Residual 48 183068.50 3813.93 

Total 95 683488.49 7194.62 

n.s. = not significant, p > 0.05 
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FIGURE 5.17 

Mussel densities at end of fish exclusion experiment E 

In some of the treatments in experiments C, D and E, there were more mussels in 

the samples taken at the end of the experiment than in samples taken at the start 

(Figures 5. 9 and 5.11). This was most likely a result of the lower size threshold 

used when measuring densities. Only mussels ~ 0.5 mm were counted at the start of 

experiments C, D, and E. Smaller mussels will also have been present and some of 

these will have grown to 0.5 mm or larger by the end of the experiments and 

therefore will have been included in the final counts. The problem occurred in all 

four treatments but was more noticeable at 5 m where the growth rate is faster 

(refer chapter 4 for difference in growth rates with depth). 
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5.3.2 GUT CONTENTS OF FISH 

During experiment C, 194 fish were caught in the pots at sites 3 and 4. Of these, 

157 (80. 93%) were spotties. Other species caught were red cod (21), blue cod (5), 

tarakihi (4), rock cod (4), leatherjackets (2) and ling (1). The guts of 57.22% of the 

fish were either empty or contained nothing which could be identified. Of the fish 

which had identifiable organisms in their guts, 33.73% contained Perna canaliculus 

shells, 60% of which were in the size range used in experiment C. All were 

spotties. 

The spotties caught ranged from 94 mm S.L. to 216 mm S.L. No spotties below 

114 mm contained Perna. The upper size limit of mussels eaten appears to be 

related to fish size but the lower size limit does not. Larger fish ( > 160 mm) 

appear to eat all sizes of mussels from 0.87 mm to 30 mm. Smaller fish ( < 160 

mm) appear to eat smaller mussels only (up to 20 mm) although these size limits are 

estimates only since mussels size frequently had to be guessed from shell fragments 

(Figure 5 .18). 

During experiment D, the only fish caught during 9 days of trapping were two 

leatherjackets (S.L. = 217 mm and 52 mm) at Site 7. Neither fish had identifiable 

contents in their gut. Half way through experiment D, an attempt was made to count 

fish at all the sample sites by snorkelling along the surface. One leatherjacket was 

observed at Site 9 although it was not in the vicinity of the experimental treatments. 

A small school of yellow-eyed mullet was observed at Site 6 but no other fish were 

seen. 

Occasionally a longline to catch snapper was set while the predation experiments 

were in progress. P. canaliculus shells were found in the guts of all snapper caught. 
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.. 

FIGURE 5.18 

Perna canaliculus shell fragments from gut of female spotty 
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5.3.3 EFFECT OF MOVING CULTURE ROPES 

The number of mussels caught at Sites 180 and 190 was significantly higher than at 

Site 163 (Table 5.12). This was not unexpected because these two sites have a 

known history as good settlement sites while 163 does not (Jamieson and Mitchell, 

pers. comm.). 

TABLE 5.12 

Comparison of initial numbers of mussels at each site. Data are mean 
numbers of mussels ;?; 0.5 mm per 200 mm of rope (± S.E.). Solid line 
indicates no significant difference between means (Student-Newman
Keul's multiple comparison of means test, p > 0.05). One-way analysis 
of variance of initial number with site. (Cochran's C4,3 = 0.59, p > 0.05) 

Site Mean± SE 

190 1786.2 ± 250.9] 

180 1458.6 ± 198.5 

163 329.2 ± 59.8 
ANOVA: 

DF ss MS F p 

Site 2 5842858.53 2921429.27 16.55 0.0004 

Residual 12 2118674.80 176556.23 

Total 14 7961533.33 

Mussels were lost from all the treatments except the 'undisturbed' ropes at site 163 

during the 24 hours of the experiment (Table 5.13). Greatest losses occurred at site 

190 (Figure 5.19). At each of the three sites there was no significant difference 

between the number of mussels left in the 'disturbed' and the 'undisturbed' 

treatments at the end of the experiment (Table 5.13). 
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TABLE 5.13 

Comparison between numbers of mussels remaining in the treatments after 24 hours. Data 
are mean numbers of mussels larger than 0.5 mm per 200 mm rope(± S.E.). Numbers in 
brackets are the percentages of mussels lost. Two factor analysis of variance of number 
remaining with site and treatment. (Cochran's C4,6 = 0.41, p > 0.05) 

Mean± SE 

Site 'Disturbed' 'Untouched' 

190 944.8±189.2 746.0±175.4 
(47.1) (58.3) 

180 1219.4±264.11 1210.0± 156.5 
(16.4) (17.0) 

163 261.6±46.25 358.0±116.7 
(20.5) (-8.8) 

ANOVA: 

DF ss MS F p 

Site 2 4136767.27 2068383.63 14.48 0.0001 

Treatment 1 9999.39 9999.39 0.07 n.s. 

Site x Treatment 2 104314.04 52157.02 0.37 n.s. 

Residual 23 3284989.20 142825.62 

Total 28 7545559.24 269484.26 

n.s. = not significant, p > 0.05 
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FIGURE 5.19 

Mussel densities at start and end of 24 hour disturbance experiment 
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5.4 DISCUSSION 

5.4.1 PREDATION BY FISH 

The results show that predation by fish can have a significant impact on the 

abundance of Perna canaliculus recruits on mussel ropes. There are large between

site differences in predation and there are depth differences, especially on a short

term temporal scale. Mussel farmers state that mussels greater than 30 mm are not 

preyed on by fish. These experiments suggest that there may be size-related 

differences in vulnerability of smaller mussels also. 

The best evidence that the losses were a result of fish predation is that mussels were 

not lost from the full cages inaccessible to fish. The mussels were first lost from the 

no-cage treatments, then from the part-cages, suggesting that the part-cages afforded 

some protection. However, the mussels eventually disappeared from part-cages also, 

indicating that the cages were not enhancing survival of the mussels other than by 

exclusion of predators. Second, not only were the mussels removed from the 

no-cage and part-cage ropes but most of the fibrous material on the ropes was 

chewed off as well. Occasional mussels and pieces of shell remained on some of the 

ropes, usually in protective crevices formed by the knots in the end of the rope. 

Teeth marks and chunks missing from the edges of these shells were clearly evident. 

Finally, snapper caught on longlines in the general area of the experiments contained 

nothing other than P. canaliculus shells in their guts. Spotty gut contents showed that 

they also frequently eat P. canaliculus (see Figure 5.18). 

From a commercial viewpoint, knowing which fish species are preying on P. 

canaliculus may not be important, but a knowledge of predator diet and feeding 

behaviour is essential if a solution to the problem is to be found. Based on 

observations of spotties and snapper feeding on mussel ropes, and evidence of P. 

canaliculus in the guts of both spotties and snapper on numerous occasions, it is 

likely that one or both were to blame. 
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Bivalves are the most important food item of adult spotties (Jones, 1984). Spotties 

are usually restricted to water less than 30 m deep but are most abundant in the 

upper 10 m (Ayling and Cox, 1982). Adult male spotties often control a territory 

from which they exclude other males but these areas are not usually permanent. 

Borders may change from day to day and individual males may leave their 

territories altogether and range up to 800 m away for some weeks. The home range 

of immature spotties ( < 100 mm) has not been observed to exceed 100 m2 (Jones, 

1984) so they are unlikely to be preying on mussel lines unless they have recruited 

to the lines or to a habitat close by. Furthermore, bivalves are not normally part of 

the diet of immature spotties (Jones, 1980). The farms, however, may be providing 

recruitment habitats for the juveniles, thereby eventually increasing the abundance of 

adults which definitely do feed on mussels. 

Spotties do not feed after dusk (Jones, 1980). It is not known whether they feed at a 

particular time of day although observations during these experiments suggested that 

there was no particular pattern to their daytime feeding behaviour. 

FIGURE 5.20 

Spotties feeding on ropes of mussel spat 
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Snapper eat more than 100 different species of fish and invertebrates, including 

shellfish (Ayling and Cox, 1982), and exhibit marked seasonal changes in abundance 

(Kingett and Choat, 1981). Some large solitary fish and many immature fish ( < 300 

mm) remain permanently over inshore rocky reef areas where they set up feeding 

territories. Mature adults are also found inshore from late summer after spawning. 

The spatial patterns established during this summer peak in abundance are usually 

consistent among years, suggesting that some sites may be more prone to predation 

by snapper than others. As with spotties, snapper are known to be attracted to the 

disturbance caused by mussel farming operations such as harvesting. 

Leatherjackets have very small mouths and feed mainly on encrusting animals such 

as sponges and ascidians but also eat a variety of other items including barnacles, 

bryzoans, hydroids and sea-urchin spines (Ayling and Cox, 1982). It is possible that 

they also prey on small mussels although gut contents in these experiments did not 

provide evidence of this. 

Schools of yellow-eyed mullet Aldrichetta forsteri are also frequently observed 

feeding around mussel farms but appear to be eating epibiota and detritus associated 

with the mussel ropes rather than eating the mussels (pers. obs.). Mullet normally 

feed by gulping up the surface layer of mud from the bottom and digesting the 

organic detritus, micro-organisms, algae, small worms and crustacea contained 

within it (Ayling and Cox, 1982). 

My study focused particularly on the mussels on the ropes rather than on the 

abundance and diversity of the whole mussel rope community. Therefore it cannot 

contribute to the debate about the effect of predation on community structure. It 

does, however, clearly show the effect of predation on abundance of a dominant 

organism and indicates some areas of study which would benefit from further work. 

The effect of fish predation on community structure is likely to be closely linked to 

their abundance patterns (Choat, 1982), and habitat structure may have a far greater 

impact on fish populations than vice versa (Choat & Ayling, 1987; Jones, 1988). 

Therefore it would be useful to know whether mussel farms are enhancing fish 
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populations by providing new recruitment habitats. Since this study has shown that 

some sites are more prone to fish predation than others, it would also be useful to 

examine the relationship between predation on marine farms and their proximity to 

existing fish habitats such as rocky reefs. 

5.4.2 DIFFERENCES AMONG SITES 

What are the reasons for the observed site differences? Predation occurred at both 

sites in experiments A and B but was greatest and most rapid at Site 1. Accurate 

daily assessments of fish numbers at the two sites could not be made but would 

assist in determining whether the fish are from resident or transient populations. A 

diver observed large schools (up to 200 fish) of spotties feeding on mussels at Site 1 

towards the end of experiment B. The following day, very few fish were observed at 

either of the sites. Two fish traps had been placed at Site 2 during the 2 weeks 

immediately prior to experiment A and approx 130 spotties and 25 leatherjackets 

were caught and removed. The absence of any obvious reefs suggest the fish are 

not resident in the immediate vicinity of the sites, although it is possible that some 

fish may recruit to the epifauna associated with anchor blocks, mooring lines or 

even to the mussel ropes. Jones (1984) estimated the abundance of Notolabrus 

celidotus at 10 sites (between and within habitats) in northern New Zealand over a 

five-year period, and found that the ranking of locations in terms of abundance 

remained unchanged, despite measurable changes in abundance. If a similar pattern 

exists in the Marlborough Sounds, then some sites will consistently be affected by 

fish predation more than others. Site 1 may be one of those sites. 

Site 1 is shallower than Site 2. Spring tides occurring during experiment A meant 

that the 15m treatments at Site 1 were sometimes only 2m above the bottom. The 

fact that the deeper treatments were eaten first suggest that the fish may be coming 

up to the ropes from the bottom and would therefore be able to locate the Site 1 

ropes more easily. Site 1 is also located closer to the shore than Site 2. If predation 
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on the lines is predominately a result of opportunistic foraging by fish from nearby 

reefs, then again, Site 1 may have been easier for fish to locate. 

5.4.3 OTHER FORMS OF DISTURBANCE 

Mussel farmers frequently state that any activity such as harvesting or removing 

ropes from the water for reseeding attracts fish to the mussel lines. The experiment 

to determine the effect on predation of handling and disturbing the ropes confirmed 

that losses occur on ropes which have been disturbed or were adjacent to ropes that 

had been disturbed. During experiments A and B, all of the longlines at Site 2 were 

occupied by mussels approaching market size (Mean size = 91.4 mm, 

S.E. = 5.52) and no farming activity was observed. Site 1 however, was used by 

the licence holder as a 'nursery holding area' because of its proximity to his 

shore-based reseeding equipment. During the experiments, there was frequent 

activity at the site as ropes of small mussels (Mean size = 42.63 mm, S.E. = 1.00) 

were removed from the longlines and replaced with newly thinned and reseeded 

ropes. This frequent activity may have attracted fish. 

During predation experiment B, the rate of decline in the number of mussels in all 

but the full-cage treatments greatly increased immediately after the treatments had 

been lifted for inspection (Figure 5.6d). Had the increased loss been caused directly 

by the inspection, the full-cage mussels should have been affected also. Instead the 

loss appears to have been an indirect result of the disturbance enhancing a process 

(such as predation) which affected only the exposed mussels. 

There was also no evidence that rough handling directly caused the excessive 

mortalities observed in the disturbance experiment. Again it appeared that the 

disturbance enhanced some other process such as predation which caused the losses. 

Large losses occurred on all ropes in the disturbance experiment and there was no 

significant difference between 'disturbed' and 'undisturbed' treatments at any of the 
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sites. Density of mussels on a rope normally decreases as the mussels grow larger 

but this does not explain the large losses observed in this experiment which was of 

only 24 hours duration. Therefore, the losses were caused by either 

(a) something other than the experimental disturbance, or 

(b) the disturbance did cause the losses but it had a similar effect on both 

treatments. 

There were three facets to the 'disturbance', all of which had the potential for 

attracting fish to the ropes: 

(i) physical damage to the mussels while they were out of the water, 

(ii) disturbance of the water and noise caused by the boat, 

(iii) epibiota, silt and mussels which would have been dislodged and fallen 

into the water column when the ropes were moved. 

Breaking and crushing some of the mussels and exposing them to the air for a few 

minutes is unlikely to have caused the losses. Water exchange is rapid and the 

'disturbed' treatments were too far from the 'undisturbed' treatments for 

decomposition products from crushed mussels to have affected the 'undisturbed' 

mussels as well. The losses are more likely to have been caused by boat 

disturbance, or by debris falling into the water column when the ropes were first 

moved (a chumming effect). Both have the potential to attract fish. The fact that the 

losses were much greater at some sites than others (52.7% mean loss at 190, 16.7% 

at 180, 5.9% at 163) suggests that the cause was a process which is site specific 

such as predation. 

There is no way of knowing whether the same losses would have occurred if the 

boat had not visited the sites and the ropes had not been moved. It is possible that if 

fish are in the vicinity, then either handling the ropes or approaching them in a boat 

may be sufficient disturbance to attract the fish to the site. Fish exclusion 

experiments D and E were both located on longlines where there was no mussel 
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farming activity (and therefore minimal disturbance) although the research vessel 

visited the sites regularly. This relative lack of farming activity may have 

contributed to the lack of predation observed in those experiments. Further research 

would be required to determine if the approach of a boat is sufficient disturbance 

alone to attract fish, either because they have learned that boat noise usually means 

that food will be dropped into the water, or because they simply investigate any 

noise or disturbance. Evidence that this is the case would have serious implications 

for the mussel farmer as the conditions associated with mussel farm licences are 

such that the licensees do not have exclusive rights to the water in their licence 

areas. Thus boats not associated with the farm can travel through the farm at any 

time. Furthermore, boats are an essential part of mussel farming operations. 

Mussel farms may be contributing to the fish predation problem in other ways. In 

Spain, Lopez-Jamar et al. (1984) report that large amounts of detritus fall from 

ropes of mussels on rafts and cause impoverishment of the infaunal communities 

under the rafts. In contrast, the mussel ropes themselves support a rich epifauna 

which feed on the large amount of faeces and pseudofaeces egested by the mussels, 

and in turn may be a major food source for demersal fishes that previously had fed 

on the bottom infauna. It is likely that the increase in mussel farming has increased 

the amount of food available, both mussels and associated epibiota, to predatory fish 

species (Figure 5. 21). 

Another likely effect of mussel farming in New Zealand is the creation of fish 

habitats under the farms. During harvesting operations, large quantities of waste 

material (mud, small size Perna and other shellfish, and epibiota such as algae and 

ascidians) are dropped into the water under the farm. Many mussel farms in the 

Marlborough Sounds have not been moved since they were first established 20 years 

ago. Since then, up to 16 mussel crops may have been harvested and a considerable 

quantity of debris deposited below the farms. On farms sited over deep water (25-30 

m) this may not present a problem, but for farms in shallower water, the debris may 

be bringing the bottom and its associated fauna closer to the mussel ropes. The 

shallowest sites in this study (Sites 1, 2, 5 and 9) were the most susceptible to 
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predation. Many farmers believe that predation occurs only after the farms have 

been established for several years. The debris which builds up under farms or the 

epibiota which grows on farm structures such as anchors and mooring lines may be 

providing new or enhanced habitats for fish. 

FIGURE 5.21 

Underwater view of epibiota associated with ropes of cultured Perna 

The observations made during the first 72 hours of the exclusion experiments 

suggest that the fish forage along the bottom of all the ropes before moving to the 
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mussels higher up on the ropes. The mussels were lost from the 15 m no-cages first, 

followed by 15 m part-cages, 5 m no-cages and finally 5 m part-cages. Hence the 

current practice of looping ropes up closer to the surface is likely to be an effective 

measure, especially in shallow sites. 

5.4.4 EVIDENCE OF A SIZE REFUGE FROM PREDATION 

The largest mussels in experiment A were eaten first. This result, and the lack of 

observed predation effects in experiments C and D where the mussels were very 

small, suggests that there may be a size refuge below which mussels are not preyed 

on by fish. Prejs et al. (1990) found a clearly marked size threshold above which 

roach (Rutilus rutilus) began to prey on zebra mussels and also found a constant 

ratio of prey size to predator mouth size. Fish smaller than 160 mm showed no 

inclination to eat mussels. 

However the data from my experiments C and D are not conclusive with respect to 

the possibility of a minimum size refuge. A range of fish species were certainly 

present at both sites during experiment C and many had mussel shells in their guts 

including mussels of the size used in the experiment. It is possible that they obtained 

the mussels from elsewhere and were either not hungry or were prevented from 

preying at the experimental sites by being caught in the pots or by some site-specific 

factor such as current strength. The lack of predation in experiment D could also be 

explained just as well by a lack of fish as by the mussels being too small. Very few 

fish were caught during experiment D despite at least two of the sites (180 & 80) 

having a known history of fish predation. The treatments in experiment D were 

located on a longline where there was no other farming activity which may have 

helped discourage fish from visiting the experiment. 

In the Washington State intertidal zone, Paine (1976) showed that once Mytilus 

californianus had exceeded a particular size threshold, it could no longer be 
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effectively attacked by any individual predator. It is possible that this occurs for 

Perna canaliculus also, although what the size threshold might be is not clear from 

the results of the present study. Mussels as large as 30 mm were certainly eaten but 

the fish traps used were not designed to catch very large fish. A more 

comprehensive method of trapping or observing fish of all sizes would be required 

to obtain conclusive evidence of either minimum or maximum size refuges. 

5.4.5 SOLUTIONS TO THE PREDATION PROBLEM 

Are there any solutions to the problem? These experiments have shown that some 

means of excluding or deterring fish is worthwhile at some sites. Further data are 

required on the distribution patterns and behaviour of predatory fish around mussel 

farms so that solutions to predator effects can be found. The cages used in these 

experiments worked well for the duration of the experiments but build-up of epibiota 

on the cages would probably severely restrict water movement to the mussels with 

long-term use. A system to exclude fish while retaining good water flow would be 

beneficial. The use of reseeding stocking for protection from fish did not work at 

Site 5 in experiment E where predation was evident. At the other sites in that 

experiment and at all the sites in experiment D, it appeared to have a slight 

protective effect although it was not statistically significant and it is not clear how 

the stocking was acting. It may have provided some deterrent when fish numbers 

were low or when the fish were not particularly hungry. A more likely explanation 

is that it simply held the mussels on the ropes until they are firmly attached ie. it 

prevented mussels which had been loosened during treatment application from 

dropping off when the treatments were placed in the water. Since fish frequently 

strip the tough synthetic fibres as well as the mussels from the spat rope, it is 

unlikely that thin cotton stocking would deter a hungry labrid or sparid especially as 

the stocking rots after a short time in the water. Furthermore it may have a 

detrimental smothering effect on the spat if used on very small spat as in experiment 

c. 
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Removal of fish by potting or netting is a second alternative. However, data are 

needed to establish the level of fish removal necessary to significantly reduce the 

mussel losses caused by predation. 

A third option may entail a change in farming procedures to prevent the 

enhancement of habitats for fish recruitment. Such operations might include the 

removal of debris from under and around farms which are not sited in very deep 

water, and regular removal of epibiota from farm structures such as anchor blocks. 

Sites used for holding mussels which are susceptible to predation may need to be 

deeper and farther from shore than those used to hold large mussels. 
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CHAPTER 6 

CONCLUSIONS 

The majority of ecological studies of marine community organisation take place in 

the rocky intertidal zone. At some sites competition for space, predation, physical 

disturbance, and differing species tolerances to physiological stress, explains the 

structure of the communities (Dayton, 1971, 1984; Connell, 1985; Menge, 1991). 

At other sites the supply of larvae and hydrodynamic processes explain the 

composition of the communities (Roughgarden et al., 1988; Minchinton & 

Scheibling, 1991; Raimondi, 1990). 

Subtidal mussel culture ropes suspended from longlines present a different set of 

circumstances from the rocky intertidal zone however. Settlement surfaces for the 

larvae are clean spat-catching ropes which are suspended in relatively deep water 

away from bottom dwelling organisms. Therefore, when this study was planned, it 

was not expected that post settlement processes such as predation and competition 

from already established organisms would have as much impact on newly settled 

mussel larvae as they would in the rocky shore environment. The supply of larvae 

and settled plantigrades was expected to have more of an influence on recruitment 

than post-settlement processes. Therefore the major focus of this study was: 

(i) to describe the spatial and temporal variability in recruitment of greenshell 

mussels to culture ropes in Marlborough Sounds, 

(ii) to examine the "supply-side" hypothesis, ie. that the variation in 

recruitment is primarily a function of the supply of larvae which 

successfully settle and metamorphose, and 

(iii) to determine how mussel farmers can apply such knowledge to their culture 

operations. 
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6.1 VARIATION IN LARVAL ABUNDANCE 

There were large quantities of larvae at all developmental stages in the water column 

during the study periods in late summer/early autumn. Long term settlement data 

(Hayden & Kendrick, 1992) suggest that the period in each year when significant 

numbers of larvae are present is much longer than the length of the study periods 

discussed here. This is not a surprising result since Perna canaliculus are able to 

shed their gametes gradually over a period of several months (Flaws, 1975) and 

there were always large quantities of mature mussels on the marine farms in the 

study area. 

The larvae were not homogeneously dispersed and were frequently more abundant at 

some sites than others. For example, there were some sites where larvae were 

almost always abundant and others where abundance was always sparse. At other 

sites, abundance varied among years studied. There were large quantities of mature 

mussels near all the sites in all years. Although the gametogenic stage of the adult 

mussels was not monitored histologically during the study, there was no indication 

that mussels were not developing normally to market "fatness" at any of the sites all 

of which were within the same embayment. It is highly unlikely that no mussels 

spawned near the low larval sites in any of the four years. It is more likely that 

differential accumulation was the cause of higher larval abundances at some sites. So 

what causes the larvae to aggregate, and what determines their exact location in the 

water column? 

6.2 LARVAL DISPERSAL 

In the process of measuring variability in larval abundance, a number of factors 

emerged as being significant in the distribution of the larvae. The hydrodynamics of 

the area are undoubtedly the major determinant of transport and accumulation of 

larvae in the embayment but behavioral traits also have some influence on the depth 

at which larvae are located. 
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The hydrodynamics of Pelorus Sound are complex and highly variable and appear to 

affect larval distribution in at least three ways: 

(i) The combined effects of variable flow rates, mixing rates and topography 

dilute the larvae at some sites and accumulate them at others. The site 

which always had the lowest larval abundance (licence 287) was located at 

the mouth of Beatrix Bay close to the main Pelorus Sound channel (Figure 

2.2). Bathymetry at that side of the Beatrix Bay mouth shows a deep 

channel extending into the bay as if the bottom has been scoured by strong 

currents (Irwin & Main, 1987). High salinity oceanic water enters the 

embayment from the main Pelorus channel at high tide (Gibbs et al., 1991) 

and the diluting effects of this inflow of oceanic water would be felt most 

at sites close to the embayment entrance such as licence 287. There is a 

good chance that larvae there will be rapidly diluted and swept away. 

(ii) Wind driven circulation is clearly important but its effects are not simple. 

During southeasterly winds a classical wind-driven estuarine circulation 

pattern is established in Manaroa Bay which transports larvae to the head 

of the bay. The effects of this wind on larval abundance are delayed at 

some sites within the bay indicating a temporal component to the 

wind/larval relationship also. The effects of wind on circulation in Crail 

and Beatrix Bays are not so clearly defined. 

Wind driven circulation is the most likely explanation for the observed 

difference between night and daytime distribution of some larvae with 

respect to depth. Some of the larger larvae were higher in the water 

column during the day than at night. A positive phototactic response could 

explain this but seems unlikely for two reasons. It is not known whether 

Perna canaliculus larvae exhibit positive phototactic responses but it would 

be contrary to the behavioural pattern found in other mussel species if late

stage Perna larvae were positively phototactic. Secondly it does not explain 

why the effect was observed in 1989 but not in 1988. Differing wind-
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driven circulation patterns in each year causing larvae near the bottom to 

be redistributed up in the water column is a more plausible explanation. 

Oscillatory tidal currents are important dispersal mechanisms also as 

indicated by the regularity with which peaks of larval abundance occur 

(every 2-4 days). It is unlikely that the peaks are caused by mussels in an 

embayment synchronising the release of their gametes every 2-4 days. 

Given the complexity of the hydrodynamics in Pelorus Sound (Heath, 1982; Gibbs 

et al., 1991) and the number of stochastic factors affecting circulation, it is not 

surprising that the spatial and temporal variation in larval abundance is high. A full 

understanding of dispersal mechanisms for Perna larvae in Marlborough Sounds 

would require a comprehensive study which takes account of (a) wind-driven and 

tidally-driven circulation patterns at a scale appropriate to larval transport, (b) 

spatial and temporal abundance of larvae, and (c) quantification of spawning adult 

populations (see McShane et al., 1988 for an example of this type of 

multidisciplinary approach used to explain larval dispersal and recruitment patterns 

of abalone. See also Levin, (1990) for a recent review of methods used to study 

larval dispersal). Ideally, such a study would be backed up by laboratory studies of 

larval behaviour to confirm responses to light, pressure, gravity, etc. Many studies 

attempting to describe or model larval dispersal fail to consider behaviours which 

may cause larval movement to differ from the motion of the water around them 

(Levin, 1990). The patterns of distribution observed in this study, particularly with 

respect to depth, suggest that larval behaviour does play a role in the location of 

particular size classes of larvae. 

6.3 VARIATION IN SETTLEMENT 

Abundance of late stage larvae increases with depth. This is important information 

for marine farmers wishing to harvest larvae for settling elsewhere. It also has 

implications for positioning spat catching ropes in the water column. One would 

Page 246 



Chapter 6. Conclusions 

expect that the best catches would be obtained by putting the ropes where the larvae 

are most abundant. In most cases that is true. Where exceptions occur, most may be 

explained by variable hydrodynamics in the area. For example, settlement is often 

better at 10 and 15 m when the behaviour and distribution patterns of late stage 

larvae suggest that it should be better at 20 m. The three layered circulation pattern 

and the differential mixing and movement of each layer as described by Gibbs et al. 

(1991) suggests the reason for this observation. They describe an almost stagnant 

layer between the continuously moving, well-mixed upper water column and the 

slower (but still moving) bottom layer of high salinity oceanic water which is poorly 

mixed. The middle 'stagnant' layer is characterised by an accumulation of nutrients 

and strong nutrient gradients associated with poor mixing. It is possible that it is 

also characterised by an accumulation of larvae which are more likely to settle in 

that layer simply because they are less likely to be diluted or swept away as in the 

other layers, or because the current speed there is more suitable for settlement. 

There are fewer late stage larvae in the surface layer. While this may be due to 

larvae becoming positively geotactic (or losing their barotactic response) as they 

approach settlement, it could equally be a function of the greater mixing and dilution 

that occurs in the upper water layer. 

6.4 CONDITIONS REQUIRED FOR SETTLEMENT 

It is not known whether Perna require specific triggers such as the presence of 

bacterial films or conspecifics before they will settle but the results of the 

experiment on horizontal spacing of catching ropes support the hypothesis that flow 

rate has an impact on the ability of larvae to settle. The data of Gibbs et al. (1991) 

show that typical marine farm structures can reduce water flow to about 30% of the 

flow outside the farm. The present study showed that it is possible to manipulate 

flow rates by spacing the catching ropes in a way that will enhance settlement. The 

test ropes for measuring settlement and recruitment in chapter 3 were always 

separated by at least one metre to ensure independence of samples. In light of the 
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results of the rope spacing experiment, the observed settlement may well have been 

higher if all the sample ropes had been spaced at 130 mm. 

The need for a particular flow rate for successful settlement is not uncommon in 

marine invertebrate species (Crisp, 1955; De Wolf, 1973; Eyster & Pechenik, 

1987). Flow rates unsuitable for the larvae to settle could explain some of the low 

or negative correlations between larval abundance and settlement observed in this 

study. Knowledge of the optimum flow rate for settlement of Perna, determined in 

laboratory experiments, would be a useful tool for evaluating the suitability of sites 

for settlement. 

6.5 LOCATING SITES WHERE SETTLEMENT IS HIGH 

Given the large spatial and temporal variability in larval abundance, how best can 

marine farmers locate sites where larvae are likely to be aggregated? There are three 

options: 

1. It should be possible to predict where larvae are likely to accumulate from 

the hydrodynamics and local topography of an area. However, to do so 

would require knowledge of the hydrodynamics on a relatively fine spatial 

and temporal scale. Account must be taken not only of tides but also all the 

stochastic variables such as wind, freshwater input, flood events, etc. 

which influence the circulation patterns. At present there are insufficient 

data on the required scale. 

2. Sites could be sampled for larval abundance as in this study. This is a 

feasible option but long term data are required to show whether sites are 

reliable. Information obtained by this method relates to the sites sampled 

only and cannot be used to predict other places where larvae may 

accumulate. As with the first option, coverage needs to be wide and 

samples frequent. 
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3. A better option is to look for sites where settlement is regularly high. As 

with the previous option, the data will apply only to the sites sampled so 

selection of sample sites will greatly influence the value of the data. It has 

an important advantage over the previous method, however, in that it tells 

the marine farmer not only that late stage larvae accumulate at a site but 

also that the site has the attributes required by Perna larvae for settlement. 

This method was used successfully in a recent study to identify new spat 

catching sites for the mussel industry (Hayden & Kendrick, 1992). 

Mortality after settlement also needs to be considered when evaluating settlement 

sites. For instance, licence 180 is clearly a good settlement site but spat caught there 

must be moved at or before 8 weeks to a site such as licence 94 to ensure survival. 

6.6 THE RELATIONSHIP BETWEEN LARVAL ABUNDANCE 
AND SETTLEMENT 

High correlation coefficients between abundance of larvae and settlers indicate that 

settlement mirrors the temporal and spatial pattern of abundance of late stage larvae 

most of the time. Could this relationship be used to predict where and when 

settlement will occur if the abundance of larvae is known? Clearly it could but there 

are some limitations to its use as a reliable, practical tool for farmers. Firstly, the 

larval sampling programme would need to be designed to take account of the huge 

spatial and temporal variability in abundance if it is to be effective at predicting 

settlement. In this study the relationship was detected by sampling the larvae once 

per day to obtain a weekly average. Less frequent larval sampling increases the 

chance of making a poor estimate of mean larval abundance. The study also showed 

that abundance is highly variable spatially among sites and depths. Therefore, one 

cannot assume that larval samples taken at a site will relate to settlement at any 

other site. The temporal and spatial scale of sampling necessary to account for these 

sources of variability is likely to be too fine to be practical. 
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Second, while there may be a strong relationship between larval abundance and 

settlement on a farm, it may not exist at all depths on the farm. For instance, during 

1988 there was a strong positive relation at 10, 15, and 20 m at licence 163. At 5 

m, however, settlement was lowest when larval numbers were highest. The 

relationship between larval numbers and settlement is also variable among years. 

For instance, at licence 163 there was a strong positive relationship in three out of 

four years tested. At 5 m, it was positive in only one of the four years. 

For these reasons, the reliability of using larval abundance alone to predict the 

location and timing of settlement is limited. The results of this study indicate that 

there are techniques, however, which will increase the chances of getting good 

settlement and largely obviate the need to predict when it will occur. Settlement data 

indicate that there is a fairly clearly defined period of several months in each year 

during which larval numbers are high enough to warrant putting effort into spat 

catching (Hayden & Kendrick, 1992). The start, end and duration of that period is 

not exactly the same each year. Therefore a useful approach would be to monitor 

late stage larval numbers at a few carefully selected sites in the region to determine 

the start and end of the catching season. During this period, spat catching effort 

should target sites and depths where settlement is frequently high as discussed in 

option 3 above. Even in those areas, there may be years/months when few larvae 

settle. The risks associated with this can be minimised by putting catching ropes 

concurrently in more than one area. 

The development of techniques which take advantage of the abundance of late stage 

larvae in deeper water will further enhance the reliability of spat catching 

operations. Most marine farms in Marlborough Sounds are located in water 20 m or 

more deep. The use of sites this deep for catching spat allows ropes to be hung 

below approximately 12 m where they are more likely to be in contact with the 

large quantities of late stage larvae. Catching at these depths obviates the need for 

particular wind conditions to bring the larvae in contact with the ropes. This is one 

of the main disadvantages of shallower sites at the heads of some bays where large 

quantities of larvae frequently accumulate after particular winds. Since this study 
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began, several marine farmers have taken advantage of these data and now use sub

surface longlines to catch their spat. 

6.7 POST SETTLEMENT PREDATION 

Predation clearly has an important effect on recruitment to mussel culture ropes. 

One of the major differences between mussel spat-catching ropes and rocky shores 

as habitat for settling mussels is the lack of already established adult species on 

mussel ropes. Thus, mussels newly settled on ropes are unlikely to encounter 

voracious predators such as starfish. Predation by fish, however, is clearly an 

important cause of variation in number of recruits. 

The effects of predation are greater at 15 m than at 5 m at least on a short-term 

temporal scale. This means that at some sites, farmers can effectively apply the 

management options suggested by Jenkins (1985) such as raising catching ropes up 

near the surface or moving them to sites unaffected by predation. At other sites, 

predation is so severe and rapid and the temporal scale at which differences between 

the depths can be observed is so short that it is insignificant in practical terms. In 

other words, while the fish may eat the mussels at 15 m first, they then move up so 

rapidly to eat the mussels at 5 m that raising ropes is not a feasible management 

option. Some of the sites severely affected by predation are sites where larval 

settlement is high eg. licence 180. Spat caught at these sites should be moved to 

predator-free sites as early as possible. Lifting the spat nearer the surface, either at 

the catching site or at a different site, will not only reduce predation effects but will 

increase the growth rate of the mussels. 

Because the present study focused only on Perna rather than the entire community 

of organisms on the culture ropes, it cannot contribute to the debate about the effects 

of predation on community structure. It does, however, clearly show the effect of 

predation on abundance of a dominant organism and indicates some areas of study 

which would benefit from further work. For instance, the present study showed that 
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some sites are more prone to fish predation than others. Is this a function of 

proximity to existing fish habitats such as reefs? Does it depend on water depth 

and/or current speed at the marine farm site? If so, siting farms in deep water away 

from the shore may reduce the risk of predation. 

Because the predominant predators are reef fish which respond rapidly to 

disturbances, several normal marine farming activities are likely to attract fish to 

prey on mussels. For instance fish are rapidly attracted to harvesting and reseeding 

operations during which large quantities of small and broken mussels and other 

marine debris are dropped into the water (T. Jamieson, pers. comm.). This study 

has shown that even boat noise and minor disturbance of the culture ropes may be 

enough to attract fish. 

Finally, a recent study has shown that marine farm structures are creating new 

recruitment habitats for fish (Carbines, 1993). A wide range of flora and fauna 

colonises the anchor blocks and mooring lines which hold the longline in place. This 

could explain why many marine farmers observe significant fish predation on their 

farms only after the farms have been established for several years. 

6.8 POST SETTLEMENT COMPETITION 

The impact of competition was not investigated in this study but site differences 

observed at 12 weeks suggest that it may be a significant determinant of recruitment 

at that stage. Organisms other than mussels which settle on the ropes may include 

competitors for space and food but mussels have a well-earned reputation for being 

the dominant competitor in many marine communities (Paine, 1974; Roughgarden et 

al., 1988). Conspecifics and other mussel species are therefore likely to be the most 

important competitors of P. canaliculus on culture ropes. Differences in recruitment 

among sites were high at 8 weeks but were far less obvious at 12 weeks. The 

decline in recruit numbers between 8 and 12 weeks was greatest at sites where 

settlement density had been greatest suggesting that a density-dependent process such 
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as competition by conspecifics may have had a significant impact. It is difficult to 

discern the proportion of losses attributable to competition because the sites most 

affected were also likely to be affected by predation, being close to shore and 

relatively shallow. Whether predation of mussels by fish is a density dependent 

process is not known. Further work on the effect of mussel density is warranted as 

this may indicate management practices which could enhance growth and survival. 

Density is a factor particularly amenable to manipulation in aquaculture situations. 

6.9 THE RELATIONSHIP BETWEEN SETTLEMENT AND 
RECRUITMENT 

Predation and competition undoubtedly have a demonstrable effect on mortality of 

mussels at all stages of their life cycle but for the first 8 weeks after settlement, they 

are not the most important determinants of recruit numbers on subtidal culture 

ropes. The high positive correlation coefficients between numbers of larvae, settlers 

and 8-week recruits indicate that the number of larvae which settle and 

metamorphose are the major determinant of recruitment variation up to at least 8 

weeks. That the relationships between numbers of settlers and recruits are weaker at 

12 weeks suggests that, somewhere between 8 and 12 weeks, supply side processes 

become less significant, and post-settlement processes such as predation and 

disturbance become increasingly important, in determining the recruitment variation. 

In this study, I used the term recruitment in the same manner as Keough & Downes 

(1982) to mean the number of mussels surviving from settlement until they are 

counted. The point at which recruits are counted clearly influences which factor, 

supply of plantigrades or a post settlement process, accounts for the most variation 

in numbers of Perna canaliculus recruits on the ropes. In light of this conclusion 

one wonders whether some of the disagreement discussed in chapter 1 between 

'supply side' ecologists and those that argue for post-settlement processes being 

more important determinants of population structure in rocky intertidal communities 
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may also be a function of how recruitment is defined, or more precisely, when the 

recruits are counted. 

An understanding of the relative importance of the individual processes affecting 

mussel recruitment is important if marine farmers are to be able to catch the settling 

larvae and manipulate the growth of the animals to their advantage. The present 

study shows how the relative importance of a particular process may differ at 

different stages of the life cycle and serves to emphasise the need to know what is 

happening at all stages that form part of the aquaculture process. 

Page 254 



REFERENCES 

Andrew, N. L. 1988. Ecological aspects of the common urchin, Evechinus chloroticus, in 

northern New Zealand: a review. N.Z. J. Mar. Freshw. Res., 22:415-426 

Andrew, N. L. & J. H. Choat. 1982. The influence of predation and conspecific adults 

on the survivorship of juvenile Evechinus chloroticus (Echinoidea: 

Echinometridae). Oecologia, 54:80-87 

Anon. 1993. 1992 New Zealand Fishing Industry Economic Review. New Zealand Fishing 

Industry Board 

Ayling, T. & G. J. Cox. 1982. Collins guide to the sea fishes of New Zealand. Collins, 

Auckland. 343p 

Barnes, H. 1956. Balanus balanoides (L.) in the Firth of Clyde: the development and 

annual variation of the larval population, and the causative factors. Journal of 

Animal Ecology, 25:72-84 

Bartrom, A. 1985. Fish predation in mussel farms. Shel(fisheries Newsletter, 28:1-2 

Bayne, B. L. 1963. Responses of Mytilus edulis larvae to increases in hydrostatic. Nature, 

198 (4878):406-407 

Bayne, B. L. 1964. The responses of the larvae of Mytilus edulis L. to light and to 

gravity. Oikos, 15(1): 162-174 

Bayne, B. L. 1965. Growth and the delay of metamorphosis of the larvae of Mytilus 

edulis (L.). Ophelia, 2: 1-4 7 

Page 255 



References 

Bayne, B. L. 1976. The biology of mussel larvae. In: Marine mussels: their ecology and 

physiology, pp.81-120. Edited by B. L. Bayne. Cambridge University Press, 

Cambridge 

Board, P. 1983. The settlement of post larval Mytilus edulis (settlement of post larval 

mussels). J. Mollusc. Stud., 49:53-60 

Boicourt, W. C. 1982. Estuarine larval retention mechanisms on two scales. In: Estuarine 

comparisons, pp.445-457. Edited by V. S. Kennedy. Academic Press, N.Y. 

Booth, J. D. 1977. Common bivalve larvae from New Zealand: Mytilacea. NZ. J. Mar. 

Freshw. Res., 11 (3): 407-440 

Bousfield, E. L. 1955. Ecological control of the occurrence of barnacles in the Miramichi 

estuary. Bulletin No.l37 National Museum of Canada: 1-69 

Bradford, J., F. Hoe Chang, R. Baldwin, B. Chapman, M. Downes & P, Woods. 1987. 

Hydrology, plankton, and nutrients in Pelorus Sound, New Zealand, July 1981 and 

May 1982. NZ. J. Mar. Freshw. Res., 21,:223-233 

Brown, C. H. 1952. Some structural proteins of Mytilus edulis. Quart. J. Microsc. Sci., 

93(4):487-502 

Buchanan, S. J. 1994. The settlement behaviour and recruitment of Perna canaliculus. 

Unpublished M.Sc. thesis, University of Auckland 

Burrows, M. T. & R. N. Hughes. 1991. Variation in foraging behaviour among 

individuals and populations of dogwhelks, Nucella lapillus: Natural constraints on 

energy intake. J. Anim. Ecol., 60(2):497-514 

Page 256 



References 

Bustnes, J. 0. & K. E. Erikstad. 1990. Size selection of common mussels, Mytilus 

edulis, by common eiders, Somateria mollissima: Energy maximization or shell 

weight minimization? Can. J. Zoo!., 68(11):2280-2283 

Caffey, H. M. 1985. Spatial and temporal variation in settlement and recruitment of 

intertidal barnacles. Ecological Monographs, 55:313-332 

Campbell, J. 1989. The green shell goes from strength to strength. Seafood 

Internationa/:24-25 

Carbines, G. D. 1993. The ecology and early life history of Notolabrus celidotus (Pisces: 

Labridae) around mussel farms in the Marlborough Sounds. Unpublished M. Se. 

thesis, University of Canterbury 

Carlon, D. B. & R. R. Olson. 1993. Larval dispersal distance as an explanation for adult 

spatial pattern in two Caribbean reef corals. J. Exp. Mar. Bioi. Ecol., 

173:247-263 

Carriker, M. R. 1951a. Ecological observations on the distribution of oyster larvae in the 

New Jersey estuaries. Ecological Monographs, 21(1): 19-37 

Carriker, M. R. 1951b. Observations on the penetration of tightly closing bivalves by 

Busycon and other predators. Ecology, 32:73-83 

Carriker, M. R. 1979. Ultrastructural effect of cleaning molluscan shell with sodium 

hypochlorite (Chlorox). The Nautilus, 93(2-3):47-50 

Castagna, M. & J. N. Kraeuter. 1977. Mercenaria culture using stone aggregate for 

predator protection. Proceedings of the National Shel(fisheries Association, 67: 1-6 

Castell, L. L. & R. Mann. 1994. Optimal staining of lipids in bivalve larvae with Nile 

Red. Aquaculture, 119:89-100 

Page 257 



References 

Choat, J. H. 1982. Fish feeding and the structure of benthic communities in temperate 

waters. Ann. Rev. Ecol. Syst., 13:423-49 

Choat, J. H. & A. M. Ayling. 1987. The relationship between habitat structure and fish 

faunas on New Zealand reefs. J. Exp. Mar. Bioi. Ecol., 110:257-284 

Coe, W. R. 1953. Resurgent populations of littoral marine invertebrates and their 

dependence on ocean currents and tidal currents. Ecology, 34:225-229 

Coe, W. R. 1956. Fluctuations in populations of littoral marine invertebrates. J. Mar. 

Res., 15:212-232 

Cohen, J. 1969. Statistical power analysis for the behavioral sciences. Academic Press, 

New York. 415pp 

Connell, J. H. 1961a. Effects of competition, predation by Thais lapillus, and other 

factors on natural populations of the barnacle Balanus balanoides. Ecological 

Monographs, 31(1):61-104 

Connell, J. H. 1961b. The influence of interspecific competition and other factors on the 

distribution of the barnacle Chthamalus stellatus. Ecology, 42(4) :710-723 

Connell, J. H. 1975. Some mechanisms producing structure in natural communities: a 

model and evidence from field experiments. In: Ecology and Evolution of 

Communities, pp. 460-489. Edited by M. L. Cody & J. M. Diamond. The 

Belknap Press of Harvard University, England 

Connell, J. H. 1985. The consequences of variation in initial settlement vs. 

post-settlement mortality in rocky intertidal communities. J. Exp. Mar. Biol. 

Ecol., 93: 11-43 

Page 258 



References 

Cragg, S.M. & L. D. Gruffydd. 1975. The swimming behaviour and the pressure 

responses of the veliconcha larvae of Ostrea edulis L. Proc. 9th Europe. Mar. 

Bioi. Symp. :43-57 

Crisp, D. J. 1955. The behaviour of barnacle cyprids in relation to water movement over 

a surface. J. Exp. Bioi., 32:569-590 

Crisp, D. J. 1976. Two settlement responses in marine organisms. In: Adaption to 

Environment: Essays on the Physiology of Marine Animals, pp.83-124. Edited by 

R. C. Newell, Butterworths, London 

Crisp, D. L. 1989. The influence of tidal fronts on the distribution of intertidal fauna and 

flora. Scient. Mar., 53(2-3) :283-292 

Dayton, P. K. 1971. Competition, disturbance, and community organization: the 

provision and subsequent utilization of space in a rocky intertidal community. 

Ecological Monographs, 41(4):351-389 

Dayton, P. K. 1984. Processes structuring some marine communities: Are they general? 

In: Ecological communities conceptual issues and the evidence, pp.181-197. Edited 

by Strong, D. R., D. Simberloff, L. G. Abele & A. B. Thistle. Princeton 

University Press, New Jersey 

Dean, T. A. & L. E. Hurd. 1980. Developments in an estuarine fouling community: The 

influence of early colonists on later arrivals. Oecologia, 46:295-301 

De Blok, J. W. & M. Tan-Maas. 1977. Function of byssus threads in young postlarval 

Mytilus. Nature, 267:558 

De Blok, J. W. & J. F. M. Geelen. 1958. The substratum required for the settling of 

mussels (Mytilus edulis L.). Arch. Neerl. Zool., Volume Jubilaire:446-460 

Page 259 



References 

Denley, E. J. & A. J. Underwood. 1979. Experiments on factors influencing settlement, 

survival, and growth of two species of barnacles in New South Wales. J. Exp. 

Mar. Biol. Ecol., 36:269-293 

De Wolf, P. 1973. Ecological observations on the mechanisms of dispersal of barnacle 

larvae during planktonic life and settling. Netherlands Journal of Sea Research, 

6:1-129 

Edwards, D.C., D. 0. Conover & F. Sutter Ill. 1982. Mobile predators and the structure 

of marine intertidal communities. Ecology, 63(4): 1175-1180 

Einot, I. & K R. Gabriel. 1975. A study of the powers of several methods of multiple 

comparisons. J. Amer. Stat. Ass., 70:574-583 

Eyster, L. S. & J. A. Pechenik. 1987. Attachment of Mytilus edulis L. larvae on algal 

and byssal filaments is enhanced by water agitation. J. Exp. Mar. Ecol., 114:99-

110 

Flaws, D. E. 1975. Aspects of the biology of mussels in the Cook Strait area. 

Unpublished Ph.D. thesis, Victoria University of Wellington 

Gaines, S. D. & J. Roughgarden. 1987. Fish in offshore kelp forests affect recruitment to 

intertidal barnacle populations. Science, 235:397-512 

Gaines, S. & J. Roughgarden. 1985. Larval settlement rate: a leading determinant of 

structure in an ecological community of the marine intertidal zone. Proc. Nat. 

Acad. Science, 82:3707-3711 

Gaines, S., S. Brown & J. Roughgarden. 1985. Spatial variation in larval concentrations 

as a cause of spatial variation in settlement for the barnacle, Balanus glandula. 

Oecologia, 67:267-272 

Page 260 



References 

Gallager, S. M., R. Mann, & G. C. Sasaki. 1986. Lipid as an index of growth and 

viability in three species of bivalve larvae. Aquaculture, 56:81-103 

Gibbs, M. M., M. R. James, S. E. Pickmere, P. H. Woods, B. S. Shakespeare, R. W. 

Hickman & J. Illingworth. 1991. Hydrodynamic and water column properties at 

six stations associated with mussel farming in Pelorus Sound, 1984-85. NZ J. Mar 

Freshw Res., 25:239-254 

Goss-Custard, J. D. & S. E. Le V. Dit Durell. 1988. The effect of dominance and 

feeding method on the intake rates of oystercatchers, Haematopus ostralegus, 

feeding on mussels. J. Anim. Ecol., 57(3):827-844 

Greenway, J. P. C. 1969. Surveys of mussels (Mollusca: Lamellibranchia) in the Firth of 

Thames, 1961-67. NZ. J. Mar. Freshw. Res., 3(2):304-317 

Grosberg, R. K. 1982. Intertidal zonation of barnacles: the influence of planktonic 

zonation of larvae on vertical distribution of adults. Ecology, 63:894-899 

Hadfield, M. G. 1984. Settlement requirements of molluscan larvae: new data on 

chemical and genetic roles. Aquaculture, 39:283-298 

Hall, S. J., D. Raffaelli & W R. Turrell. 1990. Predator-caging experiments in marine 

systems: a reexamination of their value. The Amer. Naturalist. 136(5):657-672. 

Hall, T. 1992. Fishing catch at record levels. Export News:3 

Haskin, H. H. 1964. The distribution of oyster larvae. Symposium on experimental 

marine zoology. Naragansett Marine Laboratory Occ. Publ. No. 2:76-80 

Hawkins, S. J. & R. G. Hartnoll. 1982. Settlement patterns of Semibalanus balanoides 

(L.) in the Isle of Man (1977-1981). J. Exp. Mar. Biol. Ecol., 62:271-283 

Page 261 



References 

Hayden, B. J. & T. H. Kendrick. 1992. Mussel industry project to find new spat sites in 

Marlborough Sounds and Coromandel. 2nd Annual Progress Report from MAF 

Fisheries to Mussel Industry Council. 22pp 

Heath, R. A. 1974. Physical oceanographic observations in Marlborough Sounds. NZ. J. 

Mar. Freshw. Res., 8(4):691-708 

Heath, R. A. 1976a. Broad classifications of New Zealand inlets with emphasis on 

residence times. NZ. J. Mar. Freshw. Res., 10(3):429-444 

Heath, R. A. 1976b. Tidal variability of flow and water properties in Pelorus Sound, 

South Island, New Zealand. N.Z. J. Mar. & Freshw. Res., 10 (2):283-300 

Heath, R. A. 1982. Temporal variability of the waters of Pelorus Sound, South island, 

New Zealand. N.Z. J. Mar. & Freshw.Res., 16:95-110 

Heath, R. A. 1985. A review of the physical oceanography of the seas around New 

Zealand- 1982. N.Z. J. Mar. Freshw. Res., 19:79-124 

Hickman, R. W. 1979. Allometry and growth of the green-lipped mussel Perna 

canaliculus in New Zealand. Marine Biology, 51:311-327 

Hidu, H. & H. H. Haskin. 1971. Setting of the American oyster related to 

environmental factors and larval behaviour. Nat. Shel(f Ass., 61:35-50 

Holland, D. L. 1978. Lipid reserves and energy metabolism in the larvae of benthic 

marine invertebrates. In: Biochemical and Biophysical Perspectives in Marine 

Biology, pp85-123. Academic Press. 

Holloway, M. 1990. Mussels may clump together to improve their food supply. Scientific 

American, 263(6): 15 

Page 262 



References 

Irwin, J. & W. deL. Main. 1987. Pelorus Sound Bathymetry. NZ Oceanographic Institute 

Miscellaneous Series No 64 

Jenkins, R. J. 1985. Mussel cultivation in the Marlborough Sounds (New Zealand). 2nd 

Eel. Revised by J. Meredyth-Young & G. D. Waugh. NZ. Fishing Industry Board, 

Wellington, New Zealand. 77p 

Jones, G. P. 1980. Interrelationships between ecology, behaviour and life history in the 

protogynous hermaphrodite Pseudolabrus celidotus (Pisces: Labridae). 

Unpublished Ph.D. thesis, University of Auckland 

Jones, G. P. 1984. Population ecology of the temperate reef fish Pseudolabrus celidotus 

Bloch & Schneider (Pisces:Labridae). II. Factors influencing adult density. J. Exp. 

Mar. Biol. Ecol., 75:277-303 

Jones, G. P. 1988. Ecology of rocky reef fish of north-eastern New Zealand: a review. 

N.Z. J. Mar. Fresh. Res., 22:445-462 

Keck, R. D. Maurer & R. Malouf. 1974. Factors influencing the behaviour of larval hard 

clams, Mercenaria mercenaria. Proc. Nat. Shellf. Ass., 64:59-67 

Kendall, M., A. Bowman, R. S. Williamson, P. & Lewis, J. R. 1982. Settlement 

patterns, density and stability in the barnacle Balanus balanoides. Netherlands 

Journal of Sea Research. 16:119-126 

Kennedy, V. S. 1976. Desiccation, higher temperatures and upper intertidal limits of 

three species of sea mussels (Mollusca: Bivalvia) in New Zealand. Marine 

Biology, 35(2):127-137 

Kennelly, S. J. & A. J. Underwood. 1984. Underwater microscopic sampling of a 

sublittoral kelp community. J. Exp. Mar. Biol. Ecol., 76:67-78 

Page 263 



References 

Keough, M. J. & A. J. Butler. 1979. The role of asteroid predators in the organization of 

a sessile community on pier pilings. Marine Biology, 51:167-177 

Keough, M. J. & B. J. Downes. 1982. Recruitment of marine invertebrates: the role of 

active larval choices and early mortality. Oecologia, 54:348-352 

Kingett, P. D. & J. H. Choat. 1981. Analysis of density and distribution patterns in 

Chrysophrys auratus (Pisces: Sparidae) within a reef environment: an experimental 

approach. Mar. Ecol. Prog. Ser., 5:283-290 

Knight-Jones, E. W. & S. Z. Qasim. 1955. Responses of some marine plankton animals 

to changes in hydrostatic pressure. Nature, 175:941-942 

Korringa, P. 1952. Recent advances in oyster biology. Q. Rev. Bioi., 27:274-308 

Lance, J. 1962. Effects of water of reduced salinity on the vertical migration of 

zooplankton. F. mar. biol. Ass. U.K., 42: 131-154 

Lane, D. J. W., A. R. Beaumont & J. R. Hunter. 1985. Byssus drifting and the drifting 

threads of the young post-larval mussel (Mytilus edulis). Marine Biology, 

84:301-308 

Levin, L. A. 1990. A review of methods for labelling and tracking marine invertebrate 

larvae. Ophelia, 32(1-2): 115-144 

Lin, J. 1991. Predator-prey interactions between blue crabs and ribbed mussels living in 

clumps. Estuar. Coast. She({ Sci. 32(1):61-69 

Loosanoff, V. L. 1964. Variations in time and intensity of setting of the starfish, Asterias 

forbesi, in Long Island Sound during a twenty-five-year period. Biol. Bull. Mar. 

Bioi. Lab., Woods Hole, 126:423-439 

Page 264 



References 

Loosanoff, V. L. 1966. Time and intensity of setting of the oyster, Crassostrea virginica, 

in Long Island Sound. Biol. Bull. Mar. Biol. Lab., Woods Hole, 130:211-227 

Lopez-Jamar, E., J. Iglesias & J. J. Otero. 1984. Contribution of infauna and mussel raft 

epifauna to demersal fish diets. Mar. Ecol. Prog. Ser., 15:13-18 

Luckenbach, M. W. 1984. Settlement and early post-settlement survival in the 

recruitment of Mulinia lateralis (Bivalvia). Mar. Ecol. Pro g. Ser., 17:245-250 

Lutz, R. A., H. Hidu & K. G. Drobeck. 1970. Acute temperature increase as a stimulus 

to setting in the American oyster, Crassostrea virginica (Gmelin). Proc. Nat. 

Shellf. Ass., 60:68-71 

MacDonald, I. H. 1963. Studies in the biology of Mytilus edulis aoteanus Powell, 1958 

and Perna canaliculus - Gmelin, two inter-tidal molluscs of the rocky shore. 

Unpublished M. Se. thesis, University of Canterbury. 84pp 

Macdonald, P. D. M. & P. E. J. Green. 1988. User's guide to program MIX: an 

interactive program for fitting mixtures of distributions. Release 2.3. Ichthus Data 

Systems, Ontario, Canada 

Mackenzie, L. & J. Kapa. 1993. Potential transfer of dinoflagellate cysts in "Kaitaia 

spat". Aquaculture Update, 5:8 

Mann, R. 1984. Sampling of bivalve larvae. In: North Pac(fic workshop on stock 

assessment & management of invertebrates, pp.1 07-116. Edited by J amieson, G. 

S. & N. Bourne. Dept. of Fisheries & Oceans, Ottawa 

Mann, R. 1985. Seasonal changes in the depth-distribution of bivalve larvae on the 

southern New England shelf. Journal of Shelif Res., 5(2):57-64 

Page 265 



References 

Mann, R. & C. C. Wolf. 1983. Swimming behaviour of larvae of the ocean quahog 

Artica islandica in response to pressure and temperature. Mar. Ecol. Prog. Ser., 

13:211-218 

Marsh, C. P. 1986. Rocky intertidal community organization: The impact of avian 

predators on mussel recruitment. Ecology 67:771-786 

Martel, A. & F. Chia. 1991. Drifting and dispersal of small bivalves and gastropods with 

direct development. 1. Exp. Mar. Biol. Ecol., 150:131-147 

Mason, J. & J. Drinkwater. 1981. Experiments on suspended cultivation of mussels in 

Scotland. Dept of Agriculture and Fisheries for Scotland, Scottish information 

pamphlet, Number 4, 15pp 

McKendry, I. G., A. P. Sturman & I. F. Owens. 1988. Interactions between local winds 

and coastal sea surface temperatures near the Canterbury Coast. N.Z. J. Mar. & 

Freshwater Res., 22:91-100 

McShane, P. E. 1991. Density-dependent mortality of recruits of the abalone Haliotis 

rubra (Mollusca: Gastropoda). Marine Biology, 110:385-389 

McShane, P. E., K. P. Black & M. G. Smith. 1988. Recruitment processes in Haliotis 

rubra (Mollusca: Gastropoda) and regional hydrodynamics in southeastern 

Australia imply localized dispersal of larvae. J. Exp. Mar. Biol. Ecol., 

124: 175-203 

Menge, B. A. 1976. Organization of the New England rocky intertidal community: role 

of predation, competition, and environmental heterogeneity. Ecological 

Monographs, 46:355-393 

Menge, B. A. 1991. Relative importance of recruitment and other causes of variation in 

rocky intertidal community structure. J. Exp. Mar. Biol. Ecol., 146(1):69-100 

Page 266 



References 

Menge, B. A., J. Lubchenco, S. D. Gaines & L. R. Ashkenas. 1986. A test of the 

Menge-Sutherland model of community organization in a tropical rocky intertidal 

food web. Oecologia 71: 75-89 

Menge, B. A. & J. P. Sutherland. 1976. Species diversity gradients: synthesis of the 

roles of predation, competition, and temporal heterogeneity. The American 

Naturalist, 110(973):351-369 

Menzel, R. W., E. W. Cake, M. L. Haines, R. E. Martin & L. A. Olsen. 1976. Clam 

mariculture in northwest Florida: Field study on predation. Proceedings of the 

National Shellfisheries Association, 65:59-62 

Meredyth-Young, J. 1971. Marine farming: Mussel Spatfall Bulletin. FISHDEX Fx 9, 

Media Services, MAF. 4pp 

Meredyth-Young, J. 1985. Marine farming: Mussel farm crop management. FISHDEX 

Fx 31, Ministry of Agriculture & Fisheries (Information Services), Wellington, 

NZ. 4pp 

Meredyth-Young, J. L. & R. J. Jenkins. 1978. Depth of settlement of two mussel species 

on suspended collectors in Marlborough Sounds, New Zealand (Note). N. Z. J. 

Mar. Freshwater Res., 12(1):83-86 

Meredyth-Young, J. L. & R. J. Jenkins. 1980. Problems of larvae and spat settlement 

and their relevance to mussel farming. In: Proceedings of the aquaculture 

conference, pp.34-38. Fisheries Research Division Occasional Publication No. 27. 

Compiled by P. Dinamani & R. W. Hickman. MAF, Wellington. 

Milicich, M. J., M. G. Meekan & P. J. Doherty. 1992. Larval supply: a good predictor 

of recruitment of three reef species of reef fish (Pomacentridae). Mar. Ecol. Prog. 

Ser. 86: 153-166 

Page 267 



References 

Minchinton, T. E. & R. E. Scheibling. 1991. The influence of larval supply and 

settlement on the population structure of barnacles. Ecology, 72(5):1867-1879 

Murray, K. W. J. & R. S. Von Kohorn. 1986. Sounds Cruising Guide. Steven William 

Publications, Wellington. 225p. 

NZFIB. 1994. 1993 The New Zealand Seafood Industry Economic Review. New Zealand 

Fishing Industry Board. 55p. 

Ojeda, F. P. & J. H. Dearborn. 1991. Feeding ecology of benthic mobile predators: 

experimental analyses of their influence in rocky subtidal communities of the Gulf 

of Maine. J. Exp. Mar. Bioi. Ecol., 149: 13-44 

Okamura, B. 1986. Group living and the effects of spatial position in aggregations of 

Mytilus edulis. Oecologia, 69:341-347 

Olesen, N. J., K. Frandsen & H. U. Riisgard. 1994. Population dynamics, growth and 

energetics of jellyfish Aurelia aurita in a shallow fjord. Mar. Ecol. Prog. Ser., 

105:9-18 

Paine, R. T. 1966. Food web complexity and species diversity. The American Naturalist, 

100:65-75 

Paine, R. T. 1969. A note on trophic complexity and community stability. Amer. 

Naturalist, 103:91-93 

Paine, R. T. 1971. A short-term experimental investigation of resource partitioning in a 

New Zealand rocky intertidal habitat. Ecology, 52(6):1096-1106 

Paine, R. T. 1974. Intertidal community structure: experimental studies on the 

relationship between a dominant competitor and its principal predator. Oecologia, 

15:93-120 

Page 268 



References 

Paine, R. T. 1976. Size-limited predation: An observational and experimental approach 

with the Mytilus-Pisaster interaction. Ecology, 57:858-873 

Penney, A. J. & C. L. Griffiths. 1984. Prey selection and the impact of the starfish 

Marthasterias Glacialis (L.) and other predators on the mussel Choromytilus 

meridionalis (Krauss). J. Exp. Mar. Bioi. Ecol., 75:19-36 

Peterson, C. H. 1979. The importance of predation and competition in organizing the 

intertidal epifaunal communities of Barnegat Inlet, New Jersey. Oecologia, 

39:1-24 

Petraitis, P. S. 1990. Direct and indirect effects of predation, herbivory and surface 

rugosity on mussel recruitment. Oecologia, 83(3):405-413 

Pirquet, K. T. 1990. Predator. Canadian Aquaculture, 6(3):50-57 

Pooley, R. 1991a. Mussel farming- harvesting. N. Z. Professional Fisherman, 5(5):44-46 

Pooley, R. 1991b. Mussel farming- reseeding. N. Z. Professional Fisherman, 5(4):16-17 

Pooley, R. 1991c. Mussel farming- spat collection. N. Z. Professional Fisherman, 

5(3):52-53 

Pooley, R. 1991d. Mussel farming- the boats. N. Z. Professional Fisherman, 5(6):12-13 

Prejs, A., K. Lewandowski & A. Stanczykowska-Piotrowska. 1990. Size-selective 

predation by roach (Rutilus rutilus) on zebra mussel (Dreissena polymorpha): Field 

studies. Oecologia, 83(3):378-384 

Prytherch, H. F. 1983. The role of copper in the setting, metamorphosis, and the 

distribution of the American oyster, Ostrea virginica. Ecological Monographs, 

4:64-107 

Page 269 



Rr:ferences 

Raimondi, P. T. 1990. Patterns, mechanisms, consequences of variability in settlement 

and recruitment of an intertidal barnacle. Ecological Monographs, 60(3):283-309 

Raimondi, P. T. & M. J. Keough. 1990. Behavioural variability in marine larvae. 

Australian J. Ecology, 15:427-437 

Redfearn, P., P. Chanley & M. Chanley. 1986. Larval shell development of four species 

of New Zealand mussels: (Bivalvia, Mytilacea). N. Z. J. Mar. Freshw. Res., 

20:157-172 

Reid, B. 1969. Mussel survey Hauraki Gulf and Firth of Thames 1958. Fisheries 

Technical Report, 34:24pp 

Rittschof, D., E. S. Branscomb & J. D. Costlow. 1984. Settlement and behaviour in 

relation to flow and surface in larval barnacles, Balanus amphritrite Darwin. J. 

Exp. Mar. Biol .. Ecol., 82:131-146 

Robles, C. 1987. Predator foraging characteristics and prey population structure on a 

sheltered shore. Ecology, 68(5):1502-1514 

Roughgarden, J., S. Gaines & Y. Isawa. 1984. Dynamics and evolution of marine 

populations with pelagic larval dispersal. In: Exploitation of marine communities, 

pp.111-128. Edited by R. M. May. Springer-Verlag, Berlin 

Roughgarden, J., S. D. Gaines & S. W. Pacala. 1987. Supply side ecology: the role of 

physical transport processes. In: Organization of communities: past and present, 

27th symposium of the British Ecological Society, Aberystwyth, Wales, 1986, 

pp.491-518. Edited by J. H. R. Gee & P. S. Giller. Blackwell Scientific 

Publications, Oxford 

Roughgarden, J., S. Gaines & H. Possingham. 1988. Recruitment dynamics in complex 

life cycles. Science, 241:1460-1466 

Page 270 



References 

Roughgarden, J., Y. Iwasa & C. Baxter. 1985. Demographic theory for an open marine 

population with space-limited recruitment. Ecology, 66:54-67 

Rowley, R.J. 1989. Settlement and recruitment of sea urchins (Strongylocentrotus spp.) in 

a sea-urchin barren ground and a kelp bed: are populations regulated by settlement 

or post-settlement processes? Marine Biology, 100:485-494 

Rumrill, S. S. 1990. Natural mortality of marine invertebrate larvae. Ophelia, 

32(1-2): 163-198 

Scheltema, R. S. 1974. Biological interactions determining Larval settlement of marine 

invertebrates. Thalassia Jugoslavia, 10(112):263-296 

Sebens, K. P. 1985. The ecology of the rocky subtidal zone. American Scientist, 

73:548-557 

Seliger, H. H., J. A. Boggs, R. B. Rivkin, W. H. Biggley & K. R. H. Aspden. 1982. 

The transport of oyster Larvae in an estuary. Marine Biology, 71:57-72 

Shanks, A. L. 1983. Surface slicks associated with tidally forced internal waves may 

transport pelagic larvae of benthic invertebrates and fishes shoreward. Mar. Ecol. 

Prog. Ser., 13:311-315 

Siddall, S. E. 1979. Temporal changes in the salinity and temperature requirements of 

tropical mussel larvae. Proc. World Mariculture Soc., 9:549-566 

Siddall, S. E. 1980. A clarification of the genus Perna (Mytilidae). Bulletin of Marine 

Science, 30(4):858-870 

Siddall, S. E. 1982. Dispersal and recruitment of tropical mussel larvae as affected by 

temperature and salinity. J. Shel(f. Res., 2(1): 106-107 

Page 271 



References 

Snedecor, G. W. & W. G. Cochran. 1980. Statistical Methods. Iowa State University 

Press, USA. 

Sokal, R. R. & F. J. Rohlf. 1987. Introduction to biostatistics. 2nd Ed. W. H. Freeman, 

New York. 363pp 

Sprung, M. 1984. Physiological energetics of mussel larvae (Mytilus edulis). !.Shell 

growth and biomass. Marine Ecology Progress Series, 17:183-193 

Stead, D. H. 1971. Pelorus Sound - mussel survey December 1969. Fisheries Technical 

Report, 62:28pp 

Strathmann, R. R. & E. S. Branscomb. 1979. Adequacy of cues to favorable sites used 

by settling larvae of two intertidal barnacles. In: Reproductive Ecology of Marine 

Invertebrates, pp.77-89. Edited by S. E. Stancyk. University of South Carolina 

Press, USA 

Sulkin, S. D. & W. Van Heukelem. 1982. Larval recruitment in the crab Callinectes 

sapidus Rathbun: an amendment to the concept of larval retention in estuaries. In: 

Estuarine Comparisons, pp.459-475. Edited by V. S. Kennedy. Academic Press, 

New York 

Thorson, G. 1950. Reproductive and larval ecology of marine bottom invertebrates. 

Biological Reviews, 25: 1-45 

Thorson, G. 1964. Light as an ecological factor in the dispersal and settlement of larvae 

of marine bottom invertebrates. Ophelia, 1:167-208 

Tokeshi, M. 1989. Development of a foraging model for a field population of the South 

American sun-star Heliaster heliathus. J. Anim. Ecol. 58(1):189-206 

Page 272 



References 

Tortell, P. 1976. Investigation into settlement behaviour of mussels and the hydrology of 

a selected area with a view to farming the shellfish. Unpublished Ph.D. thesis, 

Victoria University of Wellington 

Underwood, A. J. 1981. Techniques of analysis of variance in experimental marine 

biology and ecology. Oceanogr. Mar. Biol. Ann. Rev., 19:513-605 

Underwood, A. J. & E. J. Denley. 1984. Paradigms, explanations, and generalizations in 

models for the structure of intertidal communities on rocky shores. In: Ecological 

Communities: conceptual issues and the evidence, pp.151-180. Edited by D. 

R.Strong Jr., D. Simberloff, L. G. Abele & A. B. Thistle. Princeton University 

Press, New Jersey 

Underwood, A. J. & P. G. Fairweather. 1989. Supply-side ecology and benthic marine 

assemblages. Tree, 4(1): 16-20 

Vahl, 0. 1982. Long-term variations in recruitment of the Iceland scallop, Chlamys 

islandica from northern Norway. Netherlands J. Sea Research, 16,80-87 

Verwey, J. 1966. The role of some external factors in the vertical migration of marine 

animals. Netherlands Journal of Sea Research, 3(2):245-266 

Waite, R. P. 1989. The nutritional biology of Perna canaliculus with special reference to 

intensive mariculture systems. Unpublished Ph.D thesis, University of Canterbury 

Wethey, D. S. 1984. Spatial pattern in barnacle settlement: day to day changes during the 

settlement season. J. Mar. Biol. Ass. U.K., 64:687-698 

Widdows, J. 1991. Physiological ecology of mussel larvae. Aquaculture, 94:147-163 

Winer, B. J. 1962. Statistical principles in experimental design. McGraw-Hill, Tokyo. 

907pp 

Page 273 



References 

Witman, J. D. 1985. Refuges, biological disturbance, and rocky subtidal community 

structure in New England. Ecol. Monogr., 55(4):421-445 

Witman, J. D. 1987. Subtidal coexistence: Storms, grazing, mutualism, and the zonation 

ofkelps and mussels. Ecol. Monogr., 57(2):167-187 

Wood, L. & W. J. Hargis Jr. 1971. Transport of bivalve larvae in a tidal estuary. Proc. 

4th Eur. Mar. Biol. Symp. :29-44 

Young, C. M. 1987. Novelty of "Supply-Side Ecology". Science, 235(4787):415-416 

Young, C. M. 1990. Larval ecology of marine invertebrates: a sesquicentennial history. 

Ophelia, 32(1-2): 1-48 

Young, C. M. & F. S. Chia. 1984. Microhabitat-associated variability in survival and 

growth of subtidal solitary ascidians during the first 21 days after settlement. 

Marine Biology, 81:61-68 

Young, P. C., R. J. McLoughlin & R. B. Martin. 1992. Scallop (Pectenfumatus) 

settlement in Bass Strait, Australia. J. Shellf. Res., 11(2):315-323 

Zar, J. H. 1984. Biostatistical Analysis. Prentice-Hall, New Jersey. 718pp 

Zeldis, J. R. & J. B. Jillett. 1982. Aggregation of pelagic Munida gregaria (Fabricus) 

(Decapoda, Anomura) by coastal fronts and internal waves. 1. Plankton Res., 

4(4):839-857 

Page 274 




