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Abstract

The population biology and ecology of scallops in Greater Omaha Bay (a semi-

oceanic bay) and Kawau Bay (a estuarine bay) was quantified by observation and

experiment. Information was collected to extend the knowledge base on northern New

Zealand scallop population dynamics, and for application to potential scallop

enhancement in the region. Contagious scallop population organisation was found at

all spatial scales examined, ranging from bay wide through to individual bed

patchiness, down to the scale of inter-animal distances. Such clumping has strong

implications for a range of population processes, including fishing susceptibility and

fertilisation success.

Monitoring of adults found two main spawning events to occur; in late October and in

mid January. Changes in the gonado-somatic index (GSI) were well synchronised

between individuals within populations. Subsequent monitoring of spat-fall in

artificial collectors documented trvo main recruitment events, probably the outcomes

of the two local spawning events. These spat-fall events occurred on collectors

separated by lOs of km. However, substantial density variations occurred between

sites, indicating that local hydrodynamics may have played a significant role in

modifying local spat-fall intensities. Smaller spat-fall events were also present

between the two major events. The number of spat collected at a number of

combinations of site and time were sufficient to support commercial spat catching

operations, although problems were encountered with spat detaching at sizes too

small to be retained by the collectors. In the 1993/94 summer a large algal bloom

event completely eliminated scallop recruitment to collectors for the first three

months of that season.

Mass mortality events were a major contributor to overall benthic scallop population

mortality. Probable causes included intensive scallop harvesting (commercial and

recreational), a major storm episode, and a large algal bloom. These effectively

eliminated scallop populations from Greater Omaha Bay. The adjacent Kawau Bay

was not affected by any of these particular events, but populations there did not



survive long after reaching adult sizes. Estimates of M (natural mortality) were higher

for all scallop populations than have been previously documented in New Zealand

studies.

Growth trajectories were reasonably consistent in waters shallower than 19 m, but a

progressive decline occurred in both maximal size reached and average growth rates

with increasing depth after this point. Food limitation may have been the mechanism

involved, which is likely to vary significantly for other locations depending on local

environmental conditions. Average time to recruitment to the fishery (100 mm shell

width) was three years for the shallower populations. A slight reduction in average

size of adults at higher densities was found for some populations, indicating a

possible density-dependent effect.

Examination of a high density scallop bed found animals to display distinctive

substratum preferences over small spatial scales, with higher abundances occurring on

coarser materials such as shell gravel, marl and grit. Mud was not favoured as a

habitat type. Movements of tagged animals at this location were spatially limited to

within the particular habitat patch in which an individual was tagged and released, i-e.

at a scale of ls to lOs of metres. No animals moved between adjacent patches of

similar habitat (100 m scale).

A B.A.C.L fype experiment was undertaken to assess incidental mortality effects of

commercial scallop dredging on undersize scallops, at the spatial scale of beds.

Significant negative effects were quantified, with the number of undersize animals

killed per legal animal harvested estimated atI.7 and 2.8 : l, depending on the size

frequency structure of the fished bed. Modelling of likely improvements in the

number of animals surviving at the end of fishing, given a reduction in the minimum

legal size from 100 to 90 mm, indicated improvements of 20 to 4lo/o of the original

population remaining after fishing, depending on animal size and assumed dredge

efficiencies, A 90 mm MLS has subsequently been adopted by the Coromandel

Scallop Fishery.

The results from this work provide detailed population based estimates of parameters

required for successful management and optimal harvesting strategies of Hauraki

lll



Gulf seetrlop populations. The large variability in parameters slrch as nrortslity, and

strong abundance eorrslations with habitat type, has strong implications for such

activities. This work also provides essential information for the unde.rtaking of locally

b.aged enhancement operations, sueh as fte spatial and temporal magnitude and

variability of spat-fall wents, and growth rates with fespect to habilat features (l'.e.

depth).
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Chapter One : General Introduction

Scallops represent an important commercial and recreational fishing resource,

supporting regionally important fisheries around the world. They form a significant

eomponent of many soft bottom ecological assemblages. Over 400 species are known

to occur, distributed from the tropics to the polar regions. They are a relatively well

studied group, due to their high commercial value and ease of access for research,

with most species living in shallower coastal environments. The scientific literature

on scallops is large, as each country with stocks in its waters has sought to maximise

value from its scallop resources. Many sfudies have replicated work done on other

species and areas, as factors such as mortality, growth rates and reproductive cycles

vary spatially and temporally within and between species-

Despite intense research, much remains to be understood about the population

processes of this group of animals. Much of the work done to date has concentrated

on stock and catch monitoring programmes, and is applicable across spatial scales

larger than those of individual populations. Many stocks have declined drastically in

abundance, with a primary cause appearing to be excessive fishing pressure, although

the evidence for this has not always been clear-cut. Japan led the way in the 1960's in

replenishing and enhancing scallop stocks through large scale reseeding and culturing

programme s (Patinopecten yessoensr). The success of these efforts (Ventilla 1982)

has led to many other countries trying to emulate this success.

A sound knowledge of the biology and population processes of individual scallop

species, along with the factors driving variation in the system, is essential for the

under-pirming of both natural stock management and enhancement programmes. This

information can be expensive to obtain, and research results are often restricted to

spatial scales that are small relative to the geographic range of the species'

All scallop species display a general life cycle that has a number of major phases,

each of which has the potential to significantly affect overall population dynamics'

Research efforts have often focused on only one or a few of these processes, in
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particular the benthic components involving larger animals that are easier to sample.

However, recent work is addressing this bias, with more attentiotl being paid to

pelagic components of the cycles (Callagher et al. 1996).

Spawning dynamics

Scallops are broadcast spawners, and may be either dioecious or hermaphroditic,

depending on the species (Pecten novaezelandiae is the latter). Generally scallops are

synchronous in their spawning at the scale of individual populations (Barber & Blake

l99l), which is likely to be an adaptation for increased fertilisation success, adopted

by many relatively sessile marine invertebrate species (Appeldorn 1995). A consistent

annual timing of spawning has been documented for many scallop species (P.

novaezelandiae - Tunbridge 1968, Bull 1976, Amusium balloti - Heald & Caputi

1981, Argopecten irradians - Barber & Blake 1983, Pecten alba - Sause et al. 1987).

However, other studies have found differences between years (Pecten maximus '

Mason 1958, Argopecten gibbus - Miller et al 1979, Pecten novaezelandiae -

Nicholson 1978).

Significant spatial variations in spawning dynamics have been found between sites,

e.g. Chlamys opercularis - Ursin 1956, P. maximus - Gibson 1956, Wilson 1987, P.

novaezelandiae - Nicholson 1978, Amusium balloti - Joll 1988). For bivalve species

occurring over a wide latitudinal range, it has been suggested that a predictable shift

with latitude occurs in spawning times, with higher latitude populations spawning

earlier in the season and over longer periods of time (Barber & Blake 1991 -

Argopecten irradians,Acosta & Roman 1994 - P. maximu.s (Spain), Strand & Nylund

lgg4 - P. maximus (Norway). Spatial variations in fecundity have also been

documented, with the size specific fecundity of Argopecten ircadians being seven

times greater in New York populations compared to Florida ones, at the species

southern limit distribution (Bricelj et al. 1987). A decrease in oocyte diameter and

maximum gonad condition with decreasing latitude has also been observed in this

species, attributed to a decrease in food availability (Barber & Blake 1983). Such

patterns may hold in geographical reverse (latitude) for southern hemisphere species.

For two geographically separated Amusium balloti populations, reproductive cycles

were three months out of phase (Joll 1988).
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Water depth may also influence spawning dynamics. Pecten novaezelandiae spawned

first in deeper beds among 7 sites ranging frorn 6 - 40 metres water depth (Tunbridge

l963). No difference in the onset of spawnin g for Chlamys islandica was apparent at

sites of 20, 40 and 50 metres water depth, but gonad index was significantly greater at

the shallowest site (Skreslet & Brun 1969). For two populations of Placopecten

magellanicus (13-20 and 170-180 metres water depth) gonadosomatic index was

significantly greater at the shallower site, with the deeper site displaying more gamete

resorption and reduced sychronicity of gamete development (Barber et al. 1988).

MacDonald & Bourne (1987) found that Patinopecten caurilrus had a spawning

season that varied with depth.

The envirolmental cues that synchronise and trigger spawning cycles and release

have also received attention. The earliest observations by Yamamoto (1960), found

that the year to year variation in spawning intensity (expressed as the percentage of

available gametes released) of Patinopecten yessoensl's (and subsequent recruitment

to the benthic population) was linked to the strength of a warm water current in Mutsu

Bay (Japan). Temperafure has since been examined as a potential environmental cue

for a number of scallop species. Argopecterx purpuratzrs populations displayed

especially intense spawning events during an El Nifro period, with water temperatures

increasing 6 - 8 'C (which subsequently resulted in phenomenal recruitment to

fishable stocks) - Wolff (1987). Placopecten magellanicus year class strength in

adults has been found to be correlated with water temperature six years previously,

indicating that higher temperatures might allow for better larval survival, or for more

synchronised spawning events (Dickie 1955). However, synchronous spawning has

been documented in two populations located within metres of each other experiencing

considerable annual temperature differences (MacDonald & Thompson 1986). For

scallop individuals transferred to an area displaying temperatures well above those

experienced in the original habitat (from the Bay of Fundy to the Atlantic coast of

Nova Scotia), normal gonadal development and spawning occurred, indicating that a

critical threshold for temperature was unnecessary in triggering gamete release

(Courtier & NewKirk 1991).
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Recent studies have examined the potential role of local food conditions. Spawning

events have been linked to a concomitant increase in phytoplankton abundance

associated with spring tides (Courtier 1994). Placopecten magellanicus was induced

to spawn with phytoplankton additions, with the response being dose-dependent.

Spawning was unrelated to photoperiod changes, current speeds, storm events,

hydrostatic pressures or salinity. Individuals maintained in the lab spawned

intermittently in unison with individuals in the field. Work on Chlamys varia has

found that the two major spawnings documented were associated with peaks in

chlorophyll a abundance, and also appeared to be triggered by L-2 "C temperature

fluctuations around spring tides (Burnell 1991). However, C. islandica spawning in

one year coincided with both maximal chlorophyll a and temperature, but in the

following year both were observed to peak approximately one month after spawning.

This species was considered not to spawn at an exact temperature but variations in

temperature were considered to be important (Thorarinsdottir 1993). Spawning in

green urchins and blue mussels may be triggered by a heat-stable metabolite released

by various phytoplankton species, and this possibly acts as a cue to integrate various

environmental parameters indicative of favourable conditions for larval success (Star

et at. 1990). Other cues that have also been implicated for scallop spawning include

changing lunar pulses (Parsons et al. 1992) and photoperiod (Devauchelle & Mingant

1991). In reality none of the factors addressed or postulated by various workers are

likely to be independent, and two or more factors may act synergistically to produce

reproductive sychronicity in temperate marine invertebrates, with one or two key

factors providing the final trigger or signal for gamete release (Babcock et aI. 1992).

Spat collection

A very large body of literature exists on all aspects of spat catching and collector

design for scallops. tn their most basic form, artificial collectors mimic natural

settlement surfaces (foliose surfaces, clear of siltation) that induce competent scallop

larvae to settle from the water column and attach using byssus threads' Scallops are

then ongrown in the spat bags until some desired size is reached, at which time they

are harvested and used for enhancement or further ongrowing. Collector design varies

from study to study, but most involve some combination of coarser mesh held within

a finer outer mesh layer, which traps the spat when they reach a size at which byssus



Introduction ... 5

release occurs (Ventilla 1982). Time of attachment varies between different species

e.g. from extremely short (1. balloti - Sumpton et al. 1990), to one year (Placopecten

magellantcas - Brand l99l).

Collector design has been examined as an important component of spat catching

efficiency, and variables including substratum material, quantity and colour have all

been tested for their effects (Naidu 1979,Brand et al. 1980, Wallace 1982, Naidu et

at. 1981, Paul et al. 1991, Thoraninsdottir 1991, Ambrose e/ al. 1992,Poulietet al.

1995, Harvey et al. 1996, Pearse & Bourget 1996). An additional factor that has been

examined is the possible importance of biofouling. Placopecten magellanicus has

exhibited significantly better settlement rates on substrates with higher biofilm

coverages than on less fouled substrates (Parsons et al. 1993), while the spiny scallop

Chlamys hastata larvae had a preference for fouled surfaces (Hodgson & Burke

1988).

Argopecten irradians has been induced to settle in response to bacterial films, with

different strains producing different rates of settlement (Xu et al. l99l). However,

this was not found for Pecten maximus (Tritar et al. 1992). Epifloral films have also

been demonstrated to enhance settlement rates of Patinopecten yessoensrs in nursery

culture, although the actual nutritional value of such films was much less than that of

suspended microalgae (O'Foighil et al. 1990). In general, collectors probably require

a short period of immersion to become attractive surfaces for scallop spat, and then

remain attractive until some time at which other factors such as fouling and

occupation by other organisms come into effect. Collectors for Pecten maximus have

remained most efficient over the first month of immersion (Thouzeau l99la), while a

two month period of attraction has been found for the same species in other studies

(Roman & Cano 1987). Collectors for Placopecten magellanicus spat appear to be

effective only during the first month of immersion (Dadswell et al. 1987).

Many studies have examined the role of location in determining spat catches, both

spatially and temporally (Buestal & Dao 1979, Brand et al. 1980, Ventilla 1982'

Fegan 1983, Gillispie l gS3,Ruzzanate & Zaixso 1985, Dadswell el al. 1987, Hortle

& cropp 1987, Roman & cano 1987, Wilson 1987, coleman 1988, Cropp 1988,

Young et al. 1988, Bull 1989, Sumpton et al. 1990, Burnell 1991, Fraser 1991,
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Margus 1991, Thouzeau l99la,b, Thorarindottir 1991, Tripp-Quezada 1991,

Robinson et al. 1992, Robins-Troeger & Dredge 1993). Results are often species and

location specific, but generally spatfall has been found to be limited to specific

seasonal periods, with the number of spawnings and spatfalls usually well correlated

(Motada 1977, Yentilla 1982, Thouzeau l99lb). The effect of distance from the

seafloor has also been well studied by many workers (Wallace 1982, Hortle & Cropp

1987, Roman & Cano 1987, Sumpton et al. 1990, Ruiz-Verdugo & Caceres-Martinez

1991, Ambrose e/ al. 1992) with higher spatfall generally being recorded closer to the

seafloor, although a few studies have found better results from midwater (e.g.

Sumpton et al. 1990).

Once spat have settled into the collectors, there are many factors that can affect their

subsequent growth and mortality. Fouling of the collectors by other organisms has

been found to be or implicated to be an important limiting factor on growth in later

culture stages (Duggan 1973, Paul & Davies 1986, Bourne et al. 1989, Minchin &

Duggin 1989), although other studies have failed to demonstrate any effect (Wallace

& Reisnes 1985, Widman & Rhodes 1991, Claerebouet et al' 1994). Fouling may

produce negative effects by several mechanisms, including food competition by

filtering and reductions in water flow through the collectors (Paul & Davies 1986,

Wildish et at. 1988), reductions in oxygen supply (Wallace & Reisnes 1985), and

smothering (Paul & Davies 1986). Practical problems with gear may also result from

heavy fouling, with extra flotation and anchoring resources being required, adding to

the cost of spat production (Young-Lai & Aiken 1986)'

Spat densities may also be very important, with effects such as reductions in growth

and increases in mortality rates occurring at extreme densities (Ventilla 1982, Cropp

l98S). Significant growh differences with water depth have been found for Pecten

maximus,with growth being lower by 25-30% for spat in collectors near the seafloor

(Thouzeau 1991b). However, such effects do not appear to be consistent over all

conditions, as Minchin (1g76) also found this trend for the same species, but Gillespie

(1983) and Fegan (1983) did not. In Thouzeau's study, effects appeared when

individuals were less than 500 microns in size. Growth also varied seasonally

between the different spatfall cohorts (up to 25o/o), with temperature, food supply and

gamete quality (different spawnings) being suggested as important. Geographic
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differences in spat growth rates are also likely, with the daily growth rate of Pecten

maximus in the Bay of St Briuec (France)(Buestal et al. 1979) being intermediate

between growth rates recorded off Cornwall (Pickett 1978) and the southeast Spanish

coast (Roman & Cano 1987) for the same species.

Mortality of spat in collectors has been measured at from l6 - 93% (Minchin 1976,

Pickett 1979, Gillispie 1983, Thouzeau l99lb). The causes of mortality vary, but

silting of collectors has a major effect on P. machzus survival (Gruffydd & Beaumont

1972,Minchin 1976, Paul 1978, Brand et al. 1980, Fegan 1983). Predation can be

important for Patinopecten yessoensis, as Asterias amurensis (a starfish) larvae enter

collectors and grow twice as fast as scallop spat, causing up to 90Yo mortality

(Ventilla 1932). Thouzeau l99lb found a coincidence of increasing spat mortality

with increasing predator abundances in the spat bags (dominated by crabs).

Competition can also be important. In Patinopecten yessoensis, the mudworm

Polydora ciliata weakens spat shells by drilling, and sometimes affects muscle

attachment (Ventilla 1982). Heavy barnacle settlement may also occur, hindering

growth. Cropp (1938) found problems with ascidian settlements restricting water flow

in collectors, and deforming and crushing scallops (Pectenfumatus).

Larval dynamics

Events occurring in the water column during the planktonic phase remain one of the

most difficult components of scallop population dynamics to study. However,

processes during this period are potentially some of the most critical in driving the

observed high variability in recruitment of many scallop species. Such processes are

also likely to be integral in determining the larval dispersal connections of different

populations / groups of populations. Duration of scallop larval life ranges from 6 - 70

days (Brand 1991), and has been shown to vary within species depending on

temperature (Beaumont & Barnes 1992). Placopecten magellanicus pelagic larvae in

the Bay of Fundy have been found to be present throughout the water column, and the

degree of larval segregation to differ greatly between sampling stations, with a

relationship between the degree of temperature stratifrcation present, and the extent of

larval aggregation over the upper lbrty metres (Tremblay & Sinclair 1988). A water
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circulation model has been utilised to predict scallop larval dispersal given initial

releases over the three main scallop aggregations of this species on Georges Bank,

and indicates the pattern and extent of larval exchange and settlement to be most

sensitive to the duration and depth of larval drift, gyre strength, weak cross-isobath

flow, and mortality rate. Overall indications are for significant larval exchange

amongst the three aggregations, with self-seeding being possible for two, and unlikely

for the third aggregation (Tremblay et al. 1994). In a similar study, a water flow

simulation model was used to look at potential larval flows between the major

exploited populations af Pecten maximus in the English Channel and Celtic Sea (Dare

et al. 1993). Larval exchange between the English and French populations was slight,

the larval flow from western to eastern channel stocks was low and unidirectional,

while all of the eastern fished aggregations may be ultimately dependent on

downstream drift from the exploited Bay of Seine population. Larvae produced by the

most easterly stocks were effectively lost in the southern North Sea.

The most recent advances in our knowledge of larval behaviour and dynamics have

been made possible through the use of mesocosms. In a nine metre deep mesocosm

experiment, Placopecten magellanicus lawae displayed a strong diurnal migBtion,

with larvae aggregating at the airlwater interface during the night, with concentrations

in the first few centimetres of the waters surface exceeding 100 times that in the

remaining water column (Gallager et al. 1996). Larvae remained above a generated

thermocline for most of the experiment, regardless of where food was present. Larger

larvae penetrated the thermocline only after reaching a shell length of about 200

microns, with larval size rather than chronological age being most important in

determining the vertical distribution. This influence of larval size on vertical

distribution may affect the potential for horizontal transport to settlement sites, and

may indicate the importance of persistent hydrological features as critical factors

helping to generate settlement variability in scallops. Entrainment by physical

features such as mixing fronts, down-wellings and Langmuir cells may provide the

mechanisms to concentrate larvae from a relatively dilute environment, resulting in

greater settlements at specific geographic areas. It also indicates that since smaller

larvae cannot in effect cross the thermocline, under some conditions food supplies

may be spatially unavailable, resulting in starvation and subsequently greatly reduced

settlement events.
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In a separate study, spat collectors placed within these mesocosms found most spat to

be present in collectors set above the thermocline, suggesting that collectors would do

better under field conditions if set at or above zones of stratification, rather than near

the bottom (Pearse et at. 1996). It was proposed that natural settlement would be

likely to be increased in areas where a stratification layer intersects with the sea floor,

or where the layer is disrupted by turbulent mixing (would also be expected to have

better growth rates from increased food supplies and/or higher temperatures in these

areas). Pearse et al. (1996) cited the case of Boudreau et al. (1991), who found a

strong negative correlation in the Gulf of St Lawrence befween the frequency of

strong winds during larval lobster dispersal and settlement, and lobster landings eight

years later. This suggested that thermocline disruption by high winds negatively

affected lobster recruitment. Boudreau et al. (1992) found in lab experiments that

thermal gradients significantly reduced the numbers of lobster post-larvae settling,

compared to having no thermocline, suggesting that aggregation of larvae above

thermoclines could be adaptive in reducing lobster settlement onto cold deep bottoms,

with subsequent reductions in juvenile growth and survival. Such possibilities may

have major implications for scallop bed formation.

Spatial pattern

The question of scale is implicit to the study of scallop biology and ecology. Scallops

are not random in their distribution, displaying contagious distributions at all scales of

observation. The largest meaningful scale is that of the mega or meta-population, (a

stock in fisheries terms, defined as the o'macro" scale by Orensanz et al. 1991, or

,'grounds" by Brand l99l). For most commercial scallop species, a limited number of

areas exist containing densities high enough to support commercial fishing, within the

overall geographic range of the species (Brand 1991). These areas may or may not be

linked via larval dispersal. Within each of these areas are a number of locations

where scallop abundances are higher than surrounding locations. These locations of

higher abundance are referred to as beds, which may range in spatial size from l0's to

1000's of metres in extent, and represent the next spatial scale down (the "meso"

scale of Orensanz et al l99l ) from that of the meta-population. These beds are not

composed of homogeneous densities, and are internally "patchy" in abundance' At the
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finest scale, that of the individual scallop and its immediate neighbourhood, clumping

may occur on a scale of metres (the "micro" scale), with individual scallops

experiencing high conspecifi c densities.

Many discrete scallop beds/aggregations are likely to be self-sustaining, possibly due

to the operation of larger scale oceanographic systems that retain larvae within the

area. Orensanz (1986) noted that strong recruitment of Chlamys techuelca off the

south coast of San Jose, Argentina, was only found leeward of prominent coastal

structures, possibly as a result of strong southwesterly winds creating eddies. Other

workers have implicated coastal fronts (Murphy 1986), estuarine entrainment systems

(Naidu & Anderson 1984), and semi-enclosed bay residual circulation (Fairbridge

1953, Yamamoto 1964). The extent of larval dispersal, and origins of settling spat, are

not known for any species, and are extremely difficult problems to address (Duggan

1e87).

Beds themselves vary greatly in spatial extent, and in their temporal variability of

abundance. Elongated ellipses are often a characteristic feature (Amusium balloti -

Heald & Caputi 198 l, Dredge 1985, Argopecten gibbus - Cummins 197l, P.-:oe et al.

1971, Allen & Costello 1972, Pectenfumatus - Olsen 1955) and may be explained by

a number of possible mechanisms. Elongation usually occurs parallel to prevailing

current patterns, or along the depth contours (Heald & Caputi 1987, Caddy 1988'

Brand l99l). The occurrence of primary settlement surfaces (PSS's - Orensaru et al.

1991) is likely to be of central importance to the establishment of beds, but while

many workers have qualitatively assessed what surfaces are important, no-one has

ever documented exactly how PSS's and subsequent bed formation occurs spatially.

Primary settlement surfaces are always structures that project off the seabed into the

water column. Placopecten magellanicus display thigmotactic responses to shell

fragments, small pebble and glass fragments, settling preferentially on the underside

of these objects (Caddy 1968, Cullimey 1974, in Orensanz l99l), and have also been

found attached to live shell (Naudi 1970), bryozoans (Baird 1953, Caddy 1972),

hydrozoans, amphipod tubes, sand grains (Larsen &Lee 1978), and red algae (Naidu

1978), while Argopecren irradians utilises seagrass blades (Eckman 1987)' Pecten

maximus have been recovered from red algae (Mason 1957) phaeophytes (Mason

1958, 1983, Michin l98l), hydroids, bryozoa and tubiferous annelids (Eggleston
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1962), and shell gravels. Harvey et al. (1993) found dead perisarcs of the hydroid

Tubularia larnyx and red algae to be important surfaces for Chlamys islandica,

Naidenko (1994) found almost all the Mizohopecten yessoensls spat collected to occur

on the algae Polysiphonia morrowii,while Arsenault & Himmelman (1996) found red

algae to be the main PSS for Chlamys islandica. Exactly what PSSs are prevalent at a

particular site may to a large degree be contingent on what is actually available to

competent larvae, as Minchin (1992) recorded Pecten maximus from a total of 47

species of algae displaying filamentous, divided or broad lamina forms.

Exactly what the linkages are between the spat PSSs and subsequent establishment of

adults beds remains unknown. Some types of PSSs are often detached by currents,

and are potentially capable of re-distributing attached juveniles as they drift

(Orensanz et al. l99l). Minchin (1992) found spat of P. maximus in autumn attached

to drift algae lying on sediment, at two different locations. Spat of Argopecten

circularis use an ingenious mechanism of byssal attachment to the crab Pleuroncodes

planipes for spat dispersal, and the annual population movements of this crab largely

determine the magnitude of successful recruitment for the year (Maeda-Martinez et

al. 1993). Very small scallops have also been shownto be capable of byssus drifting

(up to 0.5 mm for Pecten maximus, up to 1.4 mm for Chlamys opercularis -
(Orensanz et al. l99l) which is being found to be increasingly common in a wide

range of bivalves (Sigurdssonet al. 1976, Hooker 1995, Cummings et al. 1995) and

gastropods (Martel & Chia 1991). Small scale ontogenetic habitat shifts have been

shown (Arsenault & Himmelman 1996 - Chlamys islandica) to occur, but remain an

unknown for most species at larger spatial scales.

A number of workers have examined correlations between physical and biological

factors in an effort to link them to the occurrence of scallop beds. Many populations

or groups of populations have been shown to be associated with particular substratum

types - dominated by harder substrates such as gravels and coarse to fine sands, e.g.

Pecten maximus (Dare et al. 1993), and Placopecten magellanicns (Larsen & Lee

1978, Langton & Robertson 1990, Thouzeau et al. 1991, Stokesbury & Himmelman

1995), although many species are able to tolerate some fines, or muds, in the

substrate, including Amusium pleuronectes (Young & Martin 1989)' Argopecten

gibbus (Allen & Costello lg72), Argopecten. irradians (Gutsell l93l), Pecten
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maximus (Mason 1983), P. fumatus (Young & Martin 1989), and Placopecten

magellanicns (Bourne 1964). However, in general the best locations for scallop

densities and growth do not occur in muddy areas. Areas of suitable substratum and

stronger currents are often correlated, due to the role of hydrodynamic processes in

generating sea floor form (Pingree 1980). A study in which nine locations were

examined, of which two held populations of Placopecten magellanicus, concluded

that a combination of gravel substratum, low decapod predation, and the presence of

filamentous flora and fauna, were critical factors in determining the location of

scallop aggregations (beds) (Stokesbury & Himmelman 1995).

Temperature has been demonstrated or infened to have an effect on a number of

scallop species. For example, changes in the depth distribution of P. magellanicus

through its geographic range has been attributed to variations in temperatureo while in

areas of unstable temperafure regimes mass mortalities may occur as a result of

rapidly changing temperatures (Dickie & Medcof 1963). Another variable that may be

important is the supply of food (often likely to be correlated with depth and/or

temperature). A number of scallop species have been shown to exhibit decreasing

growth rates and maximal size with increasing depth, such as P. magellanicus (Caddy

1970, Posgay 1979, MacDonald & Thompson 1985, Thouzeau et al. I99l), with the

variation in growth down a depth gradient at a fine local spatial scale being equal to,

or greater than, variation on a latitudinal scale (MacDonald & Thompson 1988).

Growth

Growth in scallops has received a great deal of attention, due to its central role in

population dynamics and aquaculture efforts (and not least its relative ease of

measurement). The 400 odd scallop species display a broad range of growth rates and

maximal sizes (Brand l99l). Since species longevity ranges from 18 months (1.

irradians - Peterson & Summerson 1992), through to l8 years or more (P.

magellanicus - Schick et al. 1988, Patinopecten caurinus - MacDonald & Bourne

1987, Crassodoma gigantea - MacDonald & Bourne 1989), there is no "typical"

growth, longevity or maximal size. However, generally the longest lived species tend

to reach the largest sizes (up to 160 - 170 mm shell height), and are often

characteristic of moderate to deeper waters of 50 - 200 metres (Bricelj & Shumway
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l99l). Species in shallower coastal waters less than ten metres in depth are often

characterised by relatively short life spans (2 - 8 years) and smaller maximal sizes

(Bricelj & Shumway l99l).

Much work has been undertaken to describe growth rates, and the factors that may

influence it. Temperature and food have often been found to be important, often

acting in combination. Chamlys operculanb growth has been significantly correlated

to the product of mean temperature and mean standing crop of chlorophyll a (Broom

& Mason 1978), while differences between depths in the growth of C. tslandica n
hanging culture have been demonstrated to be due to different ratios of POM and PIM

(particulate organic and inorganic material respectively) (Wallace & Reinsnes 1985).

Empirical models using the effects of food and temperature can explain much of the

variation in the growth of C. varia (Shafee 1980a), and in juvenile Placopecten

magellanicus (with the added inclusion of total particulate matter concentration)

(Kleinman et al. 1996). Seasonal variations in growth rate are standard for most

scallop species, with growth generally highest in the summer months and zero or low

in the winter (P. magellanicus - Dadswell & Parsons 1992, Kleinman et al. 1996, C,

opercularis - Taylor & Venn 1978, Richardson et al. 1982, C. islandica

Thorarinsdottir 1991, Pecten maximus - Mason 1958, Comely 1974, Lntoine et al.

1979,Taylor & Venn 1979,Dare & Deith 1991, Allison et al. 1994, and Argopecten

iryadians - Barber & Blake 1983).

This seasonal cycle means that for some species, seasonal fluctuations in weight may

exceed the annual growth rate weight increment, and thus are of great importance to

commercially fished species (Allison 1994). This occurs for Pecten maxtmus at an

age of 4 years, and for C. opercularis atan age of 2 years, at which time both species

recruit in the harvestable component of their respective stocks (minimum legal size

for P. maximus, minimum marketable size for C. opercularis).

Spatial variations in growth rates within a species are also well documented (Hinnites

multirugosus - Monicat 1980, Placopecten magellanicas - MacDonald & Thompson

1985, Bricelj et al. 1987, A. irradians - Hefferman et al 1988, Pecten maximus -

Anderson & Naas 1993, C. tehuelcha - Ciocco 1991 , and P. fumatus (Cropp & Hortle
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1992). Depth also has an important effect on growth rates, albeit probably indirectly

through the effects of lower temperature and lood supplies (Brand 199 I ).

Mortality

In addition to growth, mortality in scallops is one of the most important processes to

be quantified, for both fished and cultured populations (especially enhancement of

benthic scallop populations - as opposed to hanging culture). Most efforts have been

directed towards obtaining estimates of Z, F and M (modelling parameters used to

describe total mortality, fishing mortality, and natural mortality respectively).

Generally such estimates are biased towards larger animals that are amenable to

collection by methods such as dredging (Allison & Brand 1995, Orensanz l99l), and

workers do not allow for the effects of factors such as size, age, and habitat type. A

number of methods are available for estimating the two general components of

mortality (F, IO or their summation (Z), including taglrecapture (Allison & Brand

1995), cohort tracking (Dredge 1985, Osbourne 1990), and where animals are able to

be aged, Virtual Population Analysis (VPA) (Mason et al. l99l).

At finer spatial scales, more ecologically orientated workers have examined a range

of possible mortality factors and their impacts on scallop populations. Predation has

been found to be one of the important factors, especially from crustaceans and starfish

(Elnier & Jamieson 1979, Morgan et al. 1980, Minchin 1991, 1992, Halary et al.

1994). Brun (1968) followed the total extinction of a C. islandica bed from predation

by the starfish Asterias rubens. Over large spatial scales a positive correlation has

been found between the densities of Placopecten magellanicus and the starfish

Asterias vulgaris, and between bivalves in general and their epibenthic predators,

suggesting density-dependent relationships (Thouzeau et al. l99l). A negative

correlation exists between the bunowing anemone Cerianthus borealis, and the

sabellid worrn Myxicola infundibulum and P. magellanicus, which is attributed to the

anemone preying on the lawae of these two species (Langton & Robertson 1990).

Fish may also play important roles as scallop predators, although their impact is

harder to quantify (Naidu & Meron 1986, Ambrose & Irlandi 1992, Minchin 1992).

For species living in very shallow waters e.g. Argopecten irradians, predation by
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various bird species is also important (Peterson et al. 1989, Christopher-Prescott

1990). Large scale mortalities due to sudden changes in the environment, such as

rapid temperature changes and algal blooms, are also not infrequent (Taylor & Taylor

1985, Bricelj et al. 1987, Petersen & Summerson 1992).

Movement

Scallops are different from many other bivalves in that they are very capable of

moving, given their general body design (with a few obvious exceptions, such as the

hinged purple rock scallop, Hinnites multirugous, which cements itself to hard

substrata). This ability to move makes them potentially capable of large scale bed

shifts, and population migrations. Beliefs in such migrations, or movements, ars

widely held by fishers throughout the various scallop fisheries of the world. However,

no evidence to support large scale, directed migrations has yet been documented.

Most scallop species become quickly fatigued after movin g very short distances, and

do not recover quickly (Brand l99l). Tagging experiments have been a well utilised

method for many scallop fisheries, mainly to derive growth, and less often mortality

estimates, but these have also provided quantitative information on movement vectors

for individual scallops. Most returns come from the commercial fleet, and the spatial

resolution and accuracy of such information is constrained by the navigational

accuracy of reporting, the possibility of undersize animals already having been

recovered by dredging and thrown back by a previous vessel (where size limits exist),

and the generally long tows made by vessels'

Early work for Pecten maximus around the British lsles demonstrated very little

movement, with almost all returns coming from the same bed or within one to two

kilometres (Cibson 1953, 1956, Baird & Gibson 1956, Mason 1957, Murphy 1986)

(keeping in mind that spatial resolution may have been at the scale of kilometres).

Tagging and recovery at very fine spatial resolutions showed movement to be very

limited, with 60% of tagged Pecten madntus to be within 30 metres of their release

point after l8 months at liberty (Howell & Fraser 1984). Argopecten purpuratas did

not move beyond a radius of 100 metres over one year (Wolf 1987)'
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Work on species better adapted to swimming, such as Placopecten magellanicus,

have found displacements of tagged animals on appropriately large spatial scales.

Recaptures from Georges Bank by Posgay (1981) found that 85% of reported

recaptures were within 10 miles of the release point, and suggested that this

movement was brought about by tidal currents. Subsequent work on a larger spatial

scale supported this finding, with 52Yo of recaptures within 5 km, 77o/o within 10 m,

and94o/o within 25 km (Melvin et al. 1985) (the grounds of Georges Bank encompass

some 31,000 km2 - Brand 1991). The middle range of tagged scallop size (60 - 89

mm) moved more than smaller or larger animals, and vector analysis showed that

movements closely conformed to complex patterns in direction and velocity of water

movement. Patinopecten yessoensrs tagging work in Japan found movements of 9 -

15 km over 59 days, attributable to strong currents (Imai 1980), while reported

recaptures of Amusium balloti were of less than l0 km displacement over a four year

period, for almost all individuals (Williams & Dredge 1981)'

Several authors have used differential size patterns over space to infer movement

patterns. In Norwegian {ords progressively older age distributions occur towards the

upper reaches, and current transport has been invoked as a probable mechanism for

this (Wiborg 1963). Work on the recruitment patterns in an individual bed of Chlamys

islandica over a nine year period found that juveniles first appeared on the bed at age

of two years or older (Vahl 1982). This very strongly suggested settlement onto PSSs

at some external location, and subsequent secondary recruitment onto the adult beds.

For the same species, depth oriented movement has been quantified over time, from

15 to 30 metres, representing an ontogenetic shift from an area of high PSS

availability and shelter from predators, to deeper more homogenous areas (Arsenault

& Himmelman 1996) . For Placopecten magellanicus individuals on eastern Georges

Bank, 1* animals were less dispersed than 2* animals, and were mainly located on a

gravel-pebble deposit in the northern half of the bank. It was inferred that tidal current

mediated movements occurred as the animals grew older (Thouzeau et al. l99l).

The mechanisms that provoke and maintain movement are poorly understood'

Oresnanz er at. (1991) argued that scallops moved largely when disturbed, or when

some factor in the sensored environment exceeds a certain threshold. A possible

habitat selection mechanism would be a relationship between movement frequency
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and the level/s of some environmental factors (relative to a threshold). Scallops would

therefore remain longer (eventually indefinitely) in patches of appropriate conditions

(equivalent to a random walk effect). Factors involved in the determination of

movement frequencies include substratum type (Baird 1958, 1966, Hartoll 1967,

Winter & Hamilton 1985), salinity (Stockton 1984), water currents (Gruffydd 1976),

and oxygen concentrations (Yamamoto 1964).

Stock dynamics

Temporal variability in population size is a very well documented feature of many

scallop species, with varying recruitment being of over-riding importance in

determining the eventual size of the fishable component of stocks. The classical stock

-recruitment relationship has long been held to be unimportant for scallops over the

range of stock sizes generally present, but recent studies have shown this to not

necessarily be so. Summerson & Peterson (1992) fortuitously captured the results of

dinoflagellate toxic blooms on a number of sub-populations of Argopecten irradians

in various coastal embayments, and documented convincingly that populations

heavily hit by the blooms failed to recover to more than l0-l5o/" of their historical

average population size after several years (this species only lives l8 months), while

populations in adjacent embayments displayed no effect. This strongly implied self

recruitment within the various embayments, and showed that at very low levels stock

size had an overwhelming impact on recruitment strength.

McGarvey et al. (1993) assessed spatial and parent-age stock recruitment

relationships (recruitment levels relative to previous years reproductive stock size) for

Georges Bank Placopecten magellanicas subpopulations, using historical scallop

abundance surveys (broken down by age). Recruitment was correlated with egg

production for several populations, and this was improved when 3* and 4* individuals

were excluded from the analysis (consistent with a hypothesis that older scallops (5")

are the principal contributors to recruitment). Thus stock-recruitnrent relationships

were evident.

However, longer term abundance cycles have also found to exist that are independent

of stock size. Antusium balloti in Shark Bay, Western Australia, demonstrated a
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recruitment strength strongly correlated (r:-0.86) to the strength of a major

oceanographic process, the Leeuwin Current, during the spawning season (Joll &

Caputi 1995). The possible mechanism may have been a flushing of larvae away from

suitable areas and./or a reduction in suitable spawning stimulus. Other species for

which longer term cyclic abundances have been found include Placopecten

magellanicus - 9 year periodicity - climatic forcing (Caddy 1979), and Chlamys

tehuelcha - 5 year periodicity - density dependence mechanism (Orensanz 1986).

A solid technical literature exists on the catch statistics and stock assessments of

many commercial scallops species, but is not covered here, as much of it is concerned

with the setting of appropriate harvests, and other management tools designed to

constrain fishing pressure. For an excellent overview of the world's scallop fisheries,

and their management by the agencies of various countries, the reader is referred to

the compendium edited by Shumway (1991).

In c i dent al fi s hin g mo rt al ity

However, one aspect of scallop frsheries that has not received a great deal of attention

is the magnitude of incidental mortality effects in exploited scallop populations.

Individuals that are encountered by dredge gear and either left on the bottom, or

brought to the surface and subsequently discarded, are liable to die or suffer adverse

impacts on their growth and reproductive potential. The relative magnitude of these

effects depends partially on the efficiencies of the various dredges used. Caddy

(1973) estimated that for Placopecten magellanicus 13 - 17% of all scallops in a

dredge's path were lethally damaged but not caught. Medcof & Bourne (1964)

estimated average mortalities of l5Yo (range ll - 42%) for the same species, while

Naudi (1938) found that depending on the gear 4 to 8 times as many Chlamys.

islandica died from dredge encounters as those dying naturally. Mcloughlin et al.

(1991) estimated from a model for Pectenfumatus, incoqporating field derived data,

that only 12 - 22% of the stock present at the start of the fishing season was landed as

catch, with the remainder dying within eight months of the closure of the season.

Indirect impacts on scallop populations are also almost certain to be present, and may

include the removal of PSSs from heavily fished areas, a change in the grain size of



Introduction ... 19

sediments resulting from removal of protection from laminar flows directly over the

bottonr, and on soft bottoms the formation of dense layers of suspended silt (Caddy

1989, see also Black &Parry 1994), which may be extremely detrimental to scallops,

especially juveniles (Yamamoto 1964, Imai 1971, Stevens 1987). However,

ecological consequences through indirect effects have been effectively ignored, apart

from the work of Langton & Robertson (1990) where the negative conelation

between an assumed predatory anemone (on scallop larvae) and Placopecten

magellanicus in unfished locations, was absent at more heavily fished locations,

suggesting that fishing had the potential to completely alter mechanisms of

invertebrate assemblage generation. Invertebrate assemblage work on Georges Bank

found a scarcity of epibenthic sessile taxa on coarse sediments in the northern half of

Georges Bank, a heavily fished area (Thouzeau et al. l99l). In general, scallop

dredging is damaging to benthie animal assemblages, and a number of ecological

studies have documented this (eg Pecten novaezelandiae - Thrush et al. 1995, Pecten

fumatus - Currie & Parry 1994).

Enhancement

Due to the precipitous decline of a number of fisheries, scallop farming, or

enhancement, has been trialed by a large number of countries. Japan leads the way, in

both bottom culture and hanging culture of Patinopecten yessoensrs (Ventilla 1982).

ln its simplest form, scallop larvae are attracted to artificial collectors, where they

bysally attach and grow until a suitable size is reached, at which time they are seeded

onto the sea floor. However, many factors can influence the final yield of adult

scallops, and these are the areas in which research has been directed by many

countries. China, Chile, France and New Zealand have been the only countries to

successfully translate small scale pilot programmes into large scale production

systems, using Argopecten and Pecten species. Many other countries have trialed and

are continuing to try various culturing programmes eg Britain, America, Russia, and

Australia. A number of studies document the survival and movement of seeded

scallop spat (Argopecten ircadians - Morgan et al. 1980, Placopecten magellanicus,

Hatcher et al. 1996, and Pecten species - Brand l99l )
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In New Zealand waters, scallop populations (Pecten novaezelandiae) are spread along

the coastline, including many of the harbours and estuaries of the west coast (North

Island). Commercial concentrations of scallops are found at a number of locations,

and are divided into three commercial fishery areas (Northland, Coromandel, and

Nelson/Marlborought). These have been fished for in excess of twenty years, and

have shown large scale variations in biomass and yield. Management practices have

changed greatly over this time, and now the number of licences/boats per fishery is

strictly controlled, as is the annual harvest. The Northland and Coromandel fisheries

are assessed annually using both dive and dredge techniques, within a stratified

random survey design. Catch limits for each of the fwo regions are set conservatively

by taking the lower limit of a 95o/o confidence distribution of the total available

fishable biomass (Cryer 1998). For the Nelson/Marlborough fishery, a rotational

fishing strategy is in place, which is run concurrently with a large scale scallop

enhancement programme.

The work contained in this thesis was undertaken to gain baseline information on

scallop biology and ecology in the northern Hauraki Gulf, As funding was contributed

by local interests, effort was initially concentrated on Greater Omaha Bay, a medium

sized open coastal bay that has traditionally supported good commercial scallop

yields. Work during the second half of the study shifted more towards Kawau Bay, a

more sheltered area located immediatelv to the south of Omaha.

Research efforts were directed towards gaining information on basic population

processes (reproduction, spatfall, recruitment, growth and mortalify), in relation to

space and time, so that this information could be used to assess the potential of large

scale scallop bottom enhancement in the area. While the information contained in this

thesis is relevant to the management of commercial wild stock fisheries, this work

was not directed towards such goals. Wherever possible, populations that were

subjected to minimal fishing pressure were utilised.

The only previous scallop work undertaken in this region has been that of Nicholson

(1978) on scallop reproduction, although more information exists on a broader spatial

' Some fishing effort has also occurred at the Chatham and Stewart Islands in recent years
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scale from the Coromandel fishery (eg Osbourne 1990, Bartrom 1990, Brownell et al.

1992, Cryer 1998), and the Nelson fishery at the top of the South Island (Bull 1976).

The objectives of this thesis were as follows:

To examine scallop spatial pattern over a range of scales, from bay scale

(kilometres), down to individual beds and patches, and finally to that of the

neighbourhood of individual scallops (Chapter Two). Temporal stability of spatial

pattern is assessed, and the possibilities of substratum associations examined. A

movement experiment is also described, aimed at assessing the mobility of scallops

over time scales of months to in excess of a year, and how this may relate to the

maintenance of small scale abundance patterns.

To estimate mortality rates for different year classes, in Omaha and

Kawau Bays (Chapter Three). Both "typical" mortality, and mass mortality events

are documented, and estimates of general mortality derived. Mortality estimation is

achieved by a combination of tracking of mean densities through time, and through

tagging experiments. Clucker ratios (proportion of population recently dead, in the

form of empty shells) are also presented as ancillary information.

To document growth in a number of populations in both Omaha and

Kawau Bays (Chapter Four). A combination of tracking of size cohorts and tagging

experiments is used to derive estimates of growth for animals in excess of twenty mm

shell height. The influence of depth on growth is also quantified for Omaha Bay

populations, over a range of l5 to 35 metres water depth.

To describe seasonal reproductive cycles in populations of adult scallops

from Omaha and Kawau Bays, and subsequent spatfall events (Chapter Five).

Seasonal cycles of reproduction are described over two spawning seasons. Spatial and

temporal patterns of spatfall on artificial collectors are measured at five locations,

over three summer settlement seasons. The possibilities for large-scale commercial

collection of spat for bottom enhancement are discussed, and the most likely time/site

combinations highlighted.



lntroduction ... 22

To assess the impacts of intensivc commercial scallop dredging on the

sublegal components of scallop populations (incidental rnortality effects) (Chapter

Six). A Before:After:Control:Impacted. (B.A.C.f.) experimental design was used to

assess the magnitude of incidental mortality fishing impacts on undersize scallops

during commercial fishing. Outcomes measured in the field were used to model the

likely results of reducing the then current minimum legal size from 100 to 90 mm (in

terms of reduced wastage through incidental mortality). Partially as a result of this

work the minimum legal size was reduced, and further work undertaken on the

impacts of incidental mortality - (Cryer & Morrison 1997, Morrison & Cryer, 1997) -

which does not form part of this thesis.
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Chapter Two : Spatial pattern and movement

2.1 Introduction

Scallops exhibit spatial contagion at all scales of observation (Orensanz et. al. l99l).

Such spatial patterns have profound influences on both the animal's general biology

and ecology, and human impact from exploitation activities. The largest scale of

spatial organisation is that of the meta-population (or stock in fisheries terms), which

is a collection of individual populations that are linked to a greater or lesser extent by

larval dispersal. Meta-populations may span tens to hundreds of kilometres. For New

Zealand's scallop populations, there is virtually no information on how many meta-

populations may be present. Even the number of beds present is not well known.

Literally hundreds of discrete beds occur along the entire length of the coastline, with

concentrations in Northland, the Hauraki Gulf, Coromandel, the Bay of Plenty,

Golden Bay, the Marlborough Sounds, the Chathams and Stewart Island. Numerous

smaller populations occur in the harbours and estuaries of both coasts. For the

purposes of fishery management, four broad fisheries are recognised (Northland,

Coromandel, Nelson/Marlborough, Chathams), but the dividing line is arbitrary and

not necessarily related to biological factor(s).

Work on overseas species has shown that the scale of metapopulations can be large,

e.g. for Placopecten magellanicus there are three main scallop aggegations on

Georges Bank (an area of 31,000 km-z, Brand 1991), with significant larval exchange

likely between two of them (Tremblay et al. 1994). For Pecten maximus, occurring in

the English Channel / Celtic Sea, a numerical hydrographic model showed that

English and French populations were effectively separate, and that larval flow

(although low) went from western to eastern channel stocks, with all of the eastern

fished areas probably dependent ultimately on downstream drift from western

populations (Dare et al. 1993). The implications of larval linkages between beds are

very important, as fishing out populations that are effectively self-sustaining, or that

provide most of the larval supply for populations downstream, would be a very

destructive and probably short-lived strategy.
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The next level of spatial organisation is that of the bed, which represents a discrete

area of high scallop densities. It is difficult to define an exact density at which a bed

can be said to "exist", but possible definitions might include a scallop density greater

than that at which fertilisation success falls to, or is near to, zero (a function of nearest

neighbour distance), or above that at which commercial fishers cease to be able to

operate economically. Densities for both are unlikely to be fixed (the first changing

with environmental conditions such as current speeds, the second with market forces).

Bed formation is still a poorly understood process, but may result from differential

survival of scallop lawae, or the concentration of larvae through hydrological or other

mechanisms. Such mechanisms may include concentration on the leeward side of

prominent coastal structures where consistently strong winds predominate (Orensanz

1986), coastal fronts (Murphy 1986), estuarine entrainment (Naidu & Anderson

1984), and residual circulation in semi-enclosed bays (Fairbridge 1953, Ventilla 1982,

Boucher 1985). Such beds are often fixed in their location from year to year.

For the purposes of this study a bed is defined as any location where a population that

can be meaningfully studied with the use of small quadrats which are diver placed

occurs (greaterthan -0.1 m-2 scallop densify). This is also within the likely range of

the minimum density at which commercial fishers will operate.

Within the scale of individual beds, densities are not homogenous. Areas (or

"patches") of both high and low density may occur. Detection of such fine scale

variability is dependent on the scale at which the sampling device (or observer) is

operating. For much of the work contained in this thesis the use of small quadrats

makes fine scale pattern very apparent. However, research work carried out with

commercial dredges (and commercial dredging in general) is incapable of detecting

this fine scale variability, as tow lengths are in the order of 100's to 1000's of metres

(Orensanz et al. l99I).

At the finest scale, that of an individual scallop's neighbourhood (centimetres to

metres), clumping and patchiness may also occur, as animals compromise between

maintaining sufficient distances between neighbours to avoid food competition while

remaining close enough to ensure maximal fertilisation success during spawning
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events. This is the scale at which density-dependent mechanisms are most likely to be

found operating (Orensanz 1986). The con-specific densities experienced by

individual scallops may be of profound importance - "chances of survival and

reproduction for an individual cannot be determined simply by the spatial averages of

population densities for the area but depend on the individual's movements and the

spatial arrangement of the populations" (Chesson l98l). This fine scale spatial pattern

has been ignored in most studies.

All these scales of spatial pattern (apart from that of the meta-population) may be

dynamic in their existence as a result of the movement of individuals. Scallop species

exhibit a broad range of movement abilities, from effectively sessile - Hinnites

purpurata (Orensanz et al. l99l), to large scale movements by hydrodynamically

efficient swimming species - e.g. Placopecten magellanicus (Posgay 1981, Melvin et

a/. 1985), Patinopecten yessoensls (Imai 1980). Pecten novaezelandiae is not well

suited to larger scale movements, and tires quickly (pers. observ.)

In general, workers have neglected the size class component of the population that is

potentially the most important. Laboratory experiments with Pecten maximus and

Chlamys opercularis (Beumont & Barnes 1992) have demonstrated that juveniles of

these species are potentially capable of using mucous/byssus drifting for transport in

the water column. Such findings have important implications for the understanding of

bed maintenance and formation.

This chapter examines spatial pattern at levels below that of the metapopulation,

namely those of bed location and extent, patchiness within individual beds, and

spacing between individual scallops.
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2.2 Methods

Dredging, diver placed quadrats, and tagging experiments were used to examine

spatial pattern.

Dredging

All dredging work employed the following methodology. A sealed down version (0.7

m width) of a commercial scallop "box" dredge, lined with ten mm stainless mesh,

was towed behind the R.V. Proleus, a twelve metre research vessel. At each sampling

station the dredge was lowered to the seafloor while the vessel was stationary, and the

vessel then run forward until a warp length / depth ratio of 4 : I was achieved.

Towing was considered to have commenced once the rope came up hard on the

dredge, and tows were conducted for three minutes, at which time the boat was

reversed and the dredge retrieved. Positions were fixed by radar or non-differential

GPS. It should be noted that at the time this work was conducted (the early 1990's)

GPS systems were very expensive and not widely available. Hence the accuracy of

the start and end points of tows were less accurate that would be able to be achieved

with current (1999) GPS units. At the time of writing, the Leigh Marine Laboratory

has still to acquire differential GPS capabilities.

Tows were made at the slowest speed possible while still allowing course to be

maintained given prevailing winds. On average it was estimated that a -100 m

distance (70 m-2 area) was covered per dredge shot. The variance around this estimate

of mean distance towed cannot be estimated, as the error in the selective availability

(SA) varies from minute to minute, day to day, week to week, depending on what the

American military is doing. Upon retrieval of the dredge all live scallops and cluckers

(dead scallops with ligament still attached) were counted and measured. If trvo dead

shell halves with ligament attached were present and fitted together, this was counted

as one individual. All animals were measured to the nearest mm shell height (SH)

using vernier calipers. Numbers and species of starfish captured were also recorded.

Sites sampled are summarised in Table 2. l.
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Table 2.1: Summary of sampling sites for spatial pattern estimation

In 1991, during an unrelated dredging exercise in Greater Omaha Bay, high densities

of juvenile scallops were located in southern Greater Omaha Bay. Two 40 station

grids were subsequently set up for ongoing monitoring of scallop populations (Figure

2.1). One covered most of southern Greater Omaha Bay, whilst the second covered

northern Greater Omaha Bay. Initial surveys of both grids were made in July 1991.

High densities ofjuveniles were only encountered in the southern grid, and so greater

temporal sampling effort was directed towards this grid (- bimonthly, versus annual

for the northern grid).

Site Sampling
Cevice

Grid
size (m)

Spatial
extent (m'2)

Sampling
Pattern

Reps Sampling
Dates

Ti Point
A
B

2.25 m'2 quadrat

2.25 m'2 quadrat
60x60
00x60

3 600

3 600

Lattice

Lattice

64

64

July 1992

Sept 1992

Feb 1992
April 1992

Southem Omaha 100 m dredge tow
(70 m')

2590x
1 380

3 574 200 Grid 40 July 1992
Sept 1992

Nov 1992

Jan 1993
March 1993
July 1993
Nov 1993

Jan 1994

Feb 1994

July 1994

Northern Omaha 100 m dredge tow
(70 m''?)

2590x
1 380

3 574 200 Grid 40 July 1992
July 1993

Pukenihinihini
Point
Plot A
Plot B

2.25 m-2 quadrat
2.25 m-2 quadrat

35x35
35x35

1 225
1 225

Grid
Srid

35
35

Oct 1992

Jan 1993

March 1993

Pink Beach 2.25 m-'quadrat 30-150x
60-80

19 800 3rid 280
140

April 1993

July 1993

Motoketekete 2.25 m* quadrat 260 x 120
variable

25 000 Grid 252 May 1993
Nov 1993
March 1994
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The wide range of water depths, substrata's and scallop sizes present through time

made attempts to estimate dredge efficiency logistically and technically prohibitive.

This is because most scallop beds started in greater than l8 m water depth, and the

only way to get worthwhile estimates of dredge efficiency was through intensive

diving work. The relatively deep water depths at which the scallop beds occurred,

wide range of substrates, and high number of dive replicates needed, make such work

beyond the scope of a student project using volunteer labour. Even given such work

being carried out, results would be subject to a number of substantial assumptions,

and this area is an exceedingly difficult one to address robustly. Over twenty years of

expensive and logistically intensive work by fisheries scientists on the northern New

Zealand scallop fisheries has not yet managed to produce robust and unbiased

estimators for commercial dredges (Cryer 1999). Hence all dredge density estimates

given in this thesis are relative.

Diver censuses

A number of sites were censused using diver placed quadrats (Figure 2.1). At each

site, the following general methodology was used. A 1.5 x 1.5 m(2.25 m-2) quadrat

was placed on the substratum (using a 0.75 x 0.75 m sampling frame rotated around a

central sampling point). All scallops within the quadrat were located and measured

(apart from the Pukenihinihini site where they were counted only, to avoid

disturbance effects to juveniles). The substratum was physically searched by hand to

detect small recessed scallops. Diver efficiency was assumed to be 100%. This

assumption is also made for northern New Zealand scallop stock assessments (Cryer

1999). Double-checking of already searched quadrats seldom found missed scallops,

as quadrats were searched thoroughly both visually and by touch (most quadrats were

sampled by the thesis author, who also carried out quality control checks on quadrats

sampled by volunteers). If an individual fell underneath the quadrat boundary, it was

counted if more than half of its surface area fell inside the quadrat area. Cluckers with

ligament attached were also counted and measured. The shell height of each animal

was measured (+ I mm) using vernier calipers'
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A number of sites were assessed during the course of this study. Site selection was

generally driven by the need to have sufficient scallop densities for monitoring and

water depths shallow enough to allow reasonable bottom times for divers. Effort was

initially concentrated in Greater Omaha Bay. However, due to a series of events

scallop populations dropped below workable densities in this bay (see Chapter Three),

and sampling effort was shifted to Kawau Bay, where sufficiently dense scallop

populations were still present.

Sites sampled by diver census are in Table l, and include sites used for mortality and

growth estimation (Chapters Three and Four). Site locations are shown in Figure 2.1.

For all spatial contour plots in the results section, positions of individual quadrats are

shown as black circles. To allow ease of interpretation, all numbers per unit area have

been converted into numbers per m2

Ti Point

An adult population was located at Ti Point in 1991. Two 60 x 60 m plots (3 600 mr)

were marked out on the seafloor using steel pegs (10 mm reinforcing rod) driven into

the substratum along the boundary of each plot. Transects were placed across each

plot at 10 m intervals, and quadrats placed along each transect at l0 m intervals. For

every second transect, the starting point for the first quadrat was offset by five metres.

This created a lattice sampling pattern.

One plot was placed on shell gravel (18 m water depth), the other on hard packed

sand (17 m water depth). Initial sampling was undertaken in July 1991. A second

survey was done in OctoberA.,lovember 1991. Two additional 60 x 60 m plots were

added at this time (both on sand, in 11 and 12 m water depth respectively), and 30

quadrats were taken haphazardly within each plot.

The two lattice grids were severely impacted by commercial scallop fishing

December 1991. Many of the pegs were removed, or bent almost 90", and much

in

of
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the scallop population removedr. At this time, due to extensive darnage to the grid,

and scallop removals, grid sampling was abandoned and 30 haphazard quadrat

samples taken instead.

Pink Beach

A population of predominantly adult animals was found at this site subsequent to the

Ioss of the Ti Point site. Due to generally lower densities, and a desire to cover a

broader area, a different grid system was used. Preliminary surveys indicated that the

population was concentrated along the outer boundary of a shell gravel tongue

extending out from a nearby shoreline reef system. A transect was run out along the

main - north axis of the shell gravel patch. Every 30 m a labeled steel peg was driven

into the substrate. From each of these pegs, a transect was run out both east and west.

This was extended west until the shell gravel / hard packed sand boundary was

encountered. To the east it was continued for 60 m. Overall plot dimension was 30 -

150 m x 60 - 180 m, with quadrats placed at 30 m intervals along each of the

transects, resulting in 28 sampling stations. Each sampling point was marked by a

labelled steel peg.

Two surveys were completed (April 1993 & July 1993). For the first survey, l0

quadrats were sampled haphazardly within a radius of 5 m of each sampling point (28

sampling points - 280 quadrats total). In the second survey, sampling effort was

reduced to 5 quadrats per sampling point (140 quadrats). By this time densities had

drastically reduced, and further sampling was discontinued.

Pukenihinihini Point

A high density cohort of juveniles was located at this location during the initial

southern Greater Omaha Bay dredge surveys of July 1991. Two diver monitored sites

were set up for more detailed work. Sites were 35 x 35 m in extent (l 225 m-t1, with

labelled pegs being placed at seven metre intervals (36 points total). During surveys, a

rThis was despite an agreement with the local fishing company that this small patch of scallops be left
intact for research purposes. Fishing by this one vessel effectively destroyed several months of work,

and precluded the unbiased estimarion of natural rnonaliry and growth for this population.
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standard quadrat was placed around each of the pegs. Presence of the pegs appeared

to have no effects on scallop densities. Sampling was discontinued after scallop

populations declined suddenly to very low densities (discovered March 1992).

Animals were counted but not measured during surveys, to avoid possible

displacement effects on the juveniles.

Motuketekete Island

Effort was shifted to this location following the loss of the Omaha sites. A 340 m

transect was placed subtidally parallel to the general shoreline, running from inside

one cape to the other. From this main north - south transect, secondary transects were

laid out at twenty m intervals east and west. Shoreward transects were terminated

when the lower intertidal was encountered, or when water became shallower than one

metre. Seaward transects were terminated when scallop densities reduced to low

levels. Labelled pegs were placed along the central backbone at 20 m intervals, and

surveying tbpes were used in conjunction with a compass to place transects during

surveys. This system was used to minimise interference by recreational divers, since

the area is a well known scalloping site.

Standard quadrats were placed at six m intervals along each of the secondary

transects, starting three m to each side of the main transect, and all scallops and

cluckers measured and replaced. Three surveys were conducted in this way (June

1993, December 1993, March 1994). For the March 1994 survey additional

information was collected for each sampling point, on substratum type (visually

assessed), and depth (0.1 m resolution, by dive computer). All animals encountered

were measured to the nearest mm shell height.

A multiple regression analysis was performed on the Motuketekete data, using the

methods as described in Vignaux & Gilbert (1993). Essentially, this model was used

to estimate multiplicative effects on scallop density (number per quadrat) of the

variables depth (continuous variable) and substrate type (categorical variable),

expressed as

s:M+Di*Bi
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Where S is the logarithm of the measure of scallop density, M is an overall mean for

S, D, is the effect on S of depth, and B, is the effect of the substrate variable having

valueT. This process utilised a stepwise regression procedure where additional values

were added to the model until no extra explanatory power is produced (set at >l% for

this work). A separate model was nm for each of the three surveys.

lt should be noted that scallop size (e.g. juvenile v.s. adult) was not explored for use

as an explanatory variable, as all of the scallops were overwhelrningly of one age

cohort, and the size range therefore quite limited.

Tagging plot work

A tagging experiment designed to estimate movement, mortality and growth rates was

set up in Motuketekete Bay. Two fourteen by fourteen m plots were marked out in an

area of relatively high scallop density (- 5 m"). Short metal stakes were driven in

around the boundaries of each plot at one metre intervals, leaving 6 to 8 cm visible.

During each survey fine cord was strung between the stakes, to produce a 196 m'2

arTay.

During the initial plot set-up, divers cleared the inner l0 x 10 m portion of each plot.

Scallops were brought to the surface, and placed in 500 L plastic bins supplied with

flowing sea-water. Nine mm oval plastic tags (Hallprint Tags Pty, Australia) were

attached to the area of the upper shell immediately adjacent to the shell umbo, using

superglue. This area was dried using paper towels, and one drop of superglue applied.

A uniquely numbered tag was applied, and a second layer of glue applied across the

top of the tag once the initial layer had reached a tacky state. Every tenth animal was

double tagged to assess tag loss rates, approximately l0 - 15 mm to one side of the

initial tag. Animals were returned to the bins and kept until all had been tagged.

Divers then returned the tagged scallops to within the l0 x 10 m grid, at a uniform

density per m' cell (-5 per cell), recording the position (x, y coordinate) of all tagged

animals returned. Four hundred and twenty five animals were tagged in plot I and

four hundred and eighty seven in plot 2.
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During subsequent recensuses, the two grids were restrung, and divers carefully

checked each cell for scallops. When an individual was located, the sand covering the

basal portion of the shell was gently fanned away to uncover the tag. Animals

appeared to be minimally disturbed (virtually no movements). Recensuses were made

after I day, and 3,6,9 and 14 months.

Analysis followed the methodology of Beinssen & Powell (1979), with some slight

modification, and is given below. For the purposes of this experiment, each

contiguous group of four I m-2 cells was summed into one 4 m-2 cell , resulting in 25

possible release cells.

The probability that a tagged scallop was recaptured in a subsequent surveys was

p: a exp (-Xt)

where X is the co-efficient of reduction of tags due to natural mortality and tag loss

t is the time between release and recapture

a is the diver efficiency (set at lQ}Vo for the purposes of this experiment)

Equation (1) can be re-written as

ln (p): ln (o) - Xr (2)

An estimate of p is given by the ratio of the number of recaptured tagged scallops to

the number originally released. However, since only the grid is searched, this is an

underestimate, and it is necessary to weight the estimate to allow for those individuals

that have moved beyond the grid boundaries. This weighting factor can be calculated

using the information available on the movement of scallops between squares within

the grid. It is assumed that movement in any direction is equally probable, and that

movements are independent of the position of the release cell occupied.

Given that an animal is released into a cell, there are fifteen different categories of

release square possible (Table 2.2). The categories are not symmetrical in their

(t)
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distribution about the central square as physical barriers to scallop movement are

incoqporated in the calculations. This consisted of no scallops being allowed in the

model to move more than I cell outside the grid in the north direction, due to the

presence of a rocky reef, and similarly no more than2 cells outside the grid south due

to a habitat change from marl grit to sandy mud. Both these habitats (rocky reef and

sandy mud) were not favoured by scallops (as evidenced by population monitoring,

see later sections).

Table 2.2 : Possible release cells within each tag plol Each numbered cell represents a release cell,
with numbers that are identical representing cells that are the same in terms of all possible movements
from them, assuming no directionaliry bias in movement. The buffer zone represents an area which was
surveyed subsequent to tagging but into which no tagged animals were released. Cells outside the
buffer zone represent all possible cells for which the probability of movement into them by tagged
scallops can be estimated (using movement rates within the surveyed area). To the top of the grid a
rocky reef prevented any further movement, and to the south a substratum changed from marl to fine
muds discouraging movements into this area. Top of the grid is orientated approximately South-east-
east.

NB. Dark outer border shows I cell buffer zone surveyed. All cells to which movement was possible to
be calculated outside this buffer zone are shown.

Within the grid there were 20 possible movement categories that could be observed.

These movements can be described as (a,b), representing movement a squares in one

direction and b squares in the other. For a release square of type/ and movement of

type t, the fraction A.,r of movements not taking scallops out of the census grid is

shown in Table 2.3. For example, an animal moving less than 2 cells in any direction

would not move outside of the recensus area and the value of 4* would be l. For

larger movements, the value of A1r. reduces as the potential for animals to move out of

the recensus grid becomes greater.

1a 2a 3a 2a 1a
2c 4a 5a 4a 2c
3c 5c 6 5c 3c
2d 4b 5b 4b 2d
1b 2b 3b 2b 1b
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The probabik'ty of oo-serying & Drov€rl€rlt type /r &om a sqwlre of tJDe j is p.\1P*,

where Pais theprobability af any movernert of t1ryek. Therefore the expeetednumber

E (&) of obsErvod rnovements oft)?e k is

t5
E(ir*) =fap&*et (3)

i=t

where n, is the number of seallops released in squares of tpeT-

From Equation (3)o

pP* -- CuE(N*) (4)

where

t5

Ck =LlLwAa
j=l

It is assurned that during the course of the, expefiimenl no tlpes of movemernt occured

other than the 20 described, therefore

(s)
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t5

Tp.-r
A=l

Summing Equation (a) for all values of rt

values N*, an estimate ofp is obtained as

(6)

and replacing E(,V*) with the observed

t5

o =lcan
P-l

The variance of this estimate ofp can be calculated using the fact that the N* are sums

of multinomial variates and can be shown to be

t5 15 t5

(7)

var(p) -- pZ,C*h -ln1p'1lcr+rri'
*=l i=l k=l

(8)

To remove the effects of initial mortality due to tagging and handling effects, and

rapid dispersal of disturbed scallops on their return to the grid, a full recensus was

carried out one day after release. This allowed for the proportion of animals dying

from handling to be identified through their presence as cluckers. For the purposes of

the ongoing monitoring, only animals remaining in the grid area at this time were

selected as experimental animals. This may have slightly biased the sampling towards

animals that were the slower moving component of the population, but this effect was

likely to be negligible. Using animals that moved beyond the grid would have

strongly confounded the effects of natural movement and those induced by the

process of setting up the experiment.

Individual mapping

A l0 x I0 m plot of relatively high scallop density was selected within the main

scallop patch at Motuketekete Island and the individual x, y coordinates of each

scallop present recorded to the nearest cm. Animals were removed as they were
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encountered to avoid subsequent movement confounding the spatial pattem. For each

individual within the inner eight metres of the plot (0.50 cm buffer), the distance to

each individuals scallops nearest neighbour was calculated. The method of Clark &

Evans (1954) was used to test whether spatial clumping was present within this

population.

In this method, the shortest distance to its nearest neighbour is calculated for each

individual scallop. The mean observed distance for all measurements is derived, this

constitutes the value f . fn"mean distance to be expected given the same density of

individuals, distributed at random, is calculated as

i 2Jp

wherep = density, expressed as the number of individuals per unit of area.

The ratio

(e)

R:?
fe

(10)

is then used as "a measure of the degree to which the observed distribution

approaches or departs from random expectation" (Clark & Evans 1954). R can take

values ranging from R : 0, which is maximal aggregation, through to R :2.149I,

which is a uniform lattice of distribution. For a totally random distribution R = 1.

To test for significance of R, the significance of the departure of i from y ris tested

using a normal curve, where

l"e-Tn
ofe

(11)
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where c is the standard variate of the norrnal curve, and oy , is the standard error of

the mean distance to nearest neighbour in a randomly distributed population of the

same density as that of the observed population . The value of of , for a population

of density p is given as

(r2)

where ly' : the number of measursments of distance taken. c values of 1.95 and 2.58

represent the 5Yo and lYo levels of significance (two-tailed test) (Clark and Evans

1954).

2.3 Results

Dredge surveys

Southern Greater Omaha Bay

Ten surveys were completed for this grid. Scallop year classes were divided up on the

basis of size frequency distributions (see Chapter Four) and each individual year class

analysed separately. Densities are given as the number of animals per -70 m-2 tow. In

general more scallops occurred further offshore(N.E.) and deeper for the l99l cohort

than in shallower inshore stations (Figure 2.2). However, there was significant

variation between the contour plots for surveys one to four. By survey five, few

animals remained, and in surveys six to ten none were captured (survey contour plots

not shown).

Overall, spatial pattern was quite variable among the first five different surveys, apart

from the eastern side of the grid, which consistently contained higher densities.

Within surveys, patterns were more consistent, with adjacent sampling stations along

the same bathymetry having similar densities (roughly N.W. to S.E.).

0.26136

"lNP
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For 1992 cohort juveniles (Figure2.3) over the same grid, the initial survey detected a

broad band of higher density to occur in the S.E. area of the grid. However, as with

the adult abundance, spatial pattern was not consistent between surveys one to three.

Between surveys three and four, a large scale catastrophic mortality occurred (algal

bloom effects - see Chapter Three), and densities were greatly reduced. Few scallops

remained in surveys four and five. For surveys six to ten 1992 cohort scallop numbers

were very lown and are not presented.

Individuals of the 1993 cohort (uveniles) were present from survey five onwards

(Figure 2.4), and did not show the same spatial patterns as juveniles in the previous

year (1992 cohort). As with other cohorts, spatial gradients of density occurred within

suryeys, but were very variable in their occurrence between surveys. Some

consistently higher density patches were present, such as towards the northeastern

corner of the grid.

For the 1994 cohort (present only in survey ten), two small high density patches were

centered around hvo of the more offshore stations (Figure 2.5).
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July 1994

Distance

Figure 2.5: Southern Greater Omaha Bay Peclen Nn'aazelottdiae density contour plots
Black dots denote positions of sarnpling quadrals

Northern Greater Omaha Bay

The survey of July 1992 found a region of higher adult numbers (1991 cohort - Figure

2"6a) running throughout the central zone of the grid. Juveniles were present in only

low numbers (1992 cohort - Figure 2.6b), with a fewer higher density patches being

present. By the following year (July 1993), densities of the 1991 cohort had reduced,

and the higher density patches did not occur in the same spatial locations (Figure

2.6c).

o
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Diver surveys

Ti Point

The two 3600 m-2 grids both displayed spatial gradients of abundance (Figure 2.7).

The gravel plot had patches of higher density in the S.W. and S.E. areas of the survey
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plot. A corridor of lower density ran diagonally through the site from S.E. to N.W.

The southern portion of the grid had only low densities. For the sand plot,

an overall general gradient of increasing abundance travelling from west to east was

present, with two large patches having densities of 3 m-2 or greater.

By survey 2, densities in the gravel plot were greatly reduced, and the observed

spatial pattern had changed. No spatial information was available frorn the sand plot,

AS

Gravel Plot July 1991 Sand plot - July 1991

Gravel plot - Oct 1991
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samples were taken using haphazard quadrats (this area had been heavily fished by

commercial scallop boat, and the grid partially destroyed).

Pink Beach

Densities at this site were low (< I *'t). Density at each point was an average of l0

quadrats. A very pronounced zone of higher scallop densities running along the

western boundary was present. This area was flanked by hard packed sand.

Casual observations on the adjacent sand found very few scallops to be present, with

the shell gravel / sand boundary strongly correlated with an almost complete absence

of scallops. The apparent "hole" in densities at grid intersection 90,30 may have

been an artifact of earlier collecting of scallops at this site (for population size

structure estimation, and reproductive sampling) prior to the decision to establish a

monitoring grid. Data from the second survey are not presented, as densities had

fallen to levels too low for effective monitorin g (< 0.2 m-2).

t\

Dislance (m)

Figrrrc 2.8 ftirrk Bcaclr l'c,c'lc,rt trtrue:<,lunclrt, density contour plot
Black dots delrote positiorrs ol'sarrrpling quadrats

(Xtm2)
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Pukenihinihini Point

High densities of juvenile scallops were initially present at this site (4 - 15 m'2)

(October 1992), though these were variable over a scale of tens of metres (Figure

2.9). By January 1993, densities were reduced, but a large patch was still evident in

the N.W. corner of plot l. Data from plot 2 are not available. By the time of the third

survey, scallop densities were extremely low (- 0 m").

Oct '1992

Plol 1 Plol 2

N/A

t''igrrrc 3.9: Prrkcnihinihini Point /'r,clc,rr rrurut':clurnli uc dcnsity contotrr plots
Rlack dots denote positions ol'sanrplin-c quadrats
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Motuketekete General Bay Survey

Habitat description

Ten bottom types were identified by visual inspection. These were bedrock, rubble,

cobbles, fine sand, mud, marl (fine rock gravel), sand & shell mixed, sand, shell, and

shell grit. Overall, landscape pattern was very clear (Figure 2.10), although some

substratum transitions tended to occur over a range of several metres.

Bedrock occurred in the central inner portion of the bay, where a rocky reef extended

from above low tide level down to about 8 m water depth. Running around this reef in

a band was a zone of marl and shell grit. This pattern was also present at the two ends

of the bay, although bedrock did not extend down into the subtidal zone. A large marl

patch was present along the western side of the bay, with a zone of fine sand

separating it from the intertidal bedrock. On the eastern side of the bay, a limited

amount of rubble was present below the intertidal reefs. Around this extended a zone

of marl. Further out on the extreme end of the bay a more shelly substrate appeared.

Mud occupied the central portion of the bay.

The bathymetry of the bay was simple, with greatest depths tending to occur slightly

to the outer southern area of the bay. In general, the contours were arranged around an

oval pattern, with a shallower area in the inner central portion of the bay as a result of

the projection ofa subtidal rocky reef.

Most of the available area was dominated by three substrata; marl, mud and shell grit.

Combined, these covered 84o/o of the surveyed area. Habitat types did not shift

spatially between the three surveys, although some major changes in fine scale

topography was produced by the activities of large schools of stingrays foraging for

infauna.
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Figure 2.10: Motuketekete Bay bathymetry and habitat boundaries. Black circles indicate the locations of quadrat sampler
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Habitat ffinities

Scallops occurred throughout the bay, but displayed definite affinities for particular

bottom types. Three main scallop concentrations were apparent, one to each side of

the bay, and one arranged in a U shape around the rocky reef located in the centre of

the bay (Figure 2.ll). The position of these patches remained reasonably consistent

throughout time, although reductions in overall scallop densities occurred.

Table 2.4 shows the relative proportions of the study area covered by each bottom

type, and the percentages of the scallop population contained in them in each survey.

Marl, shell and sand, shell and shell grit all displayed higher scallop densities. Mud

areas contained only a few animals. Very low or zero densities were associated with

bottom types that were predominantly hard substratum (bedrock, rubble, cobbles).

Fine sand contained no scallops, but this may have been due to the very shallow water

depths it occurred in. Coarser sand held scallop numbers slightly lower than did mud.

Table 2.4: Proportions of habitat tlpe, and relative abundance of Pecten novaezelandiae within each

survey, for Motuketekete Bay. The same spatial coordinates were sampled for each survey.

3ottom type f quadrats Yo Area June 1993 Dec 1993 March 1993

bedrock
cobble
fine sand
marl
mud
rubble
sand and shell
sand
shell
shellgrit

12
2
3
62
91

7
4

I
6
57

0.05
c.01

c.01

J.25
1.36
1.03
1.02
).03
J.02
).23

0.2%
0.0%
0.0%
38.ZYo

12.60/o

0.|Yo
1.7o/o

0.9%
4.3Yo

41.30

0.5o/o

0.0Yo
0.0%
34.20h
13.7%
0.1o/o

1.5%
0.5o/o

4.8%
44.8o/o

0.3%
0.0To

0.0%
36.8%
15.8%
0.30/o

3.1o/o

0.6%
3.9%
39.2%

Differences between the various habitats remained constant throughout the three

surveys, indicating a temporal stability in the spatial distribution of scallops at the

level of the landscape (Figure 2.12). This was further demonstrated by the fact that

many of the scallops encountered in the third survey were juveniles that had grown

into the adult population (not present in previous surveys, see Chapter Four), but their

recruitment into the population did not change the population's spatial distribution.
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Figure 2. I l: Motuketekete Bay scallop density contour plots, draped over a three dimensional representation

of bathymetry and habitat type
a) Junc | 993
b) Dcc 1993
c) March 199"1
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Cobbles Fine sand Mud Marl Shell+sand Sand

Subsfatum

Figure 2.12: Motuketekete Bay Pecten novaezelandiae densities by habitat type for June 1993'
December 1993 and March 1994 surveys

Scallops were abundant from l-9 m water depth (survey range). Standard multiple

regressions, run on each of the three surveys independently, found depth in all three

surveys to contribute less than lo/o towards explaining the variance present. Therefore,

depth was not included in the final regression models (Table 2.5). However, bottom

t1pe, treated as a categorical factor, explained a large proportion of the variance

(36yo,34Vs and 23o/o respectively for the three surveys).

Table 2.5 Multiple regression results for log (scallop density) using stepwise choice of variables.

Bottom g1pe was the only variable with explanatory power, and the percentage of the variation it
explains is given as an R2 value.

Survey

Survey I
Survey 2
Survey 3

R2 (% variation explained)

0.3s89
0.34t7
0.2325
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Plots of sea[op deusity v€rsus the number of, quadrats of that densrty showed that

over half of,the scallop pspulation ocourred in patchgs of high conspecific density B
3 rn.2 - Figure 2.13) (relative to general scallop densities in New 7*aland populations

e,g. Cryer 199.4a), Ivflaximurn deusitiee decreased throlgh sun€ys trmo and three", but

congpecifi c densities rernained high.
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Tagged ani nzal movements

Tag loss was quantified by means of a double tagging experiment. No double-tagged

animals retrieved were found to have suffered any tag loss for the four recensuses

undertaken (double tagged scallop recoveries being 36, 29, 23 and 6 respectively)

therefore the rate of tag loss was set at zero.

Using the formulations given in the methods section, the proportion of the remaining

tagged scallop population at each of the four recensuses, for each of the two grids,

was calculated. Results are given in Table 2.6. In general, most of the tagged

population was found to move only a few cells (2 x 2 m resolution) from the cell of

release. There was a trend for longer distances to be moved with increasing time, but

this would be expected from a random walk process. A few individuals were found to

have moved between the two grids, indicating that some movement greater than that

able to be detected by the individual grids was occurring (10 x l0 m). No tagged

scallops were ever found during the general grid surveys in the other habitat patches

in the bay of similar substrata, indicating that scallop individuals in dense patches of

scallops moved within patches, but not between patches. Overall, tagged animal

movement appeared to be localised in extent, and occurring over the scale of metres.

Table 2 6. Motuketekete lsland tagged plots, estimated probabilities of movement distance, for the two

tagged plots and surveys in October 1993, December 1993, March 1994, August 1994. Initial baseline

census immediately after tagging done in June 1993

(Number of cells moved in x and y coordinates respectively (2 x 2 m
cell resolution). Numbers 1 - 4 down side of table refer to 4 surveys)

0,0 1,0 1,1 2,0 2,1 2,2 3,0 3,1 3,2 3,3 4,0 4,1 4,2 4,3 4,4 5'0 5'1 5,2 5'3 5'4

Plot 1

1 0.06 0.22 0.15 0.10

2 0.03 0.20 0.14 0.07

3 0.03 0.13 0.08 0.07

4 0.00 0.10 0.08 0.05

Plot 2

10.08 0.19 0.',16 0.05

2 0.06 0.11 0.09 0.10

3 0.03 0.10 0.08 0.04

4 0.o2 0.03 0.07 0.02

0.09 0.05 0.05 0.12

0.17 0.03 0.04 0.07

0.14 0.09 0.04 0.10

0j2 0.09 0.06 0.16

0.17 0.06 0.05 0.05

0.15 0.05 0.04 0.1 1

0.10 0.05 0.04 0.15

0.06 0.08 0.05 0.1 1

0.04 0.02 0.00 0.03 0.02

0.06 0.02 0.01 0.05 0.02

0.10 0.04 0.03 0,o2 0.02

0.04 0.05 0.08 0.04 0.05

0.03 0.01 0.o2 0.04 0.04

0,06 0.00 0.01 0,03 0.05

0.04 0.03 0.03 0.07 0.07

0.03 0.04 0.04 0.1 1 0.04

0.02 0.00 0.03

0.06 0.00 0.00

0.05 0.00 0.03

0.06 0.00 0.00

0.03 0.00 0.00

0.00 0.00 0.03

0.00 0 02 0.00

0.00 0.00 0.07

0.00 0.00

0.00 0.03

0.00 0.04

0.00 0.00

0.00 0.00

0.08 0.03

0.03 0.10

0.07 0.16

0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.03 0.00

0.00 0.00

0.04 0.00

0.00 0.00
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Individual scallop n apping

An R value of l.l8 was calculated, with an associated c value of 7.49. This showed

that the distribution of scallops was significantly over-dispersed. Figure 2.14 shows

the distribution of scallops in the 10 x l0 m block.

0 100 200 300 400 500 600 700 8oo 900 10oo

X coordinate (cm)

Figure 2.14: Motuketekete Bay ten by ten metre mapped plot of individual Pecten novaezelandiae positions
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Discussion

Pattern was evident at each of the three different spatial scales examined, i.e. at the

level of beds, patches rvithin beds, and between individual scallops. At the largest

scale, that of scallop beds within a bay (northern and southern Greater Omaha Bay),

large scale differences in abundance occurred over scales of l00s to 1000s of metres.

Areas of higher and lower abundances stayed relatively constant throughout surveys,

but within these areas abundance was variable. For both sampling plots, and the four

age cohorts encountered (1991 - 1994), spatial correlation in density was much more

apparent, running along depth contours (roughly across sampling plots) than across

depth contours. Possible explanations for the variation present between surveys may

have been small scale patchiness in abundance, and the low spatial accuracy of

positioning of dredge shots. A non differential global positioning system was used for

most of this work, therefore sequential samples at the same station through time may

have sampled different patches of scallops. The 1991 cohort present (adults at time of

first survey, July 1992) in the northern Greater Omaha Bay population was

concentrated in the middle of the sampling plot, across the N.E.E. - S.W.W. axis of

the sampling grid (- 2 400 m width). This area corresponded to water depths of 20 -

28 m. The same cohort in the southern Greater Omaha sampling plot was initially

found more abundantly in the deeper waters (24 - 32 m), apart from some higher

density stations falling within Little Omaha Bay (> 20 m). However, later surveys

also found some scallops inshore from these stations. A gradual decline in abundance

occurred throughout the five surveys in southern Omaha Bay, with this cohort

becoming almost absent by the time of the fifth survey in March 1993.

The 1992 cohort was not common in the nofthern plot, but reached high densities

(w.r.t. to dredge tow data) in the southern plot (up to 60 per tow). The population was

highly concentrated at the shallower stations in the first survey of July 1992, and

continued to remain so for the next two surveys of September and November of the

same year. At this time most of the population died (see Chapter Three). This spatial

pattern was the almost exact opposite of that documented for the | 991 cohort (adults)

over the same sampling plot. It is not clear what mechanism(s) may have contributed

to this difference. Possibilities might include different current dispersal patterns

between the different years (Fairbridge 1953, Yamamoto 1964, Boucher 1985, Dare
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et al. 1993), or primary settlement surfaces (PSSs - Orensanz et al. l99l) differing in

their availability between years. Epiphytic red algae were abundant at certain times of

the year on the soft sediments of Greater Omaha Bay, growing attached to dead shell

material. These and other small scale three dimensional structures may have been

important in providing settlement surfaces in the bay.

An alternative or complimentary mechanism may have involved small scallops (2 - 9

mm) undertaking post-settlement movements, by swimming or possibly some form of

drift behaviour. Such animals were encountered twice by accident while diving in the

bay. At Ti Point a dive in an area of 8 m water depth, found numerous small scallops

spread across a scale of at least 100 metres in extent, with an estimated density of -
I0 m-2. These animals were not recessed or bysally attached, and were triggered into

movement by any movement or casting of shadow by a diver. Animals surrounding

the initially affected animals displayed a reaction to their conspecifics moving,

resulting in a wave of scallops rippling outwards from the impacted point. A weak

current pushed these animals slightly in one direction. A similar swimming ability

and ripple effect was noted in scallops of the same size recovered from spat collectors

and briefly held in laboratory tanks. The swimming ability of these small animals was

quite remarkable, as they possessed the ability to swim vertically upwards at ninety

degrees, and to cover l00s of body lengths in seconds. However, swimming was

pulsed in nature. Attempts to relocate these animals three days later were

unsuccessful, despite numerous spot dives over the same location and several hundred

metres to each side of it. A similar event was observed at Pink Beach. but densities

were much lower at an estimated 0.5 - I m-2.

These events may have represented a segment of a large scale secondary recruitment

event, from initial settlement areas to areas of adult habitat. Such a possibility has

often been invoked in the literature as a likely method of scallop beds being

established in areas some distance from areas of primary settlement surfaces (Brand

199 I , Oren sanz et al. I99l, Minchin 1992), but has never been demonstrated.

The 1993 year class in Omaha Bay (uveniles at time of first being encountered, July

1993) exhibited a different spatial pattem from the l99l and 1992 cohorts, being

found initially in both deeper and shallower areas. This suggests that scallop bed
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formation in the bay is a spatially variable process on the scale of years. This cohort

was not represented in the northern sampling plot. The 1994 cohort fiuveniles at time

of first and only encounter, July 1994 survey) was present at a few sampling stations,

but at quite high densities, all in deeper areas of the plot.

At a finer spatial resolution, that of patches within scallop beds (diver sampling),

gradients of density were present for all the various beds examined (Ti Point, Pink

Beach, Pukenihinihini Pt, Motuketekete Bay). These gradients occun'ed over numbers

of adjacent sampling points, indicating spatial autocorrelation at these scales (l0s of

metres). For the Greater Omaha Bay populations, no obvious physical factors such as

bottom topography or fine scale substratum changes were observed to correlate with

the observed patterns. All of the populations were initially unfished, and so fishing

removals and associated incidental mortalities did not account for these patterns

either. For the Ti Point and Pink Beach plots large scale patches of similar density

were found to occur at scales in excess of 30 m, depending on what range of densities

was defined as constituting a patch. Such pattern would effectively be invisible at the

scale (100s metres) at which dredges work (Caddy 1992), which might have

accounted for some of the variation found between surveys in the broader scale

dredge sampling plots. Such pattern was present for both juveniles (Pukenihinihini)

and adults (Ti Point, Pink Beach) (see Chapter Four for population size structures,

(SFDs)).

Large scale differences in scallop densities with respect to habitat types have been

observed by the author throughout northeastern New Zealand commercially fished

scallop beds eg Ranganui Bay (diving), Whangaroa Bay (diving), Pakiri (dredge),

Little Barrier (diving/dredge), Waikehe Island (dredge), Colville (dredge), and Opito

Bay (dredge).

Abundance patterns observed in the Motuketekete Bay population were more easily

correlated with aspects of habitat spatial distribution. At this site a substratum mosaic

was quantified across the bay, and scallop population abundance found to be strongly

linked to subtidal landscape structure. Soft sediment substrata containing a high

proportion of coarse material (marl, shell grit, sand and shell, shell) were strongly

favoured by scallops. Finer substratas such as muds were much less favoured.
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Examination of the relative proportion of the scallop population found within each of

these habitats indicated that proportions remained very stable over the period of

monitoring (10 months). At the tirne of the third survey a second cohort had appeared

in the general scallop population (see SFDs for this site, Chapter Four). It was not

possible to separate the two age classes within each sampling quadrat, as the two

cohorts overlapped in their size distributions. However, since overall proportions of

the scallop population occurring on different bottom types remained relatively

constant throughout the three surveys, it appeared that this second age cohort

displayed similar substratum preferences as the "original" cohort. This suggests that

fine scale substratum selection, and/or differential survival of juveniles, is occurring

in a similar fashion across different year classes at this site. Depth was not an

important factor in the distribution of scallops within the bay (over a range of one to

ten metres).

The correlation of the location of scallop beds with physical aspects of the

environment has been demonstrated by a number of authors, though most are at

spatial scales of 100s of metres or greater, usually through sampling with dredges

(Heald & Caputi 1981, Dredge 1985, Caddy 1988, Brand l99l). This present study

demonstrates that very strong changes in density can occur over the scale of 1- 10

metres, well within the movement capabilities of Pecten novaezelandiae.

Movement of scallops within the bay, determined from the two tagged plots, in

general appeared to be quite limited in extent. The maximum extent to which these

experimental ptots could in theory detect movement was - 17 m (the diagonal of the

surveyed grid; l0 m + 2 m buffer). Most movements were less than l0 m in

magnitude, over a maximum timescale of 14 months. This matches what has been

found for other Pecten spp. (Howell & Fraser 1984), and indicates that for this bay at

least, larger scallops are either limited in their ability to moven or have no need to do

so. No tagged animals (907 individuals released) were ever found to have moved

from their initial habitat patch release site (marl) to any of the other preferred habitat

patches located within the bay, suggesting that movement between the prelened

habitat patches (scale of -100 m) was unlikely to have occurred. A few individuals

(4) were observed to have moved from one tag grid to the other, representing a

distance of some 20 - 30 m in a straight line.
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Factors causing movement within habitat patches were observed, and found to be

biological in nature. During the early summer months, large amounts of drift algae

(Carpophyllum spp.) were found collected in the vicinity of the deeper central areas

of the bay. Examination of the seafloor underneath and in the immediate vicinity of

these drifts found no scallops to be present in areas previously occupied by scallops,

and it appeared that this decaying vegetation caused scallops to move. Such events

would be almost certainly seasonal in nature, as such drift seaweed is a direct result of

storms ripping material from coastal kelp forests (Kingsford 1988). The starfish

Coscinastertas calamaria was also present within the bay at very low densities.

Often when starfish were encountered, up to a dozen scallops in close proximity were

found sitting on top of the sediment, having moved from their normal recessed

position. Scallops touched by starfish during the period of observation swam up to a

metre to escape.

Large groups of stingrays were also seasonal (summer) visitors to the bay. These

animals foraged for infaunal bivalves and other species by digging pits up to 50 cm

deep and two metres in diameter. Up to 80 - 90 % of the coarser grained habitats were

disturbed in this way. Few pits were found on the mud substrates which, from casual

observations, appeared to support less dense and smaller sized invertebrate

assemblages. This foraging pattern was also noted at the adjacent Moturekareka and

Saddle Islands, again on coarser grained sediment types. Several individuals were

accidentally encountered, and ranged from I .5 to 2 m in width. During one sampling

period the sea in the whole of the sampling area of Motuketekete was discoloured at

the surface due to their feeding activities.

These animals did not appear to be targeting scallops, although occasionally scallop

shells were found in the shallower portions of the bay snapped down the middle, or

crushed into fragments, which has been documented as the normal result of feeding

by cow nosed rays in North Carolina on Argopecten irradians (Petersen et al. 1989).

Such occurrences were low however. Scallops were displaced(or exhibited

movement) as a result of the ray's activities. Such disturbance appeared to move

scallops about within the habitat patches, but not to rnake them move between

patches.
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Human harvesting also played some role, as limited diving was observed on the marl

patch on the northern side of the bay. Inadvertent selection of sublegal individuals

and subsequent release from diving tenders was likely to have resulted in some

redistribution of animals, in addition to abundance reductions through actual

harvesting. Poaching did occur within the sampling area, with four adjacent piles of

scallop shells being found on the bottom during the second survey (on mud). These

piles were recently disarticulated. The size structure of a subsample measured

matched that of the surrounding population. Approximately 400 individuals were

present, representin g lo/, of the total scallop population present in Motuketekete Bay

at this time.

The findings with respect to movement from this bay cannot necessarily be scaled up

to the larger commercial grounds. Such areas are often composed of much larger scale

habitat mosaics (100s - 1000s m's) and are more exposed to open coastal conditions.

In such areas, the factors influencing movement may differ front those found at

Motuketekete, and may include storrn action, and direct and indirect impacts of

commercial scallop fishing (discard of undersize individuals, changes to the seafloor

environment).

At the finest spatial scale measured during this work, that of distances befween

individual scallops, a slight over-dispersion of scallops was found. However, densities

within this plot were very high (5 m-2), and this may not be indicative of between

individual spacing over more modest densities. Sampling across a wide range of

scallop densities is required to fully investigate spatial pattern at the scale of

individuals. Personal observations of scallops in lower density areas suggests that

clumping of 2-3 scallops at a time is a common occurrence, and in a separate tagging

experiment (not included here, as destroyed by a large storm event) scallops released

at low densities were often found in groups of 2-3, separated by only tens of

centimetres after one day at liberty, despite having been released individually within I

metre square blocks.

For all three surveys, a high proportion of the pon pulation was found to occur within

patches of relatively high density. For example, in the July survey 50% of animals
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were surrounded by conspecific densities of 5m-2 or higher, in the November survey

4m-2, and in the March survey 3mr. Having such a high proportion of the population

occurring within higher density patches means that the potential impact of density

dependent mechanisms may be high, even though the spatial extent of such effects

may be limited. An especially important component of this may be the rate of

fertilisation success of animals, with rates dropping off exponentially as the distances

between individuals increases. Such an effect has been demonstrated for urchins,

abalone and other invertebrates (Levitan 1995), but not to date for scallops. Another

impact may be a reduction in individual scallop growth rates through intraspecfic

competition for food (see Chapter Four). Orensanz (1986) found a density dependent

effect on growth, with an apparent maximal carrying capacity for scallops on the

seafloor of 1.5 kg per m'2.

The scallop densities found within individual quadrats at Motuketekete appeared to be

extremely high in relation to commercially fished beds in the Coromandel fishery,

where densities tend to be in the order of 0.1 to 0.3 per m't in fishable areas (Cryer &

Parkinson, in press). Average density within the study location was - 2 m'2 at the time

of first survey, although average densities in the preferred habitats were considerably

higher than this (- 4 m").

Such densities, while high, do not appear to be uncommon in the general Kawau Bay

area. Similar densities of animals have been observed at Challenger and Pemble

Islands, at different times and with different size classes. All occurred on relatively

coarse sediments. For the Challenger population, scallop abundance was highly

specific to substratum. In 1994, a dense population of animals was present within a

narrow band of coarse clean sand, including many legal individuals (see chapter

Four), while in 1996 a dense population of juveniles (3G-50 mm) was present at an

estimated 5-10 m-2, further up the subtidal bank, on a small area of coarse shell grit.

Such high densities may be a result of the spatial mosaic of the bottom types present.

Substratum mosaics occur over many of the shallower baylet and subtidal bank areas

of Kawau over a scale of tens of metres. If scallops are capable of selecting particular

habitats, either through initial settlement / recruitment patterns, or through post-

recruitment movement, then preferred habitats may hold higher densities due to their
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limited spatial extent. This may be in contrast to most of the commercially fished

areas, where the spatial extent of suitable substrata are much larger, and scallops are

likely to be less dense. If it is true that highly heterogenous inshore areas such as

Kawau Bay are predisposed towards generating higher scallop abundance patches, as

a result of the landscape structure of the seafloor (or associated factors such as fine

scale eddy systems), then these areas may be of disproportionate importance in the

production of larvae. Areas such as this are often closed to commercial fishing, in an

effort to reduce spatial conflict between the commercial and recreational sectors, and

therefore are protected to some extent, in avoiding both commercial harvest and

incidental mortality effects (see Chapter Six). Recreational fishing pressure however

is still high, although it has not been quantified to date at finer spatial scales (100s to

1000s of metres). The interactions between landscape structure, resultant scallop

population density patterns, harvesting pressure, and subsequent larval production per

scallop and per spatial area, are likely to be highly rewarding avenues for further

research work. Broodstock reserves, at appropriate spatial scales, may prove to be an

extremely valuable management tool in maintaining and enhancing scallop fishery

resources.

In conclusion, spatial pattern was found to exist at all scales examined. Such pattern

has serious implications for a broad range of ecological and management orientated

processes and problems. Clumping is an implicit component of scallop biology and

ecology, and has direct impacts on processes such as growth, mortality (especially

that associated with targeted fishing on high density patches by commercial and

recreational fishers), bed formation, and fertilisation success. Research into how

scallop beds are formed, their correlation with environmental parameters (preferably

those that can be mapped), and subsequent associated population parameters, is

greatly needed, and likely to result in not only a much better understanding of the

system but also greatly improved management regimes. In addition, the role of

density in fertilisation success, and its interaction with fishing pressure, is an area of

research that is likely to result in profound changes to the way a number of

invertebrate fisheries are managed, with respect to the establishment of protected

areas of high density for broodstock purposes (though this may indeed take some time

to emerge through the management systems currently in place).
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Chapter Three : Estimation of Mortality

3.1 lntroduction

Mortality is a fundamental population process. For exploited marine species in

particular, natural mortality rates are crucial to setting limits on what can be removed

from a stock without adversely affecting fuhrre yields (Annala et al. 1998). However,

mortality also remains one of the most difficult parameters to estimate accurately in

natural populations (Shepherd & Breen 1992). Mortality rates are the product of many

dynamic processes, and vary significantly with many factors, such as size, age,

location, season, and depth (numerous references in Orensanz et al. l99l)

In the fisheries literature, mortality is usually denoted by the variable Z. This

parameter is defined as the total instantaneous mortality over some time period, and is

calculated as the difference between the natural logarithms of two estimates of

abundance.

ZLt = loge(Nr) -loee(Nz) equation (3.1)

where N, and N, are two sequential estimates of abundance. At is usually taken to be

one year, with estimates of Z adjusted accordingly for the time between samples.

Z is actually composed of two components; fishing induced mortality (.F), and natural

mortality (n{. Both are calculated in the same manner as Z. Overall, the relationship

between the three is expressed as:

Z:F+M equation(3.2)

In many exploited stocks, the two cannot be effectively separated, and are estimated

together. F can further be broken down into F and F(l), which denote the harvested

catch and the associated incidental mortality component (not removed) respectively.
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Knowledge of natural mortality rates (&1) is critical for the management of both wild

and enhanced stocks (Orensanz et al. 1991, Shepherd & Breen 1992)- Species that

have high values of M are usually short lived and fast growing (Orensanz et al. l99I).

Such species are often more robust to higher exploitation rates. For enhanced stocks,

M is a fundamental component of whether enhancement is biologically and

economically worthwhlle. M is assumed in most modelling of exploited stocks to be

constant, but in reality this is almost certainly not true (Shepherd & Breen 1992). It is

likely to be a dynamic variable, with factors such as size, age, habitat, species

interactions and other environmental conditions exerting strong influences upon it.

There are a number of methods by which M can be estimated. The first of these is

based on catch-at-age data (Gruffodd L974, Caddy 1979a). For a number of scallop

species it is possible to age individuals by the external rings on their shells (e.9.

Mason et al. 1991, Pecten maximus).In this case catches can be sampled to estimate

the relative number of each year class in the population, and a catch-at-age curve

estimated from size classes that which have fully recruited to the sampling gear.

Assuming constant recruitment, a curve can be fitted through the right hand limb of

the data to estimate mortality. This will be an approximate estimate for many scallop

fisheries, as constant recruitment is an uncommon occurrence in scallop stocks. Such

work ideally needs to be carried out on a lightly fished or virgin population.

A more powerful and reliable approach is to sample the catch over a number of

consecutive years and track cohort abundance through time (Caddy & Jamieson

1977). For exploited populations, information on fishing removals from the

population is also required. Mason et al. (1991) used such an approach to fit a Virtual

Population Analysis (VPA) to Scottish stocks of Pecten maximus.

Unfortunately, the New Zealand species of Pecten does not seem able to be aged by

external bands (Bull 1976). However, this area of research for Pecten novaezelandiae

needs more attention, as an ability to age individuals would greatly enhance the

understanding of mortality, growth and recruitment processes. One possible

altemative is to use bands present in the ligament, or resilium.
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An alternative method of estimatin g Z, F and someti mes M is to conduct scallop stock

assessment surveys on an annual basis, in conjunction with the collation of fisheries

statistics information. Such a time series has been undertaken an Pecten fumatus in

Port Phillip Bay, Victoria, Australia (Gwyther 1988). This spatially discrete stock has

been assessed over a number of years, and due to a long history of fishing is now

effectively composed of only l+ and 2+ individuals, which are easily separated by

size. From this data estimates of fishing (.F) and nafural mortality (Iy') have been

made, as concurent catch and effort information allows for ^F to be effectively

deducted from Z,leaving M. Unfortunately, incidental mortality of scallops remains

unknown and is a potentially confounding factor in these estimates. In this case the

average rate of M has been estimated at around 40o/o per year, which has also been

confirmed by independent experimental tagging studies (Gwyher & McShane 1988).

M can also be estimated using direct quantitative monitoring of unexploited

populations over time. Few studies have utilised this approach, perhaps due to the

relatively small scale possible and the logistics involved. It is probably also difficult

to obtain resources to investigate populations that are not under fishing pressure. The

best work carried out using this method has been that of Orensanz (1986). He studied

a population of the Patagonian scallop Chlamys tehuelcha over a 36 month period,

using monthly sampling with one m-t quadrats of a 100 x 10 metre survey block to

examine growth and mortality. Individual age classes could be distinguished by shell

rings, and good estimates of mortality were obtained across each of the age classes

present.

Finally, a novel method of estimating mortality was proposed by Merrill & Posgay

(1964). They assumed that the proportion of cluckers (recently dead paired scallop

shells) to live shells was representative of mortality in the population over some

previous time period.

For the New Zealand scallop, Pecten novaezelandiae, no formally published estimates

of Z, F or M exist in the primary literafure, but some estimates are available from the

grey literature in government reports (Osbourne 1990, Cryer 1994a). These values are

from either various stock assessment programmes that have been aimed at managing
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the wild fisheries, or from scallop enhancement work that has been carried out in the

Nelson region.

All surveys in northern New Zealand have been conducted across large scallop

bed(s), in commercially fished areas. As such, they effectively ignore smaller scale

variation, producing single values for large areas that may contain a number of beds

in close proximity to one another. They are also biased towards larger scallops, due

both to limitations on the sampling efficiency of the methods used, and to more

interest being taken in the potentially harvestable proportion of the stock.

For the purposes of this current work, monitoring and experiments were designed to

estimate mortality rates across a wide range of scallop sizes from <20 mm up to the

minimum takeable size of 100 mm shell width. Monitoring plots were set up within

natural scallop beds on the assumption that the rates determined from these would be

similar to the fate of seeded scallops placed into the same habitat. Such estimates are

valuable, both for predicting the likely biological and economic outcomes of large

scale enhancement programmes, and as basic information for the modelling and

management of wild scallop fisheries.

3.2 Methods

Monitoring density through time

A number of sites were chosen for ongoing monitoring of scallop populations. For a

full description of sampling methodologies and locations, see Chapter Two.

For all sites, at each survey period, an estimate of density per unit area was gained

using an area searched or swept method. This involved either diver-placed quadrats

(2.25 m'2) or 100 m long dredge tows (- 70 mt). A 2.25 m-2 quadrat was used as it

produced more precise variance estimates compared to smaller sized quadrats.

Densities are expressed as numbers per m-t or per 100 m dredge tow. Diver efficiency

in retrieving scallops within a quadrat was not estimated, but is assunted to be close to

l00oA, with virtually all the work being carried out by experienced workers. Dredge
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efficiency was likely to be lower than that of divers, and all dredge estimates should

be viewed as relative rather than absolute.

For all sites, Z or M (depending on whether fishing was occurring) was estimated by

taking the difference in density estimates between two sampling periods or times

(equation 3.1).

A summary timeline of sites and sampling events is given in Figure 3.1.

Mkete-tag

Mkete

Southern Omaha

.H Pink Beach

Northern Omaha

Pukenhinihini p

Ti point

Tagged plots

#

H

H

H

Dec-90 Jun-91 Dec-91 Jun-92 Dec-92 Jun-93 Deo-93 Jun-94 Dec-94

Time of SurveY

Figure 3.1: Sampling times and sites for mortality estimation (' denotes sampling event)

Methodology used for the two kgged plots is given in full in Chapter Two. Tagged

animals were released within a grided area of the seafloor, and resampled at

successive time periods. Movement information was used to corect for scallops

moving beyond the boundaries of the original grid, prior to deriving a final mortality



Estimation of mortalitv... 7l

estimate. Numbers are presented as the proportion of the original tagged population

remaining at the time of survey (only values of 0 - I are possible).

C lucke r dis int e grati o n exp eri ment

To assess the rate of disintegration of recently dead cluckers, a collection of live

animals was taken and tagged, and 20 individuals from five l0 mm size classes

sacrificed. All soft tissues were removed, and the articulated shells were returned to

the field. This experiment used animals taken from Jones Bay and replaced at

Motuketekete Island between the two tagged plots. Motuketekete Island was assessed

on an approximately weekly basis over a period of 55 days. For each survey, all shells

were examined for loss of the black ligament. If more thanTSYo of this was missing,

then the shell was identified as having separated and was no longer counted as a

clucker with ligament.

Mortality of other saft sediment species

After the large scale phytoplankton bloom (summer 1992193) diving field work

revealed major mortality of other species occurring within the scallop monitoring

sites in Omaha Bay. Additional information was collected on the density and size

structure of the surf clam Dastnea subrosea. A single sample of live and dead D.

subrosea was collected from Pukenihinihini Point from the two monitoring quadrats

during the March 1993 survey of this site. Density estimates were made for dead

animals. These may be overestimates as samples were taken from around the marker

pegs, and there was some indication that shells were accumulating around these pegs.

However, large accumulations of dead paired shells, never observed during other

surveys, were also present outside the grid boundaries. A size frequency distribution

(shell height) was also collected from both live and dead animals.
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Results

Results are presented on a site by site basis. A summary of all sites combined is given

at the end of the results section, with all values being converted into estimates of Z or

M (using equation 3.1) and expressed in units of Z or M day't .

Monitoring densities through time

Ti Point

Densities were initially estimated at 1.89 + 0.17 m-2 (mean + I se) and 2.38 r 0.16 mt

(Figure 3.2a) (July). By the second survey (October) numbers had fallen for both

grids (0.72 * 0.08 m-2, 1.48 + 0.32 m-t). For the two additional sites added at this time,

densities of 1.76 i 0.17 m-2 and 3.73 * 0.36 m-2 were recorded, demonstrating spatial

variation in densities across the overall bed. By the time of the third survey (February

lgg2) numbers for all four sites had fallen to a uniform 0.3 scallops m''. This was

despite the previously large range of densities across the four sites. A final survey was

carried out for the two permanent quadrats in May 1992. Adult scallops were still

present but at very low densities (< 0.1 m-t). However, a juvenile cohort had recruited

into the bed in low numbers, helping maintain overall densities.

A wide range of clucker ratios was found during the four surveys (Figure 3.2b). In

July l99l the two grid plots displayed low clucker ratios (0.031-0.06), Values from

the October survey were more variable. By the third sampling, ratios were low except

for plot I which had over five times the ratio of the other sites. The fourth survey

period had low to nil ratios for the two grid plots examined.
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lntens,i,ve fishing by a commercial scalloping vessel was observed between the seeond

and third periods. This was despite an agreement with the local fishing company to

leave thil small area as a research bed for the purposes of estimating mor@Iiry and

growth. Diving on the area wherc dredging had jwt taken place re,vealed many broten

soallops. Recreational harvesting by amateur diyers was also extensive on th-e

shallower portions (< 12 rn) of the scallop bed, with many boats coming out from the

n-earby traunching ramp within Whanga.teau Harbour,

Fink Beach

The initial survey at this site found a meatt deusity sf 0"39 scallops m'2. Howevsr, by

the time of the second survey densities had deereased by an estimated 69% to only

0.12 scallops m't (Figure 3.3). At this time it was decided that firrther surveys were

not warranted given the low infolmation content and the logistic costs of,sampling.

Examination of clucker ratios for the two surveys conducted at thts site found no

H GridAliveooalloPs

614 G.rid B livo sc.allops

a.a Grid A sluokerratio

O. O Grid B clucker ratio

1992 Time l9e-3

Figrrre 3.4: Mortality of Feuen navaezeland'iaa at Pukenihinihini Point (1992 - 19931 based on
quadrat iampling for live scallops and clirckerratios
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ehange iu the ratio betwcen the two surveys (Figure 3.3) despite ttre large dee,line in

live scallop abundance.

Fakenihinihini Point

lt'was antioipated that tbe large unimodgl,liuvenile,cohort present atthis site'would be

able to be tra*ed through ts harvestable size. The initial surircy found high densities

of scallops Gllbt t, 10.6? * 0.4? rn-2; plot 3, 8,81 * 0.44 nr-e; Figlr,re 3.4). The trro

grids were approximately 2:50 nrehes 4part, and were located in the denser portion of

the overall bed" At surv€y one the cluEker ratio w,as low; at n'0,1o/a of,the poprulation

for both plots. By survey' twon nunbers iu plot I had fallen b1 36% (plot 2 data not

Seallops

Qlueker ratis

0110419.3 l5lg7l93t.
Tine

Figu e3Jl M'ortal,lty of Feelea novaseJand,lae at $ink Beach (199,3,), basedron quadrat samBling of
live soallops and clueker ratios
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available). The clucker ratio for plot I rose slightly to 60/o. By survey three densities

for both plots had fallen to effectively zero. This corresponded with the widespread

decline seen in the scallop population across the southern Greater Ornaha Bay plot

(Figure 3.7a). Clucker ratios at this time were 0.50 and 0.63 respectively for plots I

and 2, indicating significant recent mortality. Monitoring was disconlinued due to the

extremely low numbers of scallops remaining.

Motuketekete Island

General grid sampling

A population of 50 000 animals was estimated to be present within the boundaries of

the sampling area in May 1993. By the time of survey two (November 1993), scallop

densities had dropped by 22% (Figure 3.5). By the third survey (March 1994), a

further 39% of the adult scallops present at the initial survey had died (due to the

merging of a new cohort into the adult population this value was estimated using a

proportion valueo derived using the software program MULTIFAN to split up the

coalesced cohort - see Chapter Four for more details on this software package).

Overall, 61Vo of the population died over a period of l0 months.

Examination of the recorded clucker ratios over the same three surveys demonstrated

little change in this ratio. A constant 0.0ffi.08 value was maintained (Figure 3.6).

The estimation of movement, and thus correction factors for the grid data, has been

previously presented in the methods section of Chapter Two. To recap briefly, the

proportion of animals moving beyond the boundaries of the survey grid was

calculated and used to correct for this movement. The final outcome was an estimate

of total tagged animals remaining both inside and outside the grid area. This has been

calculated for each of the recensuses carried out, and results are shown in Figure 3.5.

Results are expressed in proportions rather than a density per unit area, as scallops

gradually dispersed from the release area to cover a larger area - hence density would

drop even if no animals died, and numbers m-2 is not a reliable indicator of mortality



Estirtation of mortat$... ??

. 0'8
rgr0
Fi

.E
dt
Eg

,B o.u

nl
C}
.@
ltsr,o

.E a.4
ar
.o
;o'.

a

tru a.2

O'r Eaywidcgrid

C*O Tagplot I

ar{ Tagplot2

810121416
Time inrnonths May lgg4

0

May 1993

tr'igure 35: Mortality of Pecten novaaelandiae at Motuketdrete, based on quadrat s*unpling
and declines in taggsd animal abundance, correeted for loss from the censused grids
by movement

I
a6
H
H
!,t
=C)

0.20

0.15

0.10

0.05

0.00

)246810t2t4
Time in msnth,sr

Figure3i6: Clugker.ratios fr,sm MstrrketeksJe Bay, bqs€d,.on qu4drat s,arnpling



Estimation of mortality... 78

Tag plot results

A rapid decline in abundance of tagged scallops occurred over the first 4 months

(68% and 42Yo for plots I and 2 respectively). This may have been an artefact of

tagging and handling, despite resurveying after the first day to allow for tag-induced

mortality and handling artefacts. The results from the broader sampling grid results

(which included the tagged plot area) lend support to this possibility (the proportion

of the initial population remaining was significantly higher at this time). Numbers of

tagged scallops remained relatively constant over the next 5 months, although for

both tag plots a downward trend in abundance was apparent. Abundances of tagged

animals in the two plots showed reasonably similar declines. Nine months after the

start of the experiment (month l0 on the plot) approximately 60%o of the original

tagged population had died. This fits well with the estimate derived from the grid

sampling over a larger spatial area. Fourteen months after the start of the experiment,

only l8% of the animals were still estimated to be alive from each of the two initial

grids. Clucker ratios could not be calculated for the tagged animals as no searches

were done outside of the original grided area.

Dredge surveys

Southern Greater Omaha Bav

Ten surveys were completed on the southern grid in Omaha Bay (spatial extent 3 574

200 m-'?). Using a grid-based sampling strategy, 40 stations were sampled per survey

period. Figure 3.7a shows the relative abundance of each year class over time.

Year classes were separated by visual examination of the length frequency data (see

Chapter Four). At the time of the first survey two agelsize classes were present (1991

and 1992 cohort). Numbers appeared to rise between the first and second surveys, but

this is likely to have been an artefact of the sampling methodology (improved dredge

techniques by boat skipper and crew). The l99l cohort consistently declined from the

second survey, disappearing after a period of 9 months. The 1992 cohort remained at

high nurnbers till November 1992, but then declined dramatically by January 1993.
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This large scale decline coincided with a period of extreme algal blooms, and the two

events appeared to be closely related. For the remaining 6 surveys, numbers slowly

declined over a period of l8 months. The 1993 cohort first became vulnerable to the

sampling gear in the July 1993 survey, at lower numbers than the preceding year's

recruitment. This cohort declined steadily in density during the following 12 months.

The 1994 cohort was encountered in July 1994,at densities comparable to the 1993

set.

The overall conclusion from this data was that scallop cohorts (for the three year

classes where temporal trends were available) showed relatively consistent declines in

population size with time. The very notable exception to this trend was the rapid

decline between September and November 1992 for the 1992 cohort.

When clucker densities from the same surveys were examined (Figure 3.7b), it

appeared that pulses of higher mortality occurred over the summer months, for both

1992/93 and 1993/94. This occurred over all three year classes monitored. A

particularly large mortality event occurred during January-February 1993, with over

407o ofscallops encountered being recently dead.

Northern Greater Omaha Bay

The initial survey of the Northern Omaha grid series (Figure 3.8) found the density of

the l99l cohort to be almost identical to the 1991 cohort density in the southern grid

at the same time (4.37 vs 4.35 per 100 m tow). For the L992 cohort, there were lower

numbers ofjuvenile scallops per tow than for Southern Omaha (1.5 vs 7.2 per 100 m

tow). Due to these relatively low densities of juveniles, the northern grid series was

only sampled twice.
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l99l cohort
I 992 cohort
1993 cohort

Date

Figure 3.8: Mortality of Pecten novaezelandiqe in Greater Northem Omaha Bay (1992 - 1993), based on dredging

Over a period of one year the l99l cohort declined to extinction. This was consistent

with the results from the same time period in the southern grid. Numbers of the 1992

set dropped only slightly after I year. A few scallops of the 1993 cohort were

recovered by sampling during the seoond survey, but their overall abundance was

very low.

Overall ntortality estimation

Mortality rates varied widely between sites and times, but were high overall (Table

3.1 : range 0.19-11.15 yr-r ). The highest mortalities were associated with the period

during and after the algal bloom event. Values are expressed both in daily and yearly

units, where appropriate. It should be noted that scaling up estimates to a year from

highly seasonal data has the potential to seriously bias annual rates, and the original

aim was to collect density data from sites over a period of more than a year to

minimise this influence. However, few of the populations monitored survived this

+-+
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tong. The best in ternrs of longevity' were the southern grid cohorts (minus the period

of rnass mor,talit)l, M: 1.23,1.11) and the Motukete-kete Bay population (tv-tr :1.15,

r.68).

'Tcble 3.1: Mortality, estimates for Pecten novde*eldndiae. M orZ w,as estirnatod in day'r units eaeh pair

of consecutive srnveys. M orZ,was also estinahd across cogrpiete site survey series (yr I units).

Thtck black bars indicate time period orrer which an estimate was rnaden algal bloom column indiorites

pedod forwhi'Eh &tr - Zwas e$tirnatBq rdative to the,algalbloom eveni.

$ite Denrity Date Ilays MlLdrry't \4lZ 4lgal Btoom
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Table 3.1 continued
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Table 3.1 continued

Cluclcer d.istntegratian experirnefit

Clucker disintegratioR was not linearwittr respeot to timo (Figure 3.9). Disintegration

rate also naried with soallop si2e, Overall, a nEgative and sl'ightly sigmoidal

rolationship w:ith time was presejrt. Larger scallops had a slower rate of clucker

disintegration, although this relationship did not hold entirely for all the size slasses

examinqd, e.g, ttre smallest size elass (36-45 mm). For alt size classes (bar the 3546

,mm class), experinnental cluckers were still present at the conclusisrr of the

experiment after 55 days duration.

Northpm Grid

1993 Cohort

Motok.t"k"

1.47

t.22

l6-Jul-92

l6-Jul-93 365 0"001
I
0.19

l

'aggin{ l5=Oat-93

l5-Dec- 3

l5-Mar-94

l5*Aug-94

I5.May-93

l5-Norr,93

l5.Mar-94

l;:

l';

|;

0.007

0;014

0.01I

0,013 r.68

0.001

0.013 I
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Figure 3.9: Clucku disintegration rates. from an aqeriment run at M,o.tuketekcte Island,
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Add,itisnul iffirrnation on other speeies preseilt

High densities of Dosinaa subrosea c.luckers were recorded during Mar-o.h .[-993 4t

Pukelihinihini over both plots (Figrrre 3.10). Moro than one ag-c class appeared to be

Bres€trJ (Figue 3.1l), and there wa{i a slight tend for higher mortali-ty in the snaller

size classes. Since the algal blosm w6s urre(pected nio pre'bloom data wsre collected,

and ooaverage" population parameters (size structureo cluclier numbors) are not

availab,le.
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Information was also gathered on the abundance of the two most common starfish

species, Luidea varia, and Astropecten polyacanthus (Figure 3.1l), both predators of

juvenile scallops. Luidea densities displayed two peaks in abundance of 3.5-4

animals per tow, which occurred in different years but did not occur in the same

months. Generally, density averaged around 2-2.5 animals per tow. The size structure

of the populations of both starfish species remained static over time (data not

presented), so recruitment of juveniles was not the agent of these increases. L
polyacanthas occurred at lower densities (l-2 per tow), and appeared to show a slight

trend for an increase in numbers over the survey period.

Discussion

The aim of this chapter was to obtain robust mortality estimates for use in natural

fisheries management and for predicting probable yields from artificially enhanced

scallop beds. However, it was apparent from the scallop populations monitored in

Greater Omaha Bay that mortality rates were highly variable, and sensitive to large

scale disturbances. For all the populations investigated, abrupt and major declines in

densities were quantified. Likely causal factors included heavy fishing pressure, a

storm, and the consequences of an algal bloom. Given this widespread variabilify in

mortality rates and associated vectors, the discussion below is arranged into

subheadings based on the likely causes of mortality.

Exposed habitats (Greater Omaha Bay)

Fishing impact (exposed habitat, Z)

The Ti Point population displayed pronounced declines in density over a relatively

short time period. By the time of the third survey densities of the four sites within the

overall population had fallen to a uniform 0.3 m-2, eliminating the strong previous

spatial differences in density across the sites. Strong circumstantial evidence points to

this removal of spatial pattem and density being entirely human induced, from

intensive commercial and recreational fishine.
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Mortality at this site was a combination of fishing mortality (F) and natural mortality

(M, and overall mortality values for this location are best viewed as estimates of Z

(equation 3.2). Z was estimated to average 6.9 yeart (range 3.0-11.5) (Table 3.1).

These estimates are extremely high, and are an artefact of a short intense period of

fishing activity in a very limited area. Scaling up to an annual rate is biased for the

period outside of the time periods physically measured, as fishing obviously stops

once the population has been fished down to some economic minimum density.

Osbourne (1990) gave estimates of Z year't for Pecten novazelandiae of 1.06 to 1.99,

with a mean of 1.40 (n : 6), for the main Coromandel fishery beds (Whitianga),

derived from sequential annual dive survey assessments. However, this figure is

derived from a much greater spatial area, and therefore is likely to smooth out finer

scale variations in fishing pressure (scallop fishers preferentially fish down the

population during the season, starting with the highest density patches).

Comparison with other scallop species for which Zhas been derived (Table 3.2) show

that the rates estimated in the present study were the highest recorded. This is

probably due to two factors. The first was that estimates were made across a very

discrete spatial area that was exhaustively fished, i.e. it was unlikely that any portions

were missed (shown by the uniform densities and low standard erors after fishing).

Other studies were probably undertaken across a larger spatial extent and wider range

of densities, with some areas being lightly fished due to lower densities. The second

was that the time period over which the mortality occurred was relatively short, and

scaling up to a full year certainly artificially inflated the rate yearrabove what it

would have been had the surveys been conducted annually. However, despite these

points, fishing pressure was very heavy and Z was very large.

Algal bloom impact (exposed ltabitat, M)

Several of the populations monitored in Greater Omaha Bay displayed large density

declines overthe summerperiod of 1993. These corresponded with the occurrence of

a large algal bloom in the region (Rhodes et al. 1993). Strong density declines were

noted for the southern Greater Omaha Bay dredge grids ( 1992 and 1993 cohort), and
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the two Pukenihinihini Point diver grids at this time. Estimates of M over this time

period (October - March) were 3.41,4.65,9.56 and 10.59 respectively (scaled to M

year'). These numbers are very high, and represent a significant mortality pulse. Few

natural mortality estimates are available for Pecten novaezelandiae, but an accepted

value for the North lsland stock is considered to be - 0 .40 (Cryer & Parkinson 1992).

This is the standard value used for stock assessment purposes. In addition, Osbourne

(1990), states that Walshe (1983) gave estimates of M of 0.45 and 0.50 using two

methods of estimation. Bull (1976) estimated M of 0.26 and 0.49 using clucker ratio

methods, in fwo South Island populations.

Dives during the period immediately following the algal bloom found large patches of

the seafloor at Pukenihinihini Point to be covered with a layer of extremely fine silty

material to a depth of 15 cm deep. It was not clear whether the high level of scallop

mortality was associated with the bloom itself or some consequence of the bloom, e.g.

anoxia due to decomposition of the bloom on the seafloor.

A number of other benthic invertebrate populations also experienced high mortality

rates, evidenced by an increased density of recently dead individuals. Cluckers of the

surf clam Dosinea subrosea were abundant in the study area, and scattered

individuals of the starfish species Astropecten and Luidea were also found

disintegrated. At the same time reefal habitats in the area experienced higher than

normal mortalities in their biota (Rhodes el al. 1993, Cole & Babcock 1996).

Large scale toxic algal blooms are now well documented in other regions of the

world, and their effects on both scallops (Summerson & Petersen 1992, Shumway &

Cembella 1994) and general community structure (Diaz &. Rosenburg 1994) have

been quantified in recent work. Peterson and Summerson (1992) documented the

effect of a large scale brown tide in South Carolina, where bay scallop densities were

severely reduced, and even after 3 years densities had only returned to l0 to l5% of

their original levels.

Toxic blooms and associated conditions such as anoxia are recognised as becoming a

more common feature of subtidal coastal ecosystem dynamics, and have been

documented as adversely impacting on a wide range of species. They are not entirely
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unknown from New Zealand prior to the well publicised 1993 event, with a bloom of

the diatom Cerataulina pelagica being recorded from 1983 in the Leigh region

(Taylor & Taylor 1985). This bloom lasted three months, and scallops were reported

as been dredged up dead in higher than normal numbers, with remaining animals

being in poor condition, with little gonad condition. Recreational divers reported the

sea floor as being covered with "slimy black sludge", and this implied anoxic

conditions. This visual description is very similar to that observed during this work.

An additional parallel occurred with recreational divers reporting that they were able

to continue to collect "good scallops" throughout this time period from shallow sites

(location not stated) in the region. Taylor & Taylor argued that wave action and tidal

movements were sufficient in these locations to prevent accumulations occurring. In

the present study the population at Pink Beach appeared to be unaffected by the mass

mortality event in the Southern Omaha grid, and no silty deposits were ever observed

at this site. This site is shallower than the general bed was at Pukenihinihini Point (12

m vs l6 to 30 m) and the substratum was composed of coarse shell gravel rather than

hard packed coarse sand. It was also exposed to a unidirectional current that appeared

to flow continuously. Kawau Bay populations also did not seem to be affected,

although observations at this time were qualitative only. The presence of adult

populations in Kawau Bay, after the bloom, of the same year class as those in Omaha

Bay decimated by the bloom, indicated minimal effects.

Apart from this period of high monality, scallop natural mortality rates appeared to be

stable over time and similar between cohorts of different years for the southern

Omaha grid. Estimates of M for the 1992 and 1993 cohorts, excluding the period of

mass mortality, had virtually identical values of M (1.08 and 1.1,2). Some evidence of

seasonal mortalify peaks in summer were present in the clucker ratio data.

These values are more in line with those previously estimated for Pecten

novaezelandiae, and those in the general literature for other species (Table 3.2). They

are likely to be more realistic estimates of average M in exposed habitat populations,

in the absence of environmental extremes.
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Table 3.2: Mortality estimates for various scallop species (modified from Table 2, Orensanz et al.
l ee 1).

SpJcies Method Estimate Area Author

Amusium pleuronectes SFD Z 7.2 Phillipines Del Norte, 1986
Argopecten gibbus M 0.231 Cape Kennedy Roe er.a/. l97l
Argopecten purpuratus CtE M 1.015 Peru Wolff, 1987

CtE F 1.5 Peru
EMP M 2.3 - 3.1 Peru

Chlanys islandica cluckers M 0. I I 6 G. St Lawrence Merc er, 1974
CtE Z 0.74 G. St Lawrence Naidu et.al.,1982
C{E F 0.59 G. St Lawrence
cluckers M 0.15 - 0.23 G. St Lawrence Naidu, 1988
cluckers M 0.05 Newfoundland
density M 0.17 North Norway Vahl, l98l

Chlamys opercularis AFD M L65 - 1.98 Guernese5r, UK Askew et.al., 1974
AFD F 0. I I - 0.37 Guernesey, UK in Broom I 976
AFD M 1.05 North Sea Data from Ursin, 1956 (age > i
AFD M 0.76 Kattegat (age > 4)
Guessed M 0.70 Scotland Mason et.a1.,1979

(ages l+ to >4+) vPA F 0.051 - 1.63 Scotland
Chlamys tehuelca density M 0.62 - 1.99 Patagonia Orensanz, 1986
Chlamys varia density Z 0.71 - 1.19 Brest Shafee & Conan, 1984
Patinopecten yessoensis AFD, dens M 0.128 Posjel Bay Golikov & Scarlato, 1970
Pecten alba tagging M 0.52 Port Phillip Bay Gwyther & McShane, 1988
Pecten maximas (young-old) AFD M 0.164 - N. Irish Sea Grufldd, 1974

1.t36
Life span M 0.301 Hollyhead Hbr. Baird, 1966
tagging M 0.105 England/Wales Franklin el.a/., 1980
density M 0.105 England/Wales
guessed M 0.15 SW Scotland Mason et.a/., 1980

(ages 2+ ro >9+) VpA F 0.014 - SW Scotland
0.225

(sublegals) M 0.635 Saint Brieuc Thouzeau & Lehay, 1988

Placopeclen magellanicus cluckers M 0.046 - Bay ofFundy Dickie, 1955
0.171

cluckers M 0.100 Georges Bank Menill & Posgay, 1964
Density Z 0.71 Georges Bank Posgay, 1979
AFD Z 0.89 Georges Bank
C/E F 0.343 - Bay ofFundy Caddy, 1979a

1.53 I
(50 mm & larger) Density Z 1.06 N. Georges Bank Caddy, 1979b
(ages 6+ to 4+) VPA F 0.2 - 0.6 Georges Bank Caddy & Jamieson, 1977

Pecten novaezelandiae Density Z 1.06 - 1.09 Coromandel Osboume, 1990

M 0.45 Coromandel Walshe, 1983

M 0.50 Coromandel Walshe, 1983

cluckers M 0.29 Challenger Bull, 1976
cluckers M 0.49 Challenger Bull, 1976

(0+ - l+) tagging M 0.21 Challenger Bull & Drummond, 1994
(2+) tagging M 0.46 Challenger Bull & Drummond, 1994

This study densiry Z 3 - | l.l5 Ti Point
l99l cohort density M 2.63 Southem Omaha
| 992 cohort density M l.Z3 Southern Omaha
I 993 cohort densitv M t. I I Sourhern Omaha

density M 9.56 - t0.59 Pukenihinihini Pr
density M 4.10 Pink Beach

1992 cohort density M 0.19 Northern Omaha
densiry Z l.l5 Motuketekete
tagging Z 1.68 Motuketckete
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Storm Inrpact, exposed habitat (M)

The Pink Beach population experienced a strong reduction in numbers between the

two surveys undertaken (a three month period). This was not accompanied by a strong

increase in the clucker ratio, which would be expected if a strong mortality pulse had

occurred in situ. M yeart was estimated at 4.09. This again is considerably higher

than rates previously estimated for Pecten novaezelandiae and other species (Table

3.2).

Anecdotal reports of scallops cast up on the adjacent Omaha Beach within the time

period between the two surveys, after a very strong storm, suggested the large density

decline was attributable to storm action. Scallop strandings have been a historical

feature of this beach (M. Kampman, pers. comm., Auckland University marine

science field technician and local resident, 16 years).

With the exception of the protected Ti Point site, no scallop beds were found in less

than 12 m of water in Greater Omaha Bay. It is likely that storms set a minimum

depth zone above which scallop populations are not able to withstand the physical

forces generated, and are stranded (Ti Point is sheltered from prevailing weather

conditions).

This susceptibility to stranding has been noted by other workers on scallops.

Orensanz (1936) in an excellent study on a population of Chlamys tehuelca, found

evidence of a relationship between growth and mortality with respect to stranding

probabilities. Larger individuals were more susceptible to strandings than smaller

ones, especially when shell fouling was present. A density-dependent growth rate was

also documented, with animals taking longer to reach a given size at higher densities.

Effectively this resulted in higher mortalities for faster growing (lower density)

cohorts, and for larger individuals within the cohort. Growth and mortality factors

acted together synergistically, to produce effects that could not be predicted with

information on one of them alone.
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Sheltered habitat, Z (mostly M).

The only scallop population monitored that did not experience extreme reductions in

density was Motuketekete Bay. However, mortality rates were still relatively high,

with an estimated M of 1.56 from density monitoring and 1.59 and 1.44 from the

tagged plot studies. Limited evidence suggested the mortality rate was higher for

larger sized individuals, but this possible effect was confounded by season and

possibly by amateur harvesting rates (highest over the summer). Some research has

indicated an increase in M in older year classes, which may be associated with

senescence (Epp et a/. 1988, Allison & Brand 1995). The clucker ratio showed no

change over the survey period, indicating that no large natural mortality pulses

occurred.

General conclusions

Much remains to be learnt about the actual factors resulting in mortality. Storms and

algal blooms have been shown to be important mortality sources in some populations,

but these tend to be catastrophic events and not a normal component of background

mortality rates. They cannot however be dismissed as outliers as they are a natural,

albeit possibly extreme, component of scallop mortalify. The role of catastrophic

events in the structuring of marine invertebrate populations remains poorly

understood.

Overall it appears that scallop populations in this area are subject to high mortality

rates and have relatively short population residency times. This is shown by relatively

high declines in density over short time intervals, estimated across a number of

populations. Casual observations at other sites within the general region (Challenger

lsland, Moturekareka Island) also show high density populations of adult scallops to

be short-lived, disappearing with a year.

Predators of Pecten novaezelandiae are poorly known, and data/records are mainly

anecdotal in nature. Octopus have been cited as a major predator (Bird I983) but no

quantitative estinrates of predation by the two larger species of octopus seasonally

common in the Leigh region are available. Observations by the author indicate that
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octopus do occur on the local scallop grounds, and have been found consuming live

scallops.

For juvenile scallops, the starfish Astropecten and Luidea are certainly important

predators. For both of these species, juvenile scallops were found ingested whole

inside the stomach of the starfish. Up to three individuals were found in one Luidea.

Observations indicated that these two species fed upon a wide range of small

epifaunal and infaunal animals, and predation rates on small scallops may be affected

by the general availability of small prey. The larger predatory starfish Coscinasterias

calamaria was found to be able to consume a broad range of scallop sizes, and is

likely to exert strong predatory pressure where it occurs in high densities. In Greater

Omaha Bay this species was only abundant on the bed of Tawera spissa (a small

infaunal bivalve) located in outer Little Omaha Bay. It was infrequently seen at

Motuketekete Island, Kawau Bay, where it was observed to actively feed on live

scallops.

Other invertebrate species such as crabs were not noted to occur commonly on scallop

beds. This is contrast to other areas of the world where crustaceans seem to be of

over-riding importance as predators of scallop species, such as Argopecten irradians

(Tettelbach 1986), Peclen maximus (Minchin l99l) and Placopecten magellanicus

(Hatcher et al. 1996).

A predatory component that was not addressed in the current study but which was

very likely to have a strong impact was fish predation. Demersal fish were common

over the habitats studied, especially the sparid Pagrus auratus (snapper). Other

species such as broad and short tailed rays, and eagle (cow-nosed) rays, were also

likely to prey on scallops. Scallop remains have been found in gut contents of eagle

rays sampled from this region (Hartill 1989). Removal by fish remains a problematic

variable to estimate, as scallops are likely to be physically removed from the general

arca e.g. Naidu & Meron (1986).

In conclusion, mortality rates in Pecten novaezelandiue were shown to be highly

variable with populations subject to catastrophic declines due to heavy fishing

pressure, storms and large scale environmental perturbations such as algal blooms.
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Many of the rates measured in this study cannot be considered to be "average" rates,

as they would lead to rapid extinction of beds before such populations could reach

harvestable size.

Overall, scallop beds in the region appear to be relatively short lived, and the meta-

population composed of a temporal and spatial mosaic of local populations that

persist for relatively short time periods. Their establishment and decline are driven by

prevailing environmental conditions, and large scale spatial variability in recruitment

over different years. [n future, research involving scallop mortality rate estimation

(and usage in modelling population processes), a more rewarding approach might be

to devote more attention to the processes driving the range of variability present,

rather than concentrating on only deriving average values.

Implications for stock management

The implications of such mortality rates for the management of New Zealands

northern scallop stocks are difficult to assess without formal statistical simulations in

the stock assessment models currently being used. Such an exercise is beyond the

scope of this thesis. Examination of a fishing strategy model by Cryer & Morrison

(1997), which explicitly incorporates the effects of incidental scallop fishing mortality

into the model (see Chapter Six for an associated project on this topic), indicates that

large changes in M do not affect the optimal level of F unduly (see Table 12, in Cryer

& Morrison 1997). This is due to the dominant role played by incidental mortality.

While high levels of M would intuitively suggest that the stock should be fished more

heavily, the associated heavy incidental mortality inflicted by this approach outweigh

any possible productivity gains from harvesting scallops that would have succumbed

to natural mortality anylvay.
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Chapter Four: Estimation of Growth

4.1 Introduction

Most scallop species have in general been well described in terms of growth

(Orensanz et at. l99l). especially for larger size/age classes that are most vulnerable

to capture by commercial gears. A range of techniques has been developed to enable

the description of growth rates, and fall into three broad categories.

The first is the determination of age based on shell growth rings. In temperate regions

a series of alternating bands may occur on scallop shells, marking periods of fast and

slow growth, which are often annual in nature and allow for direct age estimation

(Oresanz et al. l99l). These may be either read off directly, or processed through

shell grinding and/or acetate peels to enhance their readability. A large number of

scallop species have been aged using such an approach (Stevenson & Dickie 1954,

Mason 1957, Yamamoto l964,Haynes & Hitz 1971, Silina & Pozdnyakova 1978,

Ponurovski & Silina 1983, MacDonald & Thompson 1986a, Orensanz I986,

MacDonald et al. 1991, Wolf & White 1995, and others). Banding may also occur on

the resilium (ligament) (Merill et al. 1966, MacDonald & Bourne 1989). In some

species, daily growth rings may also be present (Joll 1988).

For species where such banding is not present, or is not reliable (eg for Pecten

novaezelandiaebanding does not appear to be seasonal, and relates to additional other

factors such as shock rings from dredge encounters, Bull 1976), alternative techniques

may be utilised. Valuable growth information can be derived from time series of size

frequency distributions (SFDs). The size structure of the population is tracked through

time, and where growth is reasonably rapid, and recruitment occurs in discrete pulses

during the year (preferably annually), then individual cohorts can be tracked as they

grow (Stevenson & Dickie 1954, Dickie 1955, Conan & Shafee 1978, Heald & Caputi

1981, Orensanz 1986, Ciocco 1991, Allison 1994, Wolf & White 1995). This

approach is more suitable for species in which there is a clear seasonal period of
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recruitment, resulting in distinguishable size modes, which can be in turn be related to

year class / age oohorts.

Another method that has been widely used is the tagging of scallops, with subsequent

recapture of individuals at some later point of time (Taylor & Venn 1978, Heald &

Caputi 1981, Gwyther & Mcshane 1988, Wolf & White 1995).

Factors influencing the growth rates of scallops can be affected by a quite broad range

of environmental factors. Seasonality of growth is a feature of many species and

populations within species (Gibson 1956, Ursin 1956, Imai 1971, Comely 1974,

Pickett & Franklin 1975, Buestal & Laurec 1976,Antoine et al. 1979, Taylor & Venn

1979,Dare & Deith 1981, Heald & Caputi 1981, Richardon et al. 1982, Oresanz

1984, Allison et a\.1994, Kleinman et al. 1996). Such variation in growth rate may

be driven by a number of factors, and water temperature itself is not a linear predictor

of scallop growth rates. There are a number of factors that are superimposed over the

seasonal variation in water temperatures, and these may be impossible to separate out

into their component contributions (Orensatu et al. l99l). For example, growth can

be strongly affected by the reproductive schedules of different scallop species, which

are also strongly seasonal, with growth rates having been shown to decline during

periods of spawning (including situations where temperature and food supply are not

limiting factors - Imai 1971, Orensanz 1986). In longer lived scallop species, energy

expenditure is often shifted from somatic growth (including increasing shell

dimensions) to gonadosomatic production before the midpoint of the life cycle, e.g.

Crassadoma gigantea (MacDonald et al.l99l). Thus scallop growth rates may also

be strongly dependent on the size of the scallop (Orensanz et al. l99l), with growth

slowing down or even stopping at larger adult sizes.

Food supplies are also strongly subject to seasonal variations. In temperate seas the

lowest levels of temperature and food abundance are usually experience during the

winter months, and since the two are so heavily correlated it is exceeding difficult to

distinguish between the component effects of the two in field studies. The study of the

combined effects of the two is a more pragmatic way to proceed, as done for

Argopecten irradians (Kirby-Smith & Barber 1974). The quality of various food

sources may also be of importance, and was suggested as the important factor driving
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seasonal growth patterns of Placopecten magellanicus (Wildish et al. 1987). Chlamys

opercularis have been found to starve or resort to utilising detritus during the winter

months (Ursin 1956). Ciocco (1991) looked at differences in growth rates between

population s of Chlamys tehuelcha in the San Jose Gulf, Argentina, and found that

significant differences were strongly correlated with food availability. In the

relatively few bivalve studies in which seston has been directly measured, growth

rates are well correlated with food availability e.g. Mytilus edulis (Rodhouse el a/.

1984, Page & Hubbard 1987), Placopecten magellanfcas (MacDonald & Thompson

1985a), Macoma balthica (Hummel 1985, Thompson & Nichols 1988), and

Crassostrea gigas (Brown 1988).

The relative concentrations of particulate inorganic matter (PIM) and particulate

organic matter (POM) has been invoked by Vahl (1980) to help explain the

seasonality of growth tn Chlamys islandica. As PIM concentrations increase this puts

an increasing energetic load on scallops to process this material, which has no

nutritive value, as the species is not capable of selecting between PIM and POM. This

raises an interesting possibility that scallop growth between different years may be

influenced to some unknown extent by the frequency and duration of storm events.

Such events can severely stir up bottom sediments and resuspend fines. While the

impact of such storms on scallop mortality from strandings has been documented (see

Chapter Three), it has not been investigated for its sublethal effects of scallops

through possible reductions in growth rate (and perhaps gonadosomatic ouput as

well.

In a broad sense, intraspecific variations in growth rates have been commonly

reported (Monigal 1980, MacDonald & Thompson 1985, Bricelj et al. 1987, Schick el

a/. 1988, Hortle & Cropp 1992, Anderson & Naas 1993), but the causes of such

variations in growth rate between different years requires further investigation.

Depth has been found to be an important negative correlate with maximal size and

growth rate for a number of scallop species (Leighton 1979, MacDonald & Thompson

1985, MacDonald & Bourne 1987, Schick et al. 1988). However, local oceanographic

conditions will determine whether this trend is present in any particular location, and
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will also depend on factors such as how well the water column is vertically mixed and

the food supply distributed (MacDonald & Thompson 1985a).

Density dependent growth rates have also been reported to occur. Ventilla (1982)

reported that cultured Patinopecten yessoensrs on the seabed grew twice as fast in the

1960s as in the 1970s, when overstocking occurred (and mass mortality events).

Gwyther & Mcshane (1988) found that growth rates of Pecten alba had increased

between two estimates taken 20 years apart, and argued that intensive exploitation in

the intervening period had probably lead to a large decline in scallop densities, and

also the densities of other suspension feeders incidentally destroyed by dredging.

Definitive evidence of density-dependent growth rate was found in Chlamys

tehuelcha by Orensanz (1986)

A number of models exist for describing the growth of fish and shellfish. Commonly

these represent the growth of individuals in a cohort, and describe in a simple

deterministic sense changes of some size or weight measure with respect to age (time)

(Orensanz et at. l99l). Growth rates of adult scallops decrease with increasing animal

size. Assuming that this relationship is linear for growth in some linear dimension

(for scallops usually shell height or width) then the derived model is the von

Bertalanffy equation, which is the mostly widely used growth descriptor in marine

fisheries and marine ecology. It takes the form

L = L-ll- e-K(t-ro)]

where I- is the asymptotic length, Z is the shell height, K is a growth coefficient, / is

the animals age, t0 is the animals theoretical birthday (when size is equal to zero), and

e is the constant 2.780I.

This model is limited in its flexibility, in that it cannot describe two features often

present in bivalve growth data, these being an inflection point of the growth curve at

some small size, and seasonal changes in the growth rate. However, Pauly et al. 1992

have proposed a modification to the von Bertalanffy growth function, which
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incorporates a sine wave to account for seasonal changes in growth rate (e.g. as done

for the elasmobranch Mustelus lenticulatas, Francis & Francis 1992).

L = L*U- e'"'+'*sintzlt(i'htl

where $, and Q, are seasonal growth parameters that describe the amplitude and phase

of the seasonal oscillation respectively, and take values between zero and one.

Sigmoid growth has been found for a number of scallop species (Fairbridge 1953,

Stevenson & Dickie 1954, Wallace 1982, Orensanz 1986), and has been stated to be

likely to occur in all pectinids (Orensa nz et al. 199 I ). There are several types of

asymptotic growth models that allow for the representation of such inflexion points-

Limited use of them has been made in the quantification of scallop growth. The

logistic curve was used for Chlamys islandica by Vahl (1981). This curve is

symmetrical about its cenfre, and represents the cumulative distribution function of a

logistic random variable (also known as the logit, Wileman et al. 1996).

Another model allowing the inflexion point, the Gompetz equation (also known as the

log-log), has been applied to Chlamys opercularis by Taylor & Venn 1978, and

Pecten maximus by Pope & Mason 1980. The Richards function, which is an

indeterminate form of the von Bertalanffy with a free exponent (incorporates an

asymmetry parameter), has been applied to Chlamys tehuelcha (Orensanz 1986).

An understanding of growth rates and the environmental factors that affect them is a

basic requirement for the appropriate management of wild fisheries, and for the

maximal return from bottom enhancement operations. In the present study, effort was

directed towards deriving growth parameters for a number of populations, through a

combination of cohort tracking and mark/recapture work. The combination of both of

these methods was used to maximise information return from the field data collected,

and to minimise potential mishaps, such as high mortalities of tagged animals

occurring before they could be recaptured.
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All individuals were measured with steel callipers (* I mm). Animals measured in

sita were returned to the same position in which they were found. Scallops brought to

the surface were measured and haphazardly returned over the boat's side to the

general area of sampling.

Analysis of size frequencies was undertaken using the method of decomposing the

measured frequencies into their estimated normal distribution components. For each

component, an estimate of the mean, standard deviation and sample size was

calculated. The length-based software programme MULTIFAN was initially used to

estimate growth parameters using information from all sampling events

simultaneously, but was found to consistently overestimate growth, especially in the

smaller size classes (this was probably due to seasonal cohort peaks being somewhat

variable in their size between years). The more simplistic ELEFAN was therefore

used to derive estimates from each individual sampling event. As there was no

definitive way of estimating the exact age of individual animals, a standard settlement

date of January I was assigned to all animals. This figure was taken from the results

of scallop spat recruitment to artificial collectors, where the main settlement event

was likely to have occurred within a few days of this date (Chapter Five).

It should be noted that these software packages have some assumptions that may not

necessarily hold for species such as scallops. The MULTIFAN software fits a single

von Bertalanffy curve to multiple length-frequency data sets simultaneously. It uses a

maximum log-likelihood process to find the 'best' fit to the data. The user is able to

vary the number of age classes fitted to the data, and to run tests among the different

possibilities to see which gives the maximum level of 'fit' to the observed data. It

therefore provides an objective means of discriminating between the different

possible models. However, it does assume that growth is constant between different

years, and that recruitment to the population occurs at the same time every year. Both

assumptions may be questionable for scallops, a fast growing, highly population

processes variable species. ELEFAN was only used in the present work to separate

out individual cohorts, and its main assumption is that a normal frequency distribution

is present.
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Only the Greater Southern Omaha Bay plot data series had a sufficient time series

(and a wide enough range of size classes) to enable the fitting of von Bertalanffy

growth functions. The 1992 cohort data was used to estimate parameters for the

curve. Size classes were readily assigned to particular age cohorts by eye, due to the

clear separation of age classes as a result of rapid growth, and depth effects.

An iterative algorithm (Eq. a.l) was used to find the best fit to the data, using the

solver routine available within the ExcelrM software programme (Microsoft

Corporation). This programme uses the Newton algorithm to find the co-efficients

(parameters) of the independent variable(s) that give the best fit between the predicted

values and the data. It seeks to minimise the sum of the squared differences between

observed and predicted values. This progress is iterative, and continues until the

differences between the residual sum of squares no longer significantly decrease (i'e.

the solution converges).

! = L*fl- g-*(*-'ol]

where L*

v
K

(4.1)

x

to

e

: asymptotic length

: estimated shell height

: coefficient of growth

: age of animal

: theoretical birthdate / age where size equals zero

: constant 2.780I

A bootstrapping procedure was used to estimate error for each of the three curye

parameters. For each depth class (14-19,20-24,25-29,30+ m), the original data set

was re-sampled, with replacement, to generate a new data set containing the same

number of observations as the original, but with random selections from the original

data points. A von Bertalanffy curve was fitted, and the estimated curve parameters

stored. This process was iterated until 1000 runs were completed. Estimates of the

mean and error were then calculated for each of the parameters from the 1000

replicates. This routine was run for the four assigned depth classes. Values at the 95o/o
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level were then compared between the four classes, for each of the parameters, to

assess their statistical significance at the 95yo level.

Tagging and recapture of scallops

Tag and release programmes were run at four separate locations (Omaha Bay: Pink

Beach, Pukenihinihini Point, and Kawau Bay: Motuketekete Island, Moturekareka

Island). Details of the tagging procedure are given in Chapter Two.

Motuketekete Island

Nine hundred and fifty eight tagged animals were released into two grid plots as part

of an experiment designed to estimate mortality and movement as well as growth, in

June 1993 (Chapter Two). During each recensus of the grid plots, tagged animals

Iocated outside the marked grid were measured in situ for size and the tag number

recorded. At the time of final recensus, all tagged animals were retrieved from both

within and around the grid, and measured. Water depth was 4-7 metres.

Moturekareka Island

Scallops were collected haphazardly across the general Moturekareka embayment'

Four hundred and fifty animals were tagged (June 1993) and released within a 15

metre radius around a cross of steel pegs driven into the substratum. This area was

regularly resampled over time (Figure 4.1) until virtually no animals could be found,

at which time sampling efforts were terminated. Water depth was 4-8 metres.

Pukenihinihini Point

A dense cohort of juveniles was located in this area. A site of high density was

selected, and a permanent buoy deployed to mark the site. From the botlom of the

buoy line a circular search was undertaken, with all animals encountered being

retrieved and brought to the surface for tagging. 1998 animals were tagged (August

1993), and returned to within the same radius from which they were taken. Water

depth was l5-16 metres.
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Searches were conducted for tagged scallops at regular intervals by divers (Figure

4.1), with all animals being measured in situ on the sea floor. A large scale mortality

event in the summer of 1992/93 killed almost all of these animals. A second tagging

operation was carried out, with a further 848 animals being collected from the general

location (by divers covering an extensive area) and released at the original site. These

were also resampled by diving, until few were able to be located, and sampling was

discontinued.

Pink Beach

Three hundred and thirty animals were collected at this site, tagged and returned to

the seafloor inside an area marked with steel pegs. Subsequent dive surveys were

carried out to retrieve animals (Figure 4.1) but were discontinued after a large decline

in density resulted in very few tagged animals remaining at the site. Water depth at

the site was 13-14 metres.

Tag Analysis

Size at release was plotted against size at recapture, and a linear regression fitted

through the data points. This was only done for recaptures that were made at close to

one year after release, to minimise seasonal growth effects. The methodology of

Ricker (1979) was followed, with L. being taken as the intercept of the straight line

on the x ordinate aty:0. k was taken as the slope of the regression line minus l.

Examination of density dependence

Two data sets were examined for the possibility of density-dependent effects on

growth. This was assumed to be likely to show up as a reduction in average size with

increasing density. Quantitative quadrat densities from the two sites sampled at Ti

Point in July 1991, and from the three surveys at Motuketekete Island (May 1993,

November 1993, March 1994) were assessed.
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Results

Sizefrequency structure and tag returns

Ti Point

A population of larger animals was present at this site (Figure 4.2). Size structure was

measured on four occasions between July 1991 and May 1992. One cohort mode

dominated the site, and these animals were estimated to have grown from an average

size of 80 to 93 mm over this ten month time span. This cohort was assumed to

represent the 1989 recruiting cohort.

A smaller, poorly-deflrned, cohort appeared to be present during the initial survey at a

modal size of -60 mm, although low numbers with a variable size distribution made

this hard to determine. This cohort appeared throughout the next three surveys, to

reach a final modal size of 86 mm at the termination of sampling. This cohort was

assumed to represent the 1990 recruiting cohort. Some older/larger animals were also

present, possibly corresponding to the 1988, or even 1987 year classes.



Ut
ct,5

9l

€i
EI

:(H,
o
b.9g
5'z

1989

80 88. 100

Slze Class (mrn)

Figure 4.2: Size struetur€ of,Ti PointPec.tea navaezelafidiae poprlation (1991 - 1992)

July 1991
n=817

t990

1988

Nsv l99l
n-526

1989

1990

Feb 1992
u =,285,

r99l

J[*frL --,I1*rT[l

May 1992
n = 1.33

1990 1989
t9921 lggl m

4 --rrLJln--,*"{I[lllH]un"n



Estimation of growth,.. 108

During the third survey (February 1992), a new cohort appeared, at a modal size of 48

mm. By May 1992 this cohort had reached a nrodal size of 7l mm. This cohort was

assumed to represent the 1991 recruiting cohort. At the time of the final survey in

May two further modes of small scallops rvere evident, at 12 and 40 mnt. The smaller

of these probably represented the 1992 recruitment event, but the larger rnode (40 mm

animals) was not consistent with a annual main recruitment event in January. These

animals may have been derived from an earlier successful spawning event, and

represent an anomaly to the general pattern documented (Chapter Five).

It should be noted that this population was subject to intense disturbance and

exploitation by the operation of a commercial scalloping boat, along with numerous

recreational harvesters (Chapter Two). This may have resulted in some bias in the size

structure of the population through time as nominally all animals greater than 100 mm

shell width capfured would have been harvested. Incidental mortality would also have

occurred.

Southern Greater Omaha Bay

Population size structure information was collected from this area through ten dredge

grid based surveys (1992 - 1994). During the initial survey a strong juvenile size

cohort was encountered, with a mode centred around 18 mm (Figure 4.3a). This was

assumed to be the 1992 recruiting cohort. A broad range of larger sizes were also

present, but at much lower densities. It appeared that these larger animals were

predominantly of one year class, although it was likely that a few older individuals

were present towards the upper end of the size range. These animals were assumed to

represent the l99l recruiting cohort.

Between the third (November 1992) and fourth (January 1993) dredge surveys'

scallop numbers in the juvenile cohort decreased strongly. This was attributed to an

algal bloom (Chapter Three). During the sixth survey (July 1993) a new cohort

become vulnerable to the sampling gear (Figure 4'3b). This cohort was present

through the remaining four surveys. This was assumed to be the 1993 recruiting
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cohort. During the tenth survey (July 1994) a further recruitment occurred (the 1994

recruiting cohort), resulting in three distinguishable year classes being present in the

population at this time.

When average size per size cohort (by depth) was plotted (Figure 4.4),it was clear

that growth rates, and maximum average sizes obtained, decreased with increasing

depth. Recruitment over the study location appeared fixed with respect to both time of

first detection and size of individuals for all three years over which it was monitored,

i.e at -20 mm in July. Growth appeared to be linear during the first year after this, and

then to slow down. No information was obtained on animals less than 15 mm shell

height. The most likely explanation for this was that the dredge was very poor at

capturing such animals. Results from spat catching trials (Chapter Five) demonstrated

that the main recruitment event was around January 1. Assuming that the animals

captured during this dredging programme were from that recruitment, then the

estimated age of the juveniles captured in July each year would be -6'/z months'
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Date
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Figure 4.4: Southern Greater Omaha Bay Pecten novaezelandiae mean size estimates, by size cohort (l'992' 1994)
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One anomaly in the data was an apparent reduction in average size for all 1992 and

1993 cohort animals in the final survey of July 1994. There is no obvious explanation

for this reduction (Figure 4.4).

Fitting of von Bertalanffy curves to the 1992 cohort data for the four depth classes

displayed a general trend of reductions in L* and increases in K with increasing water

depth (Figure 4.5a, Table 4.1). The overall trend was for animals to grow slower and

reach smaller asymptotic sizes with increasing water depth. Statistical testing of the

bootstrapped parameter distributions found the following rankings; for L* (14-19 >

20-24> 25-29,: 30* m); for K (* (14-19 <20-24 <25-29,: 30* m); for To(14-19

: 2014 : 25-29 > 30 + m, but 30+ m : 14-19, 20-24). L* and K are known to be

inversely correlated (Ricker 1979), so significance tests (and trends) of the two cannot

be assumed to be independent. To was very poorly estimated by the non-linear von

Bertalanfo regression, assuming that the true settlement date was around January 1.

This inconsistency is taken to indicate that the first portion of the growth curve does

not follow the same pattern as for individuals above 20 mm. It is likely that there is a

concavity to the curve, with a sigmoidal bend occurring in the curve somewhere

between zero and 20 mm. However, since there is no data available within this region

Figure 4.5: Sourhern creater onraha l\ay Pcc'ten novuc:elundlrc dredgc data

von Bcrtalanfty curvcs ( 199 | - 1992 data conrpositc)
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of the growth curve, no definitive statements can be made. Potential growth

information for small scallops from spat collectors could not be used, as growth has

often been found to be substantially faster for scallops in hanging culture (Shumway

l99l).

Tabfe 4.1: Estimated von Bertalanfry parameters for Southern Greater Omaha Bay Pecten

novaezelandiae 1992 cohort data combined, by depth range class. Values in brackets are standard

deviations.

Depth range L^ k h
l4-19 m
20-24m
?5-29 m
29+m

141.54 (8.12)
120.78 (6.78)
e2.68 (6.23)
96.99 (3.08)

0.43 (0.04)
0.52 (0.04)
0.70 (0.08)
0.64 (0.04)

0.23 (0.01)
0.25 (0.01)
0.27 (0.02)
0.22 (0.01)
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Pukenihinihini Point

A strong recruitment of juveniles was tracked at this site through tagging and size

frequency collections. Figure 4.6 shows size frequency information collected during

regular recoveries of tagged and untagged animals. Population structure was

unimodal throughout the series, and growth over this size range appeared to be linear

(figure 4.6, final graph).

Examination of the tag-recapture data derived from this sampling (Figure 4.7) showed

that growth was fairly constant with respect to initial size (i.e. variability in growth

between different sized individuals for the size range collected within one sampling

event was very low). Due to the linear nature of growth in this data series, attempts

made to fit von Bertalanfff curves to this data resulted in the generation of an

extremely flat curve. A better fit to the overall data series was achieved by simply

fitting a straight line through the mean size data points

Y:53.13x-13.137 f :0.96

wherey: estimated shell height, x: age (expressed in years)

As with the Southern Omaha grid growth data, estimated t0 was quite different from

the l', January estimated from spat-fall monitoring. Estimated settlement data from

extrapolation of the line back to the x ordinate was the l" April. This result was taken

to indicate that the growth pattem of scallops less than 20 mm in shell height was not

the same as that of scallops in excess of 20 mm (in agreement with the Southern

Greater Omaha BaY Plot data).
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densities betwsen the fifth and sixth survey€ (MaV t993 - January 1994, see Chapter

Three).

.{ fsatgre of the scallop population at this site was the relative,l high proportion of

large scallope present at the Site throughout all of the surveyg. Few tag€€d scallop

rpcaptur€s were made at this site (Figure 4.9), alad growttr apB-eared to be slow

compared to other sites.
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Moturekareka Island

A series of four size frequency estimates were collected from this site. The initial

survey (June 1993) found a population composed entirely of larger animals, with the

dominant mode around 70 mm (Figure 4.10). A smaller mode around the 88-90 mm

mark was also present, and these were assumed to be animals that were one year

older. These two modes were assumed to represent the 1992 and l99l recruiting

cohorts respectively.

By the second survey (December 1993) the 1992 cohort mode had grown in average

individual size to around 81 mm. The older mode encountered in the first survey was

now only present in very low numbers. A recruiting cohort was evident around 39

mm, although numbers appeared to be lower than those of adults. This was assumed

to represent the 1993 recruiting cohort.

By the third survey (April Igg4) this juvenile mode had grown to a mean size of 65

mm. The 1992 mode appeared to exhibit virtually no individual growth. By the time

of the final survey in Augus t lgg4 these two modes had coalesced and were virtually

indistinguishable. An additional recruiting cohort was also apparent around the 50

mm mark, and was assumed to represent the 1994 cohort.

Three recensuses were carried out of tagged scallops (FigUre 4.1). Only the data from

the final two censuses was considered long enough in extent to derive useful annual

growth parameters without excessive seasonal bias, representing l0 months and 14

months respectively (Figure 4.11). However the 14 month period returned only 5

tagged animals, of which one had hardly grown. An intensive searsh for tagged

animals was undertaken at this site for tagged scallops at this time, and the very low

return of tagged animals was taken to be a result of high mortality rates at this age.

Twenty four recaptures were available from the l0 month release period. Estimates of

L-: 103.1 and K : 0.68 were derived. Estimation of ,0 was not possible using this

method.



t0106/93
1:441

I

t3il2t93 |

I

n:271 (450

n = 3es (24)

l0/08/94

n: 382 (5)

a)

Estimation of growth.'. I l9

JFMAMJJASoNDJFMAMJJASoNDJFMAMJJASoND

1993 1994 I 995

Date

Fisure 4.10: a) Size structure of Moturekareka Island Pecten novaezealandiae population (1993 - 1994)

D;;k;r straaing indicates tagged anirnals, bracketed numbers arc nunrber

Of taggcd anirn*als rccoveredlYcar ttunrbers re prescnt year classcs

b) Mcan siz-e growth curvcs

30

20

l0

o

E30

320
7

l0

b) l0o
88
80

60

40

20

30

20

l0

30

20

l0



a)

E
EI

{)o
a\tql

E15
F

tr{)
E
Q)
()

IQ

iGLeiise f1.0/05/9,3)

,o IS{LZI$S (n=40)

, l3,lMI94 (n =24)

a t0/08/,94 (n =5)

o
t.

-G' 
^

cp^b
V --l
r}-alO

or
o,o,o o

@
c

:O 

b) loo

E8

80
d
6
+t.

?60
F

$4a
GI
c'Azo

J TNAAMJ J ASOND J F'IUAMJ J A SOND J FMAMJ J ASOND
tEez BAA ree4

Ficure 4.llr a) Moturelicreta Island Pzelan nowezedondtae tgg rerums (1993 - 1994)
" bi Average size oftaggsd anirnals versus tirne



Estimation of growth'.. l2l

Motuketekete Island

A series of four size frequency estimates were collected from this site as part of a

larger monitoring programme. The initial survey (May 1993) found a population

composed almost entirely of larger animals, with the dominant mode around 72 mm

(Figure 4.I2). A barely detectable mode around the 90 mm mark was also present,

and these were assumed to be animals that were one year older' As with the

Moturekareka site, these two modes were assumed to represent the 1992 and I99I

recruiting cohorts resPectivelY.

By the second survey (December 1993) the 1992 cohort mode had grown in average

individual size to around 8l mm. The older mode encountered in the first survey was

present in very low numbers. A recruiting cohort was evident around 39 mm'

although numbers were lower than those of adults. This size class was assumed to

represent the 1993 recruiting cohort.

By the third survey (April lgg4) this juvenile mode had grown to a mean size of 65

mm. The 1992 mode appeared to exhibit virrually no individual groMh at all. By the

time of the final survey in August 1994 these two modes had coalesced and were

virtually indistinguishable. An additional new recruiting cohort was also apparent

around the 50 mm mark, and was assumed to represent the 1994 recruiting cohort'

Four recensuses of tagged scallops were carried out. Only the data from the second

and third censuses was considered useful for deriving annual growth parameters

without too much seasonal bias, representing 10 months and 14 months respectively

(Figure 4.13).

Fitting of a von Bertalanffy curve to the l0 month data produ ced a k of 0'36 and an L*

of 89.5 mm, while the 14 month data produced a K of 0.59 and an L-of l0l mm'
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Density dependence tn growth

For the Ti Point data, scallop densities ranged from 0.5 Lo - 7.5 mt (Figure 4'14)

There was no evidence for a decrease in average size with increasing density. To the

contrary, the sand plot appeared to display a trend of increasing size with density,

which could not be readily explained (and was statistically significant). For the

Motuketekete surveys, densities spanned a range from 0.5 to I 1.75 m'2, depending on

the survey. The initial survey in May 1993 showed a decline in average size with

increasing size, which was statistically significant. Subsequent surveys did not display

this trend, although the third survey (March 1994) was confounded by the arrival into

the surveyed population of a new, smaller sized age cohort'
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4.4 DISCUSSION

The work in this chapter was undefiaken to estimate growth rates for a number of

scallop populations, differing in water depth and other environmental conditions

(Table 4.2).

Fitting of von Bertalanffy curves to the Southern Omaha series data indicated a

general decline in growth rates and asymptotic size with increasing water depth. This

trend was apparent for all four age cohorts which were encountered more than once

during the time series (1991-1994 cohorts). Such a depth effect has been found in a

number of other scallop populations (Leighton 1979, MacDonald & Thompson 1985,

MacDonald & Bourne 1987, Schick et al. 1988). The most likely environmental

correlates with depth that produce this effect are temperature and food supply'

For Omaha Bay, this has important implications for yields from both natural

populations and enhancement. Animals growing faster and to a larger size in the

shallower waters will be more productive than deeper water animals. Balanced

against this is that animals in shallower waters risk strandings from stonns (Chapter

Three) which appear to limit scallop populations in Greater Omaha Bay of water

depths of 12 m or more (with the exception of Leigh Harbour and the south side of Ti

Point, both of which are well protected from prevailing winds)'

Synergies with mortality factors may also operate. For instance, some vectors of

mortality are size-specific, such as predation by the starfish Luidea varia and

Astropecten polyacanlftus. This is due to theses starfish physically ingesting their prey

whole, and digesting them internally before purging the hard components. For

juvenile scallops, this imposes an upper limit for successful predation, when scallops

reach a size at which their diameter exceeds that able to be fitted within the

pentagonal ribs protruding into the starfishs main oral cavity from its arrns. Reduced

scallop growth rates may increase the time frame over which scallops are susceptible

to size-dependent predation, producing overall higher predation rates'
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Tablc 4.2: Parameterc of t-hc YoE Bertalenfiy growth rnodel for varlsus scallop stochs' rnodilied

from Orensg az etaL 1991 in Shumway l99l (f -(aeymptoflc length or hei$ht) in mm, K in l/yr

units, temperature in C).

Species Area L* Ternp Source

Adattttlsiwt mlbec,H

,iwwlum balloti

Atnusit'utt plaroneens

Algo.peetetgtrpttans

Chtra nys,tehuelcha

Chtranys vdrta

Paitlnaprcten Mwttw,

Peaen alba

Peeten'fumatus

Pw.tett nrg;imus

P. I;aropeclen

magellanicus

Antartica

SharkBay

Lingayut Gulf

Fau (Sp. ooh.)

(Au coh.)

6.'St l.awrence

North Sea

Kattegat

Faroe Is.

Faroe Is.

Irish Soa

Clyde Sea

San Jose Gulf

Sqn JCIgeGtilf

SanJose Gqlf

BrnsJ (Sp,,eph,)

(Au. coh.)

St OfGeorgia

Offrffai*hington

Phillip tsay

Tasmania

Manx(Au" €oh')

(Sp. eoh)

St'B-risuc

Brest

N'cwfoundland

(lS-30 rn)

Bay ofFundy

(lG-76 rn)

Gri'lf of Mai.ne

(rs-17,4 m)

89:6 0.24

103.9 r.42

106 4.92

l r0 r.26

lllJ 2.1

t07.3 0.t5

7s.8 0.5

78,6 0,38

78;9 0.40

7A 0.61

80.8 9.72

n.4 0"55

89.5 0.6

8!+.3 412

88.4 0r5s

5t.9 0,46'

5e3 0.45

160 0.35

106 c44

86 1.6

?8.8 0.E4

l2r 0.48

128 0.38

t24.6 0.56

106"6 0.66

1.46 0.15

176.5 024

156 0.19

va.z 0.?l

I 16 '0,i09

24E 0.28'

Ralp.b A Muwell 1977

Heald&eaputi 1981

delNorte 19'86

wblff 1987

Nardieral 1982

Data fron Ursin 1956

(tsine I <l4mm)

Ging I >t4mm)

Taylor &v.onn I9t8

Orensanz 1986

ecnan & Shafes 1978

Flaynes.& HtuNWS

Gywther& Il4e$hane

r988

Fairbridge 1953

Pope & Mason 1980

funoine el aI. l97f)

IvlgcDonald &

ThomPson 1985

-1.8-2

t9-25

23-lo

l6-24

L6.24

3,9-15-16

2.2-17.3

6-12

9.l7

9-1?

9-17

8-17,.5

8-U.s

&10

6,5'9

9'22

v-20

6=13

G13

8-l?.5

8-t7.5

-v0

7l17

0t2

lLilz
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Georges Bank 143.6 0.37

Pecten novaezelandiae Waiheke Island, I 10.92 l '21

Hauraki Culf

This study* Southern Greater

Posgay I979

Allan 1982

(SFDs)

Omaha Bay

(lzt-I9 m)

QV2a m)

(25-29 m)

(30+ m1

(tagging) Moruketekete Is. 89.5 0.36

(4-7 m) l0l 0'59

Moturekareka Is. 103.1 0.68

(,1-8 m)

* all expressed as shell height (88 mm shell height = 100 mm shell width)

For the Southern Omaha Bay data series, the only monitoring series where small

scallops (-20 mm) were encountered in any numbers, recnritment to the sampling

gear (and therefore growth to this size) appeared to be consistent between years, with

small animals initially encountered in July for all three years surveyed' It was

assumed that these animals originated from a main settlement event occuring at the

very end of December (as determined from artificial spat bag returns - Chapter Five)'

Given an assumed "birth date" of January l, these animals would havebeen 6t/z

months old in mid July. Fitting of von Bertalanffy curves to the time series data (1991

and 1992 cohorts combined) revealed quite a large discrepancy between the

extrapolated settlement date and the 'true' settlement data, ranging from2t/r-3V,

months. The most parsimonious explanation for this, assuming that the true settlement

date is correct, is that growth in scallops less than 20 mm displays a inflection point at

some stage, i.e. overall growth of scallops is sigmoidal. This has been documented in

a variety of other scallop species, e.g. Patinopecten yessoensrs (Imai 197l), Chlamys

islandica (wallace lg82), and chlamys tehuelcha (orensanz 1986). Since few

scallops less than l8 mm in average size were found in this study, no statements can

be madc about the growth pattern in scallops smaller than l8 mm in shell height.

Results from the spat bag work cannot be used as an analogue' as it is well
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documented that scallops held in a three dimensional environment, ie the water

column, exhibit faster growth rates than those on the seafloor.

Overall, growth appeared to be relatively rapid for Pecten novaezelandiae,with an

estimated average age atlegal size (88 mm shell height) of 3 years. However, this was

for populations at shallower water depths (< 20 metres). Additional evidence for less

optimal growth conditions for scallops in deeper waters comes from anecdotal

evidence from local scallop fishers, who describe scallops with paper thin white

shells, and dark stringy meat, from areas of 40 to 60 metres water depth from the area

roughly between Leigh/Pakiri and Little Barrier Island (8. Watts, pers. comm.)' The

maximal depth worked by boats in the Coromandel fishery appears to be around the

35 metre mark, but most of the fishing effort is concentrated in waters of l8 to 30

metres depth.

It appears that growth is not always depressed with depth in different broad

geographical areas however. Large scallops occur in some areas of the Northland

fishery at depths of 50 - 60 metres (Cryer 1994a).ln the Chathams large sized animals

are found down to water depths of 70 - 80 metres (Bull 1990a). The likely cause of

such growth rates in these depths is that water clarity at those locations is on average

considerably better than that of the general Hauraki Gulf and Coromandel areas,

resulting in greater light penetration and hence more primary production at depth.

Data from all sites in this study showed a slowing of growth rate with increasing size

(and hence age). This caused individual cohorts to merge with increasing age,

resulting in larger size cohorts in the population (>90 mm) probably consisting of

several age class components. It has been postulated for this species that maximal age

is somewhere in the region of five to six years (M. Cryer, pers. comm', Fisheries

Scientist in charge of scallop stock assessments, National Institute of Water &

Atmospheric Research (NIWA)). It is not possible with the data available from this

work to determine a maximum age. In the case of Coromandel fishery populations

this is problematic at any rate, as rates of exploitation are such that animals are

unlikely to survive to maximal ages (Osbourne 1990). Two poputations were found

during this study to have larger (and presumably olcler) components to the population'

These were Pink Beach (Omaha) and Vivian Bay (Kawau) (see Figure 2' 1, Chapter
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Two). Both were characterised by shallow waters (12 and 8 m respectively), relatively

strong currents (-0.5 knot and 1.5 knots), and by little or no fishing pressure'

However, differential mortality between these and other sites may have also played

some role, as strong year classes disappeared at other sites with an apparent matching

high intensity of recreational fishing effort (Challenger Island, Moturekareka and

Motuketekete Islands - all of which are recreational fishing only).

Limited comparisons between Omaha and Kawau Bays tended to suggest that overall

growth was relatively fixed given a constant water depth' This was despite apparent

differences in factors such as water temperature, exposure, water clarity and current

speeds. The overall spatial scale of investigation was limited (tens of kilometres),

compared to other studies in which growth was found to vary markedly between

different locations over scales of tens to hundreds of kilometres (eg Ciocco l99l).

Growth does appear to vary over the broader spatial range in which scallops occur in

New Zealand. For example, limited tag-recapture work on the commercial beds

behind Waiheke Island (-30 kilometres to the south) found animals reached legal

size in 18 months (Allen 1982). Casual observations on the Little Barrier Island

scallop beds during the course of this study found large numbers of "bigger" scallops

to be present, suggesting that growth at that location can be very rapid. Additional

supporting evidence for this possibility is that the commercial fishing fleet fishes the

relatively spatially limited beds very heavily each year, with no apparent reduction in

the availability of large animals from year to year. Scallops from this location also

consistently show better meat condition (pers. observ.) suggesting better feeding

conditions throughout the year. Given that the beds occur on limited soft sediment

slopes extending out from the island, and are probably fed by water currents that have

not been depleted by general filter feeding benthos, better growth rates are likely.

Such conditions also appear to occur over small areas at the Hen and Chicken Islands,

further to the north.

It was noted in this work in general that for many of the sites sampled population

structure was unimodal. The only sites in which significant numbers of more than one

size class occurred at once were Motuketekete and Moturekareka Islands. Populations

in Omaha Bay were more spatially segregated (see Chapter Two). Smaller scallops
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were seldom encountered in the field, and it is possible that they recruit to the adult

beds from elsewhere, perhaps as drifting juveniles (especiatly in the case of Kawau

Bay beds). Growth rates of these small animals are unknown'

No evidence was found for density-dependent effects on growth rates, apart from

some indication of an effect at extremely high densities at Motuketekete Island. Such

an effect has been detected in some scallop populations, the best example being that

of Orensanz (1986), who demonstrated clear effects of year class strength on cohort

growth rates (decreased rates of growth at higher densities). However, a number of

factors make density dependence difficult to detect. Scale is of paramount

importance, with the spatial extent of food depletion likely to depend on many

factors, such as the rate of water exchange between the benthic water layer and the

general water column, and the magnitude of filter feeding by benthic assemblages

upstream. In addition, since scallops can be quite mobile, at least on the scale of

metres, any fine scale patterns of density dependence (at the quadrat scale) may be

masked by movement of scallops within the patch'

The only valid comparisons of actual growth parameters that can be made with other

scallop species are to Pecten spp., as other groups have widely differing longevities

and life histories (Orensanz et al. l99l). In general, results from this study indicate

that p. novaezelandiae growth parameters fell within the range recorded for other

pectenspecies (Table 4.2). Comparison with other New Zealand work is very limited,

because although there has recently been a good number of tags retumed from the

commercial fisheries of Northland and Coromandel, formal analyses and presentation

of this data are not yet available. In the only other'published'estimales for scallops

from the Hauraki Gulf, Allen (1982) found much faster growth rates and maximum

sizes for P. novaezelandiae, than for the present study

Overall, the results from this work suggest that P. novaezelandiae in the northern

Hauraki Gulf grow quickly, reaching the legal minimum size of 100 mm shell width

(gg mm shell height) in three years under favourable conditions. Reduction of growtlt

rates and asymptotic size occurs at depth, and few scallops appear to reach the L-
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sizes predicted from the derived von Bertalanffy curves' even in lightly fished

populations.
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Chapter Five: Spawning and Patterns of Spatfall

5.1. Introduction

ln recent years a large amount of research has been undertaken on scallop reproduction

and spatfall dynamics, driven by a desire to repeat the spectacular success of scallop

farming and enhancement operations in Japan with the Japanese scallop Patinopecten

yessoenensis.

Reproductive patterns of most, if not all, of the major commercial scallop species have

been described (Skreslet l979,Heald & Caputi 1981, Blaber & Blake 1983, MacDonald

& Thompson 1986, Sause et. a\.1987, Thorarinsdottir 1993, Courtier 1994, Joll & Caputi

1995, and numerous others). The results have been applied to the management of wild

fisheries and to the production of spat for enhancement through both field collections and

the manipulation of brood stock in hatchery situations'

Assessing spatfall pattern has received at least as much attention as has been focused

upon reproduction (Buestal & Dao 1979, Buestal et. al.Lg7g,Ventilla 1982, Fegan 1983,

Gillispie 1983, Ruzzanate & Zaixso 1985, Dadswell e/. al. 1987, Hortle & Cropp 1987,

Roman & Cano 1987, Wilson 1987, Coleman 1988, Cropp 1988, Young et' al' 1988, Bull

1989, Sumpton ef. al. 1990, Burnell 1991, Fraser 1991, Margus 1991, Thouzeau I99L'

Throrna 1991, Tripp-Quezada 1991, Robinson et al. 1992, Young et al' 1993, Illanes er'

al. 1993, Robins-Troeger & Dredge 1993, and others). Spatfall pattern in most

commercial scallop stocks has been investigated using artificial collectors of various

forms. These srudies have been primarily concerned with assessing the possibility of

commercial reseeding/enhancement activities, and the practicalities and logistics of

scallop farming, rather than with studying natural population processes per se'

Information on spatial and temporal patterns is specific to the species and general

geographic location in rvhich it has been collected, and is not readily transferable to new
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Thus, for any new scallop species or location, it is necessary to

processes such as reproductive cycles and settlement patterns.

Scallops generally undergo annual cycles of reproductive activity - including a vegetative

state, differentiation, cytoplasmic growth, maturation, spawning and resorption (Barber

& Blake l99l). A number of methodologies are available for the quantification of

reproductive state, including gonadosomatic indices, visual estimation of stage, and

histological examination of tissues. Usually a combination of these is recommended'

However, for Pecten novaezelandiae two previous workers have already compared

Gonadosomatic Indices (G.S,l.) and detailed histological investigations (Bull 1976,

Nicholson 1978), and it was unnecessary to repeat this work as G'S.I. values are strongly

correlated with the different histological stages of reproductive development'

In the New Zealand context, P. novaezelandiae is the only scallop species commercially

fished, apart from some (to date) exploratory fishing for the deepwater queen scallop

Chlamys delectula. A number of studies have been carried out on P. novaezelandiae,

although most of these are in the form of grey literature or unpublished theses (Bull

1976, Nicholson 1978). Work on reproduction and spatfall is limited to the following :

Bull (1976) documented the basic spawning biology of P' novaezealandiae in the

Nelson/Marlborough sounds area. Spawning was documented as occurring in the

November - December period. Some limited spat catching work was undertaken as well'

Later work by Bull under the auspices of the New Zealand Ministry of Fisheries (MAF)

was undertaken on the use of enhancement techniques in the Challenger scallop fishery

(Nelson - Golden Bay area - Bull 1982, 1983, 1984a,b, 1985a,b, 1986, 1988, 1989)' This

resulted in a commercially viable bottom enhancement operation, utilising wild caught

spat to enhance scallop density on the seafloor. This work has been partially documented

in a series of internal reports, culminating in a manual for seafloor farming in New

Zealand (Bull el. al. 1990).
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spawning dynanrics of P. novaezelatzdiae in the Kawau / omaha region have previously

been found to consist of two spawnings per year' in October and January (Nicholson

1978). Bartrom (1990) carried out a large scale commercial spat catching and reseeding

effort from 1987 - 1989 (MAF), in conjunction with the Japanese overseas Fisheries

cooperative Development (OFCD) fund. This work was done around the coromandel

region, on both the west and east sides of the peninsula' Large arrays of commercial

collectors were set, and bottom enhancement trials carried out. Moderate densities of spat

were captured, but the seafloor enhancement trials were considered a failure with

survival rates of 0 and 3.6Yo for the two years trialled. More recently, Brownell et' al'

(lgg2) carried out a one season spatfall study on behalf of the Coromandel Scallop

Fishermans Association (C.S.F.A.) in the Coromandel region. Results from this study

were limited in extent, and only low numbers of scallop spat were collected. This was

due to severe problems with the collector array used'

Data from these studies provide some baseline indications on likely spawning dynamics

and patterns of spatfall, but detailed work was required in the Leigh region to quantiff

these processes on a local scale. Such information is a necessary prerequisite to

attempting large scale scallop enhancement within this region.

This chapter had the following aims:

o To document spawning times in local populations of scallops' as a predictor of

scallop settlement (sPatfall).

o To find the best site/time/depth combinations to catch commercial quantities of spat

using artificial collectors-

The general approach taken for the work in this chapter was a pragmatic one' with the

overall aim being to locate sources of commercial density spatfall (300+ spat per bag) in

locations suitable for commercial scale operations. Monitoring of scallop larval

abundance and development in the water column was not undertaken. It was unlikely that

the short warning period available from such monitoring would be sufficient to allow for
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the placement of large scale collector longlines in time to acquire a biofilm to attract

settling larvae.

5.2 METHODS

Study sites

All study sites were located within the general regions of Omaha and Kawau Bays

(Figure 5.1). For the reproductive monitoring work, one sampling site was established in

each of Omaha and Kawau BaYs.

The Omaha site was located off Ti Point in l5 metres of water. Due to destruction of the

population through commercial fishing activities, sampling was moved from this

population to a nearby population at Pink Beach (opposite side of Little omaha Bay)

halfway through the monitoring period.

The Kawau Bay site was located at Motuketekete Island in 9 metres of water.

Monitoring of Gonadosomatic Index

Sampling was carried out for the lggllg2 and 1992193 spawning periods. Most of the

sampling effort was directed at the Omaha Bay site, as this was an easier location to

sample logistically. During summer months samples were collected on a weekly basis by

diving. During winter months when scallops were reproductively inactive less frequent

sampling was undertaken, on an approximately monthly basis. Samples from Kawau

were taken on a roughly biweekly basis during the summer spawning months only' Ten

animals per sampling date were collected, over a size range of 80 - 90 mm shell height

(SH), to minimise any confounding effects of animal size. This also ensured a continued

collection ability in case of elimination of the "legal'n component of the population by

human harvesting ( >100 mm).
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,-A.nimals ,were w.eigtred 4nd maxirnum shell heigftt reoorded before dissection- Bod-y

oo.urponents were wet btotted on pap€r towels and weigbed (+ 0.1 g)- Tissues ineluded

the,gonad, adductor and abduc'tormusclee, dr.e tlignstive glrmd the gills and body mantle,

and thetw,o shelfl valves.

A standard gonadosornatic index (G.S.L) was oaloulated as follows

GSI=
GoradWeight

x 100% (5.1)
TamlTiswe-Weigtrtt
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Spat collection

Sites

Sites were chosen using one or more of the following criteria:

o at least 8 metres water depth to allow commercial bulk collectors to be set, but less

than 30 metres depth to avoid excessive gear requirements, and to allow safe diving.

. areas with sufficient space for large alrays of collectors to be set'

o low levels of conflict with other users of the marine environment (e.g. clear of

navigation channels, high recreational boating activity)'

. in gyres and eddies 1ikely to trap and accumulate particles (including scallop larvae)

All sites fell within Omaha or Kawau Bays. Pakiri Beach, although a good area for the

production of scallops (Cryer 1994) was avoided due to potential problems of high storm

exposure and seasonal sweeping by trawlers. Table 5.1 provides a brief physical

description of each site.

Table 5.1: Description of spat collector sites

Site Depth (m) Bottom type Locat Geography

Ti point 15 Coarse Sand Off point, protected from most swell activity

pukenhinihini Pt 12 coarse sand Exposed sandy beach

Anchor Bay 14 coarse sand Exposed sandy beach, in marine park

Archway Bay 15 Unknown Adjacent to reefs, semi protected

Motoura Is. 16 Muddy sand Semi protected' in natural subtidal semi-

amphitheatre formed by rocky reefs, strong

channel current on outside.
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Gear description

Standard single dropper mesh collectors of the types used in the Nelson Enhancement

project (Bull 1990) and the Coromandel trials (Bartrom l99l) were utilised for this work

(Figure 5.2). Droppers consisted of a backbone line, with a 12 inch surface float and 30 -

40 kilograms of weight hotding it to the bottom. A 4 inch sub-surface float was attached

5 metres up the line. Spatbags consisted of an 80 cm x 20 cm tube of 9 mm blue

polypropylene monofilament mesh, folded in upon itself from each end. This was placed

inside a 60 cm tube of green 5 mm polypropylene monofilament mesh, tied off at each

end and attached to the dropper with a steel clip. Bags were attached by the clip to short

nylon string loops wound through the main backbone rope'

1 2 inch surlace flod

Figure 5.2. Set-up of spat collectors

previous work on scallops (Bull 1990) demonstrated higher catches close to the seafloor,

so bags were placed at distances of 1.5,3 and 4.5 metres from the seafloor' Droppers

were set in groups of three per site. Two sets were deployed alternately, with one set

being retrieved each month and the bags replaced with fresh bags' This meant that each



Spawning and sPatfall..- 140

set of bags remained in the water for a period of - two months, and three replicates were

available per depth/time/site/year combination. Some of these replicates were lost

through a variety of causes, such as storm effects, human interference and gear failure'

During retrieval, the dropper rope was hooked up to a hydraulic winch, the dropper

raised, the current bags removed and new ones added' The dropper was then towed

slowly back to the pickup site if wind and tide had displaced the vessel, and the dropper

allowed to free-fall back to the bottom. As bags were retrieved, they were placed inside

individual plastic bags with a waterproof label. Upon return to land, the samples were

stored by freezing. Freezing destroyed byssus thread attachments, allowing for easier

post-processing.

Bags were later thawed, and the two meshes separated and washed out with a low

pressure hose into a plastic bin. Each mesh was closely examined by eye to ensure that

no animals remained trapped between the mesh filaments. Samples were then washed

through a 2 mm aperture sieve (finer sieve sizes of 0.5 and I mm were tested' but

retained too much fine organic detritus, making sorting an impossibly slow task)'

The final processing of the samples was done in the following way' Samples were

washed out with water onto a large white Sorting tray, and all scallops, mussels and fish

removed by hand. Sub-sampling was considered, but no acceptable method could be

devised.

To assess size frequencies, individual samples were spread around an A3 sized plastic

sheet. For samples where spat were present in large numbers (>300 individuals), a

subsample was taken at random. Of note was the fact that the processing method

occasionally resulted in scallop meats being removed from their shells, and this made the

separation of alive and dead shells more difficult (dead shells being retained within the

mesh, especially at larger sizes). Spat displaying any of the following were discarded:

scallop halves with no black ligament

scallops with material attached inside the hinges e.g. amphipod tubes or bryozoans

scallops that looked 'old' - live scallops generally were extremely clean'

a

a

a



Spawning and sPatfall." l4l

Plastic sheets on which scallops had been arranged flat surface down were photocopied at

full size, and individuals measured (+ I mm) using a digitiser attached to a PC.

Statistical tests

The nature of the data was such (densities covering 4 orders of magnitude, numbers of

missing replicates, some differences in timing of sets and retrievals between years, large

numbers of zeros in one year due to a spatfall failure), that testing of the full data set in

its entirety was not appropriate. Therefore subsets of the data were selected for analysis,

based on sufficient replicates (for depth in particular), and sufficient spatfall for the

interpretation of results to be biologically meaningful. These sets were the full data set

for l99l (excluding June), and the months of April and June for 1992' For the l99l data,

a three way ANOVA with site, month and depth as factors (and with all possible

interaction terms) was run. Cochrans test was used to test for heterogeneity, and found to

be present. However, various data transformations failed to remove this, and so the raw

data were utilised in the final analysis. A similair analysis was carried out for the 1992

data, where again data transformations failed to remove heterogenous variances' All

analysis was carried out using the Proc GLM procedure in SAS Version 6 (SAS 1990)'

Data used for analysis is shown in Table 5.2 (greyed portions).

It should also be noted that spatbag retrievals adjacent to each other in time (i'e'

sequential months) were not strictly independent in their scallop spat densities' It was

possible for one recruitment event to contribute scallop spat to two spatbag retrieval

events. For example, in 1991, a heavy spatfall of small recruits on bags retrieved in

January also contributed to the spat densities on bags retrieved in February. This effect

was not able to be removed from the data.
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5.3 Results

Gonadosonrcttc Indices

The two scallop populations monitored displayed strong seasonal changes in their G.s'I'

values (Figure 5.3). During the l99l/92 season the Omaha population showed two strong

peaks (G.s.I. - 26Vo), one in october and one in January. Both were followed by large

drops in the G.s.I. value, which can be taken to indicate spawning events (Nicholson

1978). For the lgg2l93 season these peaks were again present, although the October

event was not clear cut due to an apparent dip between two high values. During the

winter months (March - August), G.S.I. values remained low, around 12 to 14 %'
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0.22
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0.t8
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0.r2

0.t0
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0.00
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l99l 1992

Date

Figure 5.3: Conadosomatic (GSI) monito irngof Pecten novaezelandiae in Omaha and Kawau Bays, l99l ' 1993

The Kawau data generally followed the same pattern. In l99ll92,the october spawning

event was probably missed due to the lack of sampling at this time. A drop in January

FMA

1993
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was noted, but at a slightly later time than for the Omaha site. In 1992193 strong drops in

G.S.l. were noted around the January period, although the data are ambiguous as it

appeared that two spawnings might have occurred during this time. The reasonably low

standard errors on the mean G.S.L values indicate that spawning in the population was

probably synchronous, at least within individual populations.

Spatfall patterns

Large numbers of spat were collected during the three years of sampling. Very strong

spatial and temporal patterns were present. Numbers of scallop spat per bag varied over 4

orders of magnirude. The negative effects of an algal bloom were also clearly evident in

the data set during the 1992193 season, with a settlement failure occurring. Table 5.2

gives a tabulated summary of density per spatbag by sampling date, broken down by

distance from the bottom.

Temporal patterns

I 992

The main spatfall event was found in bags retrieved in January (put out November) and

February (put out December) (Cohort 2 - Figure 5.4). This corresponded to a settlement

sometime in late December. Numbers ranged from 100 - 3000 animals per bag, with two

size classes being present. The majority of animals were in the 2 - 5 mm cohort, while a

considerably smaller number were found in a larger 6 - 10 mm cohort. It is assumed that

these two cohorts represent two separate spawning events. By February, the animals from

the smaller sized cohort had grown on to a larger size (10 - 15 mm) at all five sites.

However, it was apparent for four of the sites that the majority of cohort 2 had been lost

in the intervening time period. The Motorua site was the only one still retaining large

numbers of spat.
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Table 5,2: Summary of scallop spat per bag by site/time/distance from seafloor. Estimates are given

for the mean and standard error (s.e.). n, numbcr of spatbags recovered. Dcpths arel.2r 2.5 and 3.6

m above the seafloor. Shaded area denotes data used for statistical testing.

Date

Jan-92

Feb-92

Mar-92

Apr-92

Jun-92

Jan-93

Feb-93

Mar-93

Apr-93

May-93

Site MO AW AB PP TP

)epth Mean s.e n lvlean s.e n Mean s.e n Mean s.e N Mean s.e n

1

2

J

t34 137 3

2267 452 3

2262 155 3

t38 100 3

t76 131 3

r83 94 3

187 21 3

1020 33 3

2054 190 3

86 44 3

3

3
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1206 47
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'3
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..J

1

2

3
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75253
152 25 5

165 39 3

1542
13632
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56 47 3

79 72 3

1463
29 :,11 3

.il
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J
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3

3
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5 2
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1

2

3
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18 .r,...9 '. 3

11 . .'7- 3

5 ',z 3

1

2

186 - '1

24702
0

111
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1

.t

302 ''r33
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J

z

z
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0
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Motorua continued to outrank the other in terms of spat density throughout the

remaining three sampling periods, when generally low numbers of spat were caught.

Howevern the June sampling found a solid scallop spat set across the Anchor Bay and

Pukenihinihini sites as well, both outranking Motorua. Similar sized individuals were

also taken from Archway and Ti Point at this time, but at much lower densities. This

spatfall event in June was not predicted from the concurrently collected G.S.I. data,

which found no evidence of spawning in an adjacent scallop population in Omaha Bay

(Pink Beach).

Overall, at least five separate recruitment events were present in the data (cohorts I - 5 :

Figure 5.4). Not all spat sets showed consistently across all locations. Some of the spat

sets found in consecutive bag sets were simply the same animals growing in size between

sampling dates, e.g. between January and February (Cohort 2). However, it was not

possible for any individual recruitment pulse to occur on more than two consecutive

sampling dates.
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Motoura Archway Anchor Bay Pukenihinihini Pt Ti Point

5r015
AnimalSize (mm)

Figure 5.4 : Spatfall size frequencies for 1992 season, n : number of spat that would be taken if all 9 spat bags per.site were retrievt
" 

(scaled to allow foi lost bags). Black arrows indicate likely individual recruitment events (numbers indicate same event i

two consecutive samples).
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Motoura Archway Anchor Bay Pukenihinihini Pt
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Figure 5.5: Spatfall size frequencies for 1993 season, n = number of sggt that would be taken if all 9 spat bags per site were retrieve
" (r"aled to allow ior lost bags). Numbers lndicate likely individual recruitment events (same numbers indicate same ever

in two consecutive samPles).
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occuffed.

However, a limited number of spat were taken in January 1993, of a size range 2-7 mm.

This was similar to the cohort size range found the previous year. Numbers were very

low. For the February and March sets no scallops were recovered. ln April a few spat

were present, but at extremely low densities.

In May some spatfall occurred at higher densities, with a reasonably broad range of

scallop spat sizes being present in the bags. Two possible cohort peaks were present, in

differing strengths at each of the sites. June also produced reasonable numbers of scallop

spat, with one recruitment event appearing to be present across all five sites. This cohort

may have been from the same spawning event (season-wise) as the cohort encountered

the previous year at this time (1992 - cohort 5, 1993 - cohort 4), although the average

size was smaller by - 5 mm. The recruitment pulse found in May could not be compared

with the previous years, since no sample spat bags were retrieved at this time in 1992. It

is likely that at least 4 recruitment events occurred during the 1993 season (Figure 5.5).

1994

In January 1994 the same cohort pulse (Cohort l: 2-5 mm animals) as noted in the

previous two years was again present (Figure 5.6). This was found across all the sites,

although Anchor Bay had more than double the number of spat of any other site. By

February this cohort had grown in average individual size, although growth appeared to

be variable between the four sites for which data were available. Numbers were low for

all sites compared to the previous month's numbers (same cohort). The smaller

recruitment event of larger 6-10 mm spat noted in 1992 was absent.

Numbers of spat captured in March, April, and May were all low, with similar size

structures being present across sites within months. No bags were set in June. Motorua

consistently ranked higher in terms of total numbers for these three months. It is likely
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that at least 4 recruitment events occulred during this season (Figure 5.6).

Motoura Archway Anchor Bay Pukenihinihini Pt Ti Point

n=3 195 n:3 616

n=58

)

n=271

4

o
t Mar

5 I0 15
AnimalSize (mm)

Figure 5.6: Spatfall size frequencies for 1994 season, n = number of spat that would be taken if all 9 spat bags ne1 sile were retrieve'
- 

(scaled to allow ior lost bags). Numbers indicate likely individual recruitment events (same numbers indicate same even

in two consecutive samples).
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Between years

A log scale comparison of the three years of data by site is given in Figure 5.7. For

virtually all sites and times the l99ll92 spatfall season had the highest spat density. The

1992193 spatfall season was marked by an almost complete absence of spat up until the

May and June periods, compared to the years preceding and following it. In general,

numbers of spat per bag exceeded 100 individuals per bag only in January and June of

1992, June of 1993, and January of 1994 (June 1994 was not sampled).

Spatial patterns

All five sites monitored caught commercial quantities of scallop spat (> 300 bag-') during

one or more time periods. Ranks were computed for sites within seasons, within years,

and overall (Table 5.2). In 1992 Motorua dominated 4 out of the 5 months, followed by

Archway Island. The remaining three sites varied in rank. A difference in rankings with

respect to spat densities for the January and June sets was apparent. The 1993 data were

very variable in terms of the ranking of sites, with some variation between the two most

important months, May and June. No clear ranking of sites over months was apparentn

but relatively low numbers probably contributed to random ranking effects.

The 1994 season was dominated by Motorua in 4 out of the 5 months examined.

Archway ranked second overall. Pattern in general was quite similar to the rankings

observed in the 1992 season, except that Ti Point and Anchor Bay swapped 5ft and 3d

rankings overall.
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Figure 5.7: Mean scallop spat density per spatbag by year, site and month

Over all three years combined Motorua ranked first in terms of spatfall density, followed

by Archway, Ti Point, Pukenhinihini Pt and Anchor Bay.
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Table 5.3: Sites ranked by spatfall (by factors of site within month, year and overall).

D is t an c e fr o m s eafl o or efec ts

There was no consistent effect on spat density with respect to distance from the seafloor

across all sites and times. (Table 5.2). Within some time/space cells, however, some

pattern was present e.g. decreasing spat catch with increasing distance from the seafloor,

for spatfall in the January period of 1992 and 1994 for some sites.

Fouling Effects

Numerous marine invertebrates were found within the spat bags at various times, but a

white calcareous tubeworm (species unknown) dominated in terms of biomass and was a
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severe problem in the later months of the season, in terms of crowding in the bags and

weighing down the spat droppers. Tube building amphipods (species unknown) were also

often extremely prolific. The fouling community tended to be dominated numerically by

either the tube worns or the tube building amphipods, but not by both. Some bags

weighed close to 2 kg when heavily infested by the white calcareous tubeworm. Bags set

earlier in the season tended to be only lightly fouled by these species.

Scallop spat densitlt efects

For the February and June 1992 sample periods, reasonable densities of larger scallop

spat were present in the spatbags, in what appeared to be unimodal recruitment pulses.

For these two times, the average scallop spat size was plotted against density for each

0 500 | 000 | 500 2000 2500

Scallop spat per bag

Figure 5.8: Mean spat size vs density for spatfall February 1992, for Motuketekete, Motuora,
Anchor Bav. Pukenihinihini Pt and Ti Point
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1992, for Motuketekete, Motuora,

depth/site combination. For the February data, due to the heavy loss of spat from four of

the sites (and therefore possible size selection through the spatbag mesh), a linear

regression was fitted only to the Motorua bags (Figure 5.8). A negative relationship

between density and average size was present, though the t' value was not particularly

high (0.6a). For the June data, four out of the five sites showed a negative relationship

between scallop spat density and average spat size (Figure 5.10). However, the I values

were modest (0.42, 0.04, 0.75), apart from Archway Point which had only three points

available (0.99). The fifth site showed a slightly positive trend, but the t' was very low

(0.004).

Statistical Testing

A three way ANOVA carried out on all of the L992 data (excluding June) found all

possible interaction terms to be significant (Table 5.4). This precluded any further post
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priori testing of differences for the main treatment factors (month, site, depth). In stark

contrast, a similair test for the months of May and June in 1993, found no significant

differences for any of the main factors or their possible interaction terms (Table 5.5).

These results should be viewed cautiously, due to the presence of heterogeneity of

variances, and possible non-independence between sequential months (as discussed in the

methods section).

Table 5.4 : Three way AITIOVA of 1992 spat density data (for the factors of month, site and depth) for

all months except June (which had insuflicient replication)

Source

Site

Month

Depth

Site*Month

Month*Depth

Site*Depth

Site*Month*Depth

Source

Site

Month

Depth

Site*Montb

Month*Depth

Site*Depth

Site*Month*Depth

Type III
SS

r 2 1306

2501

36860

3s396

20745

94958

7 r056

F value Pr>F

d.f. Type III Nfean F value

SS Square

t4087448

3069426r

2459260

t2572874

3907081

2298421

3343886

3521862

t023t420

1229630

1047739

651r80

287302

r329328

Mean

Square

30326

2501

18430

8849

10372

l 1889

8882

56.83

165.10

r9.84

16.91

10.5 r

4.64

','r<

2.l8

0.t8

1.33

0.64

4.75

0.85

0.64

Pr> F

0.0001

0.0001

0.0001

0.0001

0.0001

0.000r

0.0024

0.0850

0.6732

0.2'148

0.6385

0.4793

0.5605

0.7406

Table 5.5 : Three way AITIOVA of 1993 spat density data (for the factors of month, site and depth) -
for the months of May and June.
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Discussion

The results of this work demonstrated that catching scallop spat in commercial quantities

(defined here as > 300 bag) in the Leigh region was achievable, and that the timing of

such events could be reasonably well predicted. Times of spawning also seemed to be

predictable both within and between years.

Monitoring of G.S.l. in this study revealed hvo spawning events per year for the

populations studied. This agreed well with previous work carried out by Nicholson

(1978) on the same species in the same area 14 years earlier. It also corresponded well

with results from work by Bull (1976) carried out l8 years ago on a population more than

500 kilometres away (Marlborough Sounds). A clear biannual spawning pattern appears

to be standard for P. novaezelandiae, in October and January.

Spawning appeared to be very synchronous within individual populations, which would

be likely to allow for maximum fertilisation success from a spawning event. Langton et.

at. (1987) noted that interannual variation in spawning synchrony was apparent for

mature Placopecten magellanicus, and reasoned that the degree of synchronicity in a year

might be a early indicator of subsequent year class strength. Nicholson (1978), however,

found that spawning of larger sized adult Pecten novaezelandiae was less predictable and

seemed to occur throughout the year. Such findings suggest that the size strucfure of the

population may be an important component of spawning dynamics.

The actual triggers of spawning activity in P. novaezelandiae are not known. A number

of possible variables may act alone or in unison, including changes in water temperature,

food availability, daylight lengths and storm events. For other scallop species several of

these variables have been documented as being important. Courtier (1994) found that

summer diatom blooms were predictable annual events and there was a direct

correspondence between their onset and the initiation of spawning in both field and

laboratory populations of Placopecten magellanicus. Thorarinsdottir (1993) found a

similar result for Chlantys islandica although more variation between years was apparent.
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Joll & Caputi (1995) examined spawning in the saucer scallop Antusium balloti and

found evidence of a lunar cycle to spawning. Wolff (1987) found that especially intense

spawning occurred in Argopecten irradians when a 6-8 degree increase in water

temperature occurred as a result of El Niflo events. Bonardelli et. al. (1996) found a

similiar pattern for P. magellaniazs, where for 33 events, spawning was always abrupt,

and apparently unrelated to phytoplankton abundance, particulate organic carbon and

nitrogen, lunar or tidal phase, or current velocity. The only well correlated environmental

factor was strong seawater temperature changes.

Triggering factors may not be the same or constant for all populations of the same

species. Barber and Blake (1983) argued that different populations of the bay scallop

Argopecten irradians had differing temperature requirements for the initiation of

gametogenesis and spawning, and this was at least partially related to latitude. Given that

Pecten novaezealandiae occur along the whole length of New Zealand (from Spirits Bay

down to Stewart Island, and out to the Chathams), some 2000 kilometres in spatial

extent, and down to 170 metres water depth (Bull 1976), this is probably true for this

species as well.

There may also be other influences on spawning that were not examined in this cunent

work. Tunbridge (1963) examined P. novaezelandiae from 7 sites in southern New

Zealand ranging from 6 - 40 metres in depth, and found that individuals spawned first in

the deeper beds (20 - 40 m). Other species have also been recorded as showing depth

differences. Skreslet (1979) found that for C. islandica spawning was delayed at the

deepest of three sites examined (39 m). MacDonald & Thompson (1986) examined P.

magellaniars at depths of l0 and 31 metres, and found that scallops from the deeper

location had reduced rates of gamete development, although spawning time and spawned

e.g. size were similar to that of the shallow site. Barber et. al. (1988) Iooked at

Placopecten magellanicas from 13-20 m and 170-180 m and found animals from the

deeper site had significantly smaller gonad weights, more resorption of reproductive

tissues, and less synchronous gamete development. There was also a threefold decline in

fecundity.
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Local scallop fishermen in the Leigh region have reported deeper water populations of

scallops (40_60 m water depth) around the general Little Barrier Island region that are

always in poor condition, with dark stringy meats and "paper-thin" white shells that are

easily broken. Such individuals may come from populations that are at the edge of the

species' viable habitat in terms of environmental conditions. Their reproductive

contribution to year class strength is likely to be low or nil.

The three years of spatfall monitoring found a series of patterns, across a range of

different spatial and temporal scales. The main spatfall event appeared to be very

predictable, with spat in the 2-6 mm size range appearing in the samples in mid January

for all three years (1992-94). This spatfall dominated all other spatfalls for the 1992 and

1994 seasons. In 1993 it was present but in very low densities. This spatfall occurred

across all five sites, and was likely to represent the main successful spawning event for

scallops in this region. However, it was not clear if this recruitment was a result of the

observed spawning in local populations. The predicted time of set for the first spatbags

recording this spatfall was mid December. Given that it was likely that a period of

several days to a week was required for a microbial biofilm to develop for successful

settlement, this placed the time window for settlement in the period immediately prior to

Christmas day. The time from spawning - late September - to settlement (if this was the

source of recruits) would therefore be in the order of 8 weeks. Larval life of Pecten

novaezelandiae is suspected to be in the order of three to four weeks (Bull 1990).

However, given that Bull's estimates were also based on the temporal lag between local

spawning and spatfall, the length of larval life remains in reality basically unknown. For

a related species, Pecten maximus, the duration of larval life has been shown in

laboratory populations to be strongly related to water temperature (Beaumont & Barnes

1992). Extrapolation to field conditions must, therefore, be done cautiously. Different

source stocks may also poduce larvae with different rates of development (Paulet et' 41.

l 988).
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Depending on the year, a number of lesser recruitment events (i.e. exclusive of the

December set, found in January and February bags) were also apparent (4 in 1992, 3 in

1993,3 in 1994). These are minimum estimates of additional recruitment events, evident

as size classes in the spatbags. Other recruitment pulses may also have been present, but

indistinguishable from background noise due to poor numbers or a broader range of

individual sizes. These additional recruitment events could be explained by the second

local spawning event documented in January (minimum time lag of spawning to

placement of bags in water of 2 to 3 months for June set), if larvae produced from this

spawning were settling at different times.

Alternatively, some of these additional recruitment events were most likely to have be

sourced from larvae spawned outside the study area. Until detailed information is

available on currents and residual water circulation within the general study area, it will

not be possible to determine where the various sources of larvae driving the observed

recruitment pulses are coming from.

The very low densities of scallop spat in the 1993 January set, and the subsequent

complete lack of spat in the months of February and March 1993, may have been the

direct result of a large algal bloom occurring at this time (Rhodes et. al. 1993). This

almost complete lack of spat was in direct contrast to the patterns observed in 1992 and

1994 across the same locations sampled at the same time of year. Work on other scallop

species has also revealed such large scale disturbances by planktonic algae. Tettelbach &

Werzel (1993) documented the effects of brown tides (Aureococctts anophagefferens) on

populations of the bay scallop A. irradians, and found that recruitment of spat was

severely curtailed by the blooms. In the present work the algal bloom was associated with

mass mortality of benthic scallops (Chapter Three) and a loss of settlement/recruitment to

the spat collectors.

The relationship between spawning stock and subsequent larval recruitment intensity

remains unknown. This relationship will be heavily influenced by hydrographic

variables, which are relatively poorly understood in the Leigh region. In scallop species
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where populations are located within confined water bodies, some investigations have

found detectable relationships between spawning stock levels and recruitment to artificial

collectors; Mutsu Bay (Patinopecten yessoensis - Ito & Byajkuno 1988), Japan, and

Golden Bay (Pecten novaezelandiae - Brownell 1994), New Zealand. For both examples

artificial enhancement was being carried out. A natural stock situation was documented

in Peterson & Summerson (1993) for A. irradians in South Carolina, where adult stocks

were decimated by toxic algae, and low densities persisted for the following three years

due to spawning stocks having been pushed below a critical threshold level. Populations

untouched by the bloom in adjacent areas of the larger estuarine system continued to

display normal population dynamics, suggesting localised stock-recruit relationships at

the level of individual arms of the estuarine system, rather than at the level of the overall

system itself.

Spawning populations were effectively removed from Greater Omaha Bay by the bloom

(with the exception of a Pink Beach population, which was subsequently decimated by a

large storm event). However, spatfall still occurred the following season, suggesting that

the source of spat may have been from outside the bay (although spatfall density was

down by about 25%).

Substantial differences were apparent among the five different sites monitored for

spatfall. All caught commercial quantities of spat over some time period (arbitrarily

defined as > 300 spat per bag). However, Motuorua consistently outranked the other sites

in terms of spatfall. This may have been due to the physical structure of the site. This spat

catching area was located within a partial natural reef "amphitheatre" formed by the

adjacent Motuora Island directly to the south. To the north a moderately strong current

ran through the channel between Motuora and Moturekareka Islands. The spat catching

site itself formed a gyre of water movement in response to water being trapped between

the main channel and Motuora. Small particles in the water column were effectively

captured by this gyre. Large numbers of other fouling organisms on the bags in relation

to other sites further support this contention. In addition, the seafloor was composed of

fine muddy sand, which was not present in more current swept locations.



Spawning and spatfall... I 6 I

The Archway site was also located adjacent to a reef area, but with less direct current

action, being placed slightly back from the main current area running between Kawau

Island and Beehive Island. The three sites in Omaha Bay were part of a larger circulation

system in the bay, although it is possible that water in the bay was being entrained for

some undefined period due to strong currents passing the capes at each end of the bay.

Recruitment pulses tended to occur at all of the sites, suggesting that the overall larval

supply of scallops competent to settle was a large scale (at least lOs of km's) event.

However, smaller local scale processes such as gyres and eddies were likely to have

caused differences in densitv between the sites.

Changing spatfall patterns with distance from the bottom were also documented for

various sites and times, although no consistent trend was apparent. The January set of

1992 in particular showed differences of more than an order of magnitude for distances

from the bottom over a scale of metres. Such differences have also been noted for other

scallop species - e.g. increasing with depth (Wallace 1982) or reducing with depth (Evans

et. al. in Brand et. al. 1980). However, such effects may be due to vertical aggre.g.ation

of scallop larvae rather than any active process. Tremblay & Sinclair (1988) looked at the

vertical distribution of Placopecten magellanicus veligers in the Bay of Fundy, and found

that when the water masses were well mixed, larvae were fairly well distributed over the

top 40 m, but when a thermocline was present they were sometimes unevenly distributed

with a peak associated with the thermocline. More recent work by Gallager et. al. (1996)

suggest that scallop larvae remain above thermoclines, and that this may affect the

potential for horizontal transport into settlement sites. Pearse et. al. (1996) further argued

that collectors set above such thermoclines would catch significantly better than those set

below it.

The lack of any consistent depth related pattern between or within sites suggests that any

trends observed may be the result of swarms of larvae passing through that are
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concentrated by some hydrographic process into layers in the water column. However,

active vertical migration by larvae at the time of settlement cannot be discounted.

A number of obstacles were identified from this work with respect to using artificial

collectors as both a source of spat and as an ecological monitoring tool. The greatest one

seemed to be that scallops were capable of detaching from the bags at a size too small to

be retained by the 5 mm outer mesh. This was particularly apparent between the

consecutive spatbag sets of January and February. Large numbers of small spat were

sampled in January, but by February spat numbers had fallen drastically. This was true

for both the 1992 and 1994 seasons, with the sole exception of Motoura in 1992. The

other four sites lost almost all of their recruits from this cohort. Such a process has also

been recorded from the Nelson fishery (Bull 1988), where it results in large numbers of

spat being concentrated underneath the main spat catching lines. These animals may

represent a valuable source oflarger spat later on in the year that can be dredged up and

using for reseeding purposes, where their larger size and greater resilience to various

mortality factors result in better survival rates on the seafloor (Bull et. al. 1990). This

may be true for the Leigh region as well. However, such spat loss makes the numbers of

spat retrieved from spat bags versus true recruitment numbers subject to uncertainty.

Small scallops were noted swimming freely around the base of dropper ropes during

dives, although it was not possible to determine whether these were derived from the

inner or outer surfaces of the spat bags suspended above. Migration and predation would

also have been acting to reduce these numbers of "free living" scallops'

An obvious solution for future work is to experiment with different sized outer bag

meshes, but there will be a trade-off between improved retention of spat and limitation of

water flow. In this work standard bags (those traditionally used in the Nelson

enhancement project) were used, but more work on collector design would be beneficial.

A number of overseas workers have undertaken such studies for other scallop species

considered suitable for enhancement (e.g. Ambrose et al. 1992, Miron 1995, Pouliet et'

al. 1995). Many aspects of spatbag design may be important, e.g, mesh colour, mesh

thickness and mesh density per unit area.
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Predation was also likely to have been having an impact. Juvenile spotties (Notolabrus

celidotus) and various blennies and mackerels were often found trapped within the bags

over the summer retrievals, obviously having settled into the bags and then having grown

on to a size where they could not escape. Various crab species were also extremely

abundant within the collectors. Even smaller animals such as amphipods and isopods

may have been adversely impacting on scallop larvae, given that scallops were settling at

sizes of approximately 260 microns (Bull 1976). The calcareous tube worm species

which grew in huge numbers upon the bags was also likely to have preyed upon many

larvae of various species as they entered the spat bag environment. It was also likely to

have been competing for similar planktonic food sources as those used by scallop larvae'

This work demonstrates that there are two main recruitment events that are available for

exploitation by commercial spat catching operations. These are in January and June. The

January recruitment event had the greater density of animals and occuned over all three

seasons examined, algal blooms nowithstanding. The June set had lower densities, but

was also found across both years for which bags were retrieved in this season. The

January set was the most utilisable scallop spatfall, occurring at a time of generally more

settled weather conditions (fewer storms). Fewer problems with biofouling were

experienced in January, as the amount of the calcareous tubeworm found on gear at this

time of year was low.

Motuora consistently ranked as the best site for catching spat, with the Archway site

coming a consistent second. However, these two sites are more limited in spatial extent

than the other three, with the sites at Anchor Bay and Pukenihinihini Pt offering

substantially more area (with the caveat that Anchor Bay falls within the Tawharanui

Marine Park). The Ti Point site falls to one side of a navigation zone, and shipping would

be adversely affected in bad weather by commercial collector alrays.

There are two ways in which commercial collector arrays could be managed: either as a

series of small sites specifically targeted for high spat catches (due to small scale local
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hydrography) or as fewer larger collector areas with more gear set but probably lower

catches per individual spat collector.

One problem that will certainly arise if commercial operations are ever commenced in

this area is conflict with recreational users of the area. In this work several interactions

occuned with yacht sailors in terms of spat droppers being perceived to be navigational

hazards, despite being officially posted in gazette notices and being in locations out of

the main sailing channels. The adjacent high human population densities, heavy

recreational usage, and likely ongoing population increases, make resource user conllict a

potentially far more serious problem than biological restrictions on scallop enhancement.

Recommendations for future development of scallop enhancement in the re.g.ion include:

examination of more sites over the appropriate time period (set gear December -

retrieve February) to increase options and areas for large collector alrays

research on different collector assemblies to reduce the problem of loss of spat < 5

mm

. monitoring beneath droppers to assess the potential resource of detached spat for

enhancement

The results presented in this chapter show that commercial catching of spat in the Leigh

region is feasible, with large numbers of scallops able to be caught per spatbag. This

component of successful enhancement operations will not be a problem within this

region.
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Chapter Six: Impacts of commercial scallop dredging on

undersize scallops

6.1 Introduction

Most scallop fisheries around the world are harvested by various forms of dredges.

Such gear often has only low to moderate levels of efficiency (i.e. the number of

scallops captured is modest compared to those encountered by the fuedge). Dredge

efficiency varies according to the species, dredge type, environmental conditions and

other factors (Chapman et al. 1979, Mason et al. 1979, L982, Shaffee 1979, Buestal et

aI. 1985, Mcloughlin et al. 1991). Efficiency is usually size specific as well, with

smaller scallops being less susceptible to the fishing gear. This is a desirable

characteristic when some minimum legal or economic size is in force, and also

reduces the amount of debris collected in the dredge. However, when only a

proportion of the scallops encountered are being subsequently harvested, the potential

arises for significant losses from the scallop population due to incidental mortality.

Such factors are now one of the great concerns in many other fisheries (both fish and

invertebrate) and much recent research has been and continues to be undertaken to

quantify its severity and to mitigate its occurrence where possible (Suuronen l99l).

Information on incidental mortality rates in scallop stocks is limited to only a few

studies. Caddy (1968, 1973) estimated that 13-17 7o of. Placopecten magellanicus

individuals in the path of the dredge that were not caught were lethally damaged.

Naidu (1938) estimated an annual indirect mortality for Chlamys islandica of ITVo fot

a Digby dredge and 3 LVo for a New Bedford dredge. This worked out to 4-8 times as

many scallops dying from encounters with the fishing gear than through natural

mortality. Dredge (1991) looked at the saucer scallop Amusium japonicum ttawl

fishery, using video and tag methods on experimentally fished plots, and found

moderate evidence of incidental mortality. Joll (1988) found evidence of fishing

trauma in the same species because encounters with fishing gears were marked by a

prominent ring being laid down in the shell.
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Mcloughlin et al. (1991) examined the catch efficiency of box dredges for Pecten

fumatus, and found on average only lL.67o of the scallops encountered in a dredge

tow were captured. This dredge is essentially the same as used in the New Zealand

Coromandel and Northland scallop fisheries. By monitoring the proportions of live,

damaged and dead scallops on the Bass Straits grounds, they calculated that almost all

scallops remaining on the bed after commercial fishing died within 8 months of the

end of fishing. Only an estimated I2-22Vo of the initial stock was landed as catch, the

rest being wasted through dredging-associated mortality.

Only limited work on Pecten novaezelandiae has been undertaken on this issue to

assess the magnitude of incidental mortality. Cryer (1994b) showed that scallops

taken from the dredge path of a corrrmercial boat displayed higher mortality rates than

control scallops taken from outside the path (ll%o for 90-99 mm animals, SVo for 100

mm + animals after correction for handling effects). However, Cryer (1994a) found

no significant relationships in a time series of abundances from the main commercial

bed at Whitianga in terms of fishing pressure in one season being correlated with

abundance in subsequent seasons (at2,3 or 4 year time lags).

This study quantified the loss (mortality) of undersize scallops during a typical period

of fishing by a portion of the Coromandel fleet. A B.A.C.I. design

(before/after/controVimpacted) was used to assess changes in scallop density and

population structure as a result of commercial scallop dredging. Figure 6.1 illustrates

a model of the different possible fates of an individual scallop encountering a

commercial scallop dredge. The magnitude of effects 2 and 4 (incidental mortality) in

two fished populations was assessed: effect 2 was that scallops landed aboard a

fishing vessel but discarded as being undersize died subsequent to their release; effect

4 was that scallops that came into physical contact with the dredge, but were not

captured, also subsequently died.



Impaets of Dredgiqg.,. l'67

f gure 6.1: Possible outcomes of an individual scallop$ ercounter with a sgallop drcdge

trndividual scallop
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Alt sampling was dons usl !g a commercial seallop boat and dredging gear. Three

separare scEllop beds ato,4g the outer Colville pas$age were available as study sites

(sites A to e), A.ll orcurred on fine nruddy sand bottoms of 8-14 m water depth, with

thoir bouqdaries rnarked by distinct substraturn ohangAs (substential shell detrittls of
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the dog cockle Tucetona laticostata and horse mussel Atrina zelandiae), correlated

with a substantial reduction in scallop abundances.

Two surveys were undertaken, one before and one after fishing. The fishing vessel

JocIyn,I was used for the first survey. This boat was fitted with a typical commercial

scallop dredge of 153 cm width. For the second survey this boat was unavailable, and

the commercial boat Trans was used.

The ideal design, where control and dredged areas were of equal spatial extent, was

unrealistic in that fishermen were trying to fill their catch limits before the season

finished. Therefore the smallest of the three beds was designated the control site, and

declared a no-fishing area. Fishermen were asked to fish the other two areas in typical

fashion.

To avoid bias involved with using different dredges for the two surveys, the original

dredge was transferred to the Trans. The pulling speed of the two boats was matched

by attaching them to each other with a cable tied to the stern, and matching engine

revolutions until neither was making ground through the water. This was considered

adequate to minimise sampling bias between the two surveys as a result of using

different vessels. The same skipper was used for both surveys.

During the first survey tows were haphazardly assigned within the areas known to

have held good scallop abundances in the past, given the skipper's (G. Hallen) 17

years of working in the fishery. Tows outside these areas were also done to confirm

that few scallops occurred outside these high density areas, and yielded few to no

scallops. For the second survey, tows were randomly allocated with the strata

previously defined by the first survey. A number of tows were also made around the

boundaries of these areas, to confrrm that no measurable numbers of scallops taken

during the fleet's activities had been dumped outside these boundaries.

After several runs to assess handling times (sorting and measurement of the catch) for

different tow lengths, a standard tow time of 2 minutes was used. Densities were

standardised to scallops per m2 calculated from GPS readings taken at the start and
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end of each tow. Scallop shell widths, of both live and recently dead scallops

(cluckers - with over 257o of the black hinge ligament still present) were measured

using steelcalipers (+ 1 mm).

Dredge efficiency was assumed to be constant over the two surveys, as the same

skipper, dredge and protocols were used for both surveys, sea conditions were

similair, and the ground being sampled the same. A period of 3 weeks elapsed

between the first and second surveys (1 lth & l2th of December, and the 5th and 6th

of January, respectively). Commercial fishing was undertaken between the 13th and

the 2lst of December across the two experimental plots. This allowed a period of

approximately 2 weeks for scallops to succumb to any effects due to contact with the

scalloping gear, and for any disease outbreaks resulting from decaying sea life killed

by fishing to become apparent.

A sample of scallops ranging from 80 to 120 mm shell width was also collected to

assess their relative condition, and to generate a width - weight relationship to allow

for the conversion of animal numbers into biomass estimates. These animals were

collected during the second survey. The relationship between shell width and the

weight of the gonad and adductor muscle combined was expressed as

y = 0.00009x2'5s4e (? =0.75).

(units - mm and gralns, where y = weight and x = shell width)

For biomass estimation, all individuals were converted into weights using this

formula.

Fleet operation

Five boats initially worked the area, but one left during the first day. Site A was

fished by 2 boats for approximately I Vz days, but the large proportion of undersize

animals reduced the potential fishing effort given to it. Site B was more heavily fished

for the first two days.
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A very high density patch was discovered nearby on the second day further offshore,

outside of the surveyed area. Subsequently, the fleet shifted to this area to fish for the

remaining three days. The author was not aware that this patch existed, otherwise it

would have been included in the design. This resulted in two effects - that catch could

not be assigned to the fished area (fishers did not distinguish between the

experimental areas and this new area when recording bins of scallops caught), and

that fishing effort on the experimental areas was less than was originally envisaged.

Sampling Design

Initially all three areas had dense aggregations of scallops. None had been previously

fished during the commercial season due to algal toxin closures. Differences in

average densities and size structures were apparent between the beds (Table 6.la).

Table 6.1a: Before fishing parameters for the three study populations (uncorrected for

dredge etficiency). Sites were sampled on the 11th and 12th of December 1994, uslng a

153 cm standard commercial dredge from the fishing vessel Joclyn J. Errors given are

standard errors

Bed size was determined by triangulation between the end points of the dredge

transects, using the most parsimonious routes. Estimation of the exact boundaries was

not possible. The three scallop beds available differed significantly in size. In

particular, the control bed was limited in spatial extent. Therefore the number of

replicates (n = 7) in the control was kept down to avoid the possibility that sampling

itself (by a commercial dredge) might start to approach the extent of effects being

documented. A greater level of replication was possible at the two impacted sites

(Table 6.2). A single phase sampling programme was used, as costs of sampling were

Site Density (per m') Mean Size

(mm)

Proportion > 99 mm Bed Area (m'')

Control 0.50 r 0.11 94.6 r 0.2 28.8o/o 1.08% 60,809

Site A 0.84 + 0.12 92.5 r 0.1 13.5o/o ! .O2o/" 106,207

Site B 0.75 r 0.12 93.6 r 0.1 25"/"t.03"/" 217,O27
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high, and the strata were already well-defined by the skipper's previous fishing

experience.

Table 6.2: Summary of dredge transects and scallops measured per Site'Time

combination. T1 cells were sampled on the 11ih and 12th of December 1994, using a 153

cm standard commercial box dredge from the fishing vessel Joclyn J. T2 cells were

sampted on the Srh and 6th of January 1995, using the same dredge from the fishing

vessel Trans. Errors given are standard errors.

Site Time # Transects # Live Scallops # Cluckers

A T1 14 4,968 77

T2 17 3,381 75

B T1 1B 5,576 74

T2 25 2,616 614

Control T1 7 990 16

r2 7 1,353 32

Statistical analysis

Data were analysed using the SAS system (SAS Institute 1990) using the GLM

(General Linear Models) procedure. Scallop size classes of 80-89, 90-99 mm and 100

+ mm shell width were used in the analysis, and differences examined using two way

ANOVAs. Populations were quantified as number of individuals, biomass yield, and

number of cluckers. Variances proved not to be significantly different between cells

(Cochran's Test), apart from the clucker data. Transformations of the clucker data did

not remove heterogeneity, so raw values were used in the analysis. For a priori testing

between cell means, the number of comparisons made greatly increased the chance of

a type II error, therefore the sequential Bonferroni's correction (Rice 1989) was used

to test for significance. Densities are expressed as means + standard elTor. Power tests

were performed using an implementation of the programme "Power" - Borenstein &

Cohen (1988).
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Estimation of intpact of alternative management strategies

The likely outcome in terms of scallops killed, had a 90 mm minimum legal size been

in operation, was estimated (given the same overall end yield). To achieve this, the

relative proportions of the two size classes (90 - 99 mm, 100 + mm) retained by

commercial dredges were derived from the pre fishing survey, for sites A and B

(Table 6.6). This equated to ratios of 3.08 : I and 1.84 : 1 respectively.

The biomass yield of scallops taken during commercial fishing was estimated as 99

and 3ll kg for sites A and B respectively (assuming40Vo dredge efficiency, Cryer,

pers. comm. - these estimates are corrected for incidental mortality, i.e. animals killed

but not physically harvested by the dredge (Cryer 1994b) - Table 6.6). For simulation

purposes, this biomass yield was then re-allocated between the 9G-99, and 100+ mm

size classes, using the pre-fished ratios. This gave values of 7 5 and 24 kg for site A

(90-99 mm, and 100 mm +), and 202 and 108 kg for site B. These biomass yield

values were converted back to the equivalent number of animals required to give this

biomass (using the relationship derived from the numbers of animals lost versus

weight lost, for the two sites, by size class).

Using dredge efficiencies of 30 to 55Vo, it was then determined how many animals

would need to be encountered by the dredge to obtain the harvest yield (Table 6.7a,

6.7b). For example, at site A, with a dredge efficiency of 30Vo,81 178 scallops would

need to be encountered by the dredge, to physically capture 24 353 (Table 6.7a:90 -

99 mm scallops).

Incidental dredge mortality values (the proportion of animals dying after encountering

a dredge but not being captured) for the 90-99 and 100+ mm size classes were taken

from Cryer (1994) - see Appendix 2. These were set at 0.1105 for 90-99 mm scallops

and 0.0835 for scallop's 100 mm or greater. [t was assumed that scallop mortality

probabilities remained constant for each successive dredge encounter, though in

reality some cumulative effect was probably likely. If this is true, then estimation of

reductions in incidental mortality with decreasing fishing effort are likely to be

underestimates.
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Calculations were performed to determine the improvements in the number of

scallops remaining after fishing, given a minimum legal size of 90 mm, and dredge

efficiencies ranging from 30 to 55Vo (and retrieving the same biomass yield).

Results

Control

The control site had a lower pre-fishing density than the impacted beds (Table 6.la).

Statistical testing of possible differences between pre- and post-fishing surveys

indicated no detectable statistical difference for any of the variables of number of

individuals (Tables 6.3a, 6.4), yield biomass (Tables 6.3b, 6.4), or clucker numbers

(Tables 6.3c,6.4) for the control site.

Table 6.1b: After fishing parameters for the three study populations (uncorrected for

dredge efficiency). Sites were sampled on the 5s and 6th of January 1995, using a 153

cm standard commercial dredge from the fishing vessel Trans. Errors given are

standard errors.

Tabte 6.3a. ANOVA's for numbers of live scallops. Comparisons are between three size

classes of scaltops (80-89,9(F99, 100+ mm), for the factors of site and time. The three

sites are control, site A, and site B. Times are before fishing 111rh/12rh December 1994)

and after fishing (5tn/6tn January 1995).

80 - 89 mm scallops

Site Density (per m") Mean Size

(mm)

Proportion > 99 mm Bed Area (m-')

Control 0.60 r 0.07 95.310.1 24.72!O.O4% 60,809

Site A 0.54 J 0.07 90.910.1 9.7 t0.O2"/" 106,207

Site B 0.34 r 0.04 92.610.1 17 .22 + 0.01olo 217,O27

Source DF Type lll SS Mean Square F Value Pr>F Power

Site 2 0.1 7902026 0.08951013 4.98 .0091 0.e34

Time 1 0.04932985 0.04932985 2.75 .1013 0.762
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Site'Time 2 0.01385035 0.0069251 7 0.39 .6813 0.066

90 - 99 mm scallops

100 + mm scallops

* 
= significant at .05 level

** 
= significant at 0.01 level

Table 6.3b. ANOVA's for biomass yield.. Comparisons are between three size classes

of scallops (8H9, 90-99, 100+ mm), for the factors of site and time. The three sites are

control, site A, and site B. Times are before fishing (11th/l2s December 1994) and after

fishing (5'V6tn January 1995).

80 - 89 mm scallops

90 - 99 mm scallops

Source DF Type lll SS Mean Square F Value Pr>F Power

Site z 0.1 3976293 0.069881 46 1.74 0.18't2 0.883

Time 1 0.19846627 o.19846627 4.95 0.0288 0.387

Site'Time 2 0.1 3848268 0.06923634 1.73 0.184 0.115

Source DF Type lll SS Mean Square F Value Pr> F Power

Site 2 0.01823233 0.00911617 1.61 0.2061 0.976

Time 1 o.o3711473 0.03711473 6.56 0.0123 0.265

Site'Time 2 0.05404905 o.02702452 4.77 0.0109 0.115

Source DF Type lll SS Mean Square F Value PI>F Power

Sile 2 20.49226 10.24613 7.'.| 0.0014 0.937

Time 1 3.746374 3.746374 2.6 0.1 109 0.864

Site'Time z 1.302701 0.65135 o.45 0.6383 0.051

Source DF Type lll SS Mean Square F Value Pr>F Power

Site 2 41 .47697 20.73848 4.24 0.0176 0.861

Time 1 22.69366 22.69366 4.64 0.0341 0.729

Site'Time 2 20.81786 1 0.40893 2.13 0.1254 0.045

100 + mm scallops
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* 
= significant at.05 level

** 
= significant at 0.01 level

Table 6.3c. ANOVA's for cluckers. Comparisons are between three sice classes of scallops (80-89,

90-99, 100+ mm), for the factors of site and time. The three sites are control, site A, and site B. Times

are before fishing (1 1th/1zth December 1994) and after fishing (5'n/6'n January 1995).

80 - 89 mm scallops

90 - 99 mm scallops

100 + mm scallops

. 
= significant at.05 level

*" 
= significant at 0.01 level

Source DF Type lll SS Mean Square F Value Pr>F Power

Site z 1.754438 0.877219 0.77 0.4654 0.1 84

Time I 6.414917 6.414917 5.65 0.0198 0.965

Site'Time 2 10.67552 5.337759 4.7 0.0117 o.232

Source DF Type lll SS Mean Square F Value Pr> F Power

Site 2 o.oo7942 0.003971 1 1.09 0.0001 0.986

Time 1 0.00353 0.00353 9.85 0,@24 0.987

Site'Time 2 0.008063 0.004031 11.25 0.0001 0.070

Source DF Type lll SS Mean Square F Value Pr>F Power

Site 2 0.021883 0.010841 4.O7 o.0207 0.900

Time 1 0.009625 0.009625 3.58 0.0621 0.822

Site'Time 2 0.024007 0.012003 4.46 0.0145 0..058

Source DF Type lll SS Mean Square F Value Pr>F Power

Site 2 0.oa2227 0.001 'l 13 2.85 0.0638 0.790

Time 'l 0.000839 0.000839 2.15 o.1467 0.659

Site.Time 2 0.001901 0.000951 2.43 0.0942 0.045
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Table 6.4 Significance tests for live scallop, scaltop biomass and clucker estimates between

treatrnents. Results that are considered significan! using the sequential Bonferonni correction'

are italicised. Comparisons are coded as site/time combinations. Probability is set at 0.05f/

(0.0071).

Comparison

Scallop weight

Aftl * A/r2

A/T1 'r C/Tl

Aft2* clrz
B/T1 * B/T2

B/Tl*Cyrl

Bnz* Cn2

c/Tl * c/T2

80-89 89-99 100+

Scallop biomass

Ant * Altz
A/Tl * CyTl

NTL* Crrz

B/Tl * Brtz

B/Tt*CyTl

Bn2* cnz
cfit + crf2

Cluckers

6171'* AIYZ

A/T1 * C/Tl

Afi2* CrYz

Brfl * Bnz

B/Tl*C/Tl

Bnz* Cfl2

cnl * crfz

0.l0l l
0.0075

0.1304

0.1846

0.31r8

0.8669

0.9785

0.1687

0.0217

0.t494

0.0509

0.2530

0.9472

0.8941

0.8676

0.9262

0.9480

0.0001

0.9615

0,0001

0.8903

0.0090

0.0108

0.9133

0.0064

0.2818

0.1193

0.5883

0.0244

0,0542

0.8171

0.0030

0.2315

0.1727

0.7364

0.9770

0.9286

0.9435

0.a001

0.9997

0.0050

0.9063

0.0123

0.4&4

0.0129

0.0M1

0.135 I

0.005s

0.2999

0.0237

0.8r97

0.0106

0.0001

0.1052

0.0077

0.4432

0.8882

0.8948

0.9660

0.0021

0.9937

0.0254

0.987 t
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Site A

This site had a larger number of 9G-99 mm animals than the control and Site B, with a

correspondingly lower proportion of the population being legally harvestable (in

excess of 100 mm in shell length - Table 6.1a). Fishing intensity at this site was lower

due to the larger number of small scallops discouraging fishers. Statistically, a

difference between the pre and post fishing surveys could be detected only for the

biomass of the 90-99 mm size class, which showed a decline (Table 6.4). For the

other variables, whilst the direction of the trends strongly suggested fishing impact

(Tables 6.5a-b, Figures 6.24.4), these were not significant statistically' Whilst not

trying to explain away this null result, this site received substantially lower fishing

effort than was anticipated (due to a relatively low proportion of legal scallops). The

operation of the fleet was beyond the experimenter's control, and in a pragmatic sense

fishers were trying to maximise their financial returns before the season closed

(immediately after this fishing experiment). Hence fishing pressure (and putatively

fishing impact) was much lower than predicted in the original experimental design.

The power of the interaction tests was also very low, as a result of needing to allow

for the multiple comparisons required (7 per size size class and variable treatment).

Estimated percentage loss of animals was 32 Vo !28Vo for 8G-89 mm animals,387o +

lTVo for 90-99 mm animals, and 54Vo t24Vo for 100+ mm animals. Assuming that

dredge efficiency is relatively constant across the 90-100 mm size range (M' Cryer'

pers. comm. - fisheries scientist in charge of northern scallop stock assessments -
NIWA Auckland), rhe ratio of loss of 9G-99 mm scallops to 100+ mm scallops was

2.8: | (derived from Table 6.6).

Comparative loss of percentage biomass yield was 32Vo + 277o for 80-89 mm

animals, 38Vo x.lTVo for 90-99 mm animals, and 54?o + 237o for 100+ mm scallops.

The ratio for weight loss was 2.2 : L Natural mortality could not be factored out of

these calculations as no accurate estimates are available for this area, but was

expected to be only a srnall component of the total clecline in numbers over the 2

weeks between fishing and the post-fishing survey. A general estimate for scallop
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mortality is 35Vo per annum (M. Cryer., pers. comm.), which would have worked out

to a rate of ZVo for the time period involved.

Site B

The areal extent of this bed was approximately double that of Site A (Table l), and

whilst estimated densities were slightly lower, the proportion of the population that

was greater than 100 mm and thus legally harvestable was almost double (25Vo + 0'3

7o). Correspondingly, this area was subjected to a higher fishing intensity (G' Hallen,

pers. comm.). As with Site B, large declines were apparent across all size classes

(Tables 6.5a, 6.5b, Figures 6.2,6.3,6.4).

Very strong statistical differences between the pre and post fishing surveys were

present for the 90-99 mm and 100+ mm size classes, with declines in both scallop

numbers and weight (Tables 6.3a-b, 6.5). The 80-89 mm size class showed no

statistical differences between pre- and post-fishing surveys for these variables.

Table 6.5a: Estimatect percenlage loss of scallop individuals by size class, belween the 1lh & 12h December

1 994, and the 5h & 6m January 1 995. Enors given are standard errors

Table 6.5b: Estimated percentage loss of scallop yietd (muscle & gonad) by weighl, between the 116 & 12h

December 1 994, and the 5h & 6u January 1 995. Errors given are standard errors

Site A Site B Control

80-89mm -32 t 281o -50! 26y" -5t 4oa/o

90-99mm -38 t 17% -48 r 19% + 19t 30%

100 mm + '54 l, 24"/o -65 r 16% +381 40%

Site A Site B Control

80-89mm -32! 27o/o -53t 264/" -4t 4oo/o

90-99mm '38 t 17"/" -51 r 19% +21 t 3Oo/o

,|00 mm + '54t 23Y" '69t 17lo +40 ! 4'lo/o
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Cluckers showed a strong increase in numbers (Tables 6.4c & 6'5), for all size

classes, although the effect was much greater for the 80-89 and 90-99 mm size

classes. This is probably due to the 100+ mm animal's shells being removed from the

bed by harvesting. Estimated percentage loss of individuals were 50olo r 26% for 80-

g9 mm animals, 4g% * l9o/o for g0-gg mm animals, and 650/o * 160/o for animals

greater than 100+ mm . Ratio of loss of 90-99 mm scallops to 100 mm * scallops was

1.7 : L Estimated percentage weight loss was 53yo t 26Yo for 80 - 89 mm scallops,

5l% + lgYo for 90-99 mm scallops, and 690/o * ITYo for 100+ mm scallops. The ratio

of biomass loss of 9G-99 mm scallops to 100+ mm scallops was 1.4 : l.

Comparison of Contol Site with Sites A & B

Due to the unbalanced design (unequal number of replicates within each of the

treatment blocks), and the necessity to use only a small control area relative to the

impacted areas, the power of comparisons between the impacted and control sites was

low (Dr B. McArdle, pers. comm, biostatistican, Mathematics and Statistics

Department, University of Auckland). . This is reflected in the poor power values for

the interaction terms (Tables 6.4a-c).The use of a relatively small control site was a

pragmatic compromise between the fleet agreeing not to fish the control site (and

hence lose yield and financial return), versus having no control site at all'

Therefore, a quite substantial difference would be necessary to for it to be detected'

Comparisons between Site A and the control site were not statistically significant, for

the variables of scallop density, scallop biomass and clucker densities (Table 6'5)'

However, for Site B compared to the control site, significant differences over time

were apparent for 100+ mm scallops yield biomass, and for 8G-89 and 90-99 mm

cluckers (Table 6.5).

Hence the situation was found where one site showed few statistically significant

changes in the variables of scallop numbers, biomass and cluckers, whilst another site

did. These two results are not necessarily contradictary, and can effectively be

explained by simply noting that fishing pressure on the two impacted sites was

substantially different. This difference was beyond the control of the experimenter,

was unexpected, and was one of the pitfalls of working under commercial realities -
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where a balance needs to be maintained between acheiving credible the science, and

the need of fishers to achieve a financial return. It does suggest that the magnitude,

and detection of, fishing impact on undersize scallops is strongly affected by the level

of fishing pressure (not unsuprisingly). Hence, impacts on individual beds are likely

to occur as a 'gradient' of responses, and one should not expect a constant result of

fixed magnitude across different beds subjected to different fishing pressures.

Results of simulationsfor a 90 mm Minimum Legal Sizg

For Site A, predicted increases in the number of live scallops remaining on the bottom

at the end of the fishing period were large over all dredge efficiencies assessed (Table

6.7). Estimates ranged from 22.2Yo to 24.3Yo for 90-99 mm scallops, and 38.9%o to

40.S%for 100 mm scallops. These estimates were relatively insensitive to variation in

dredge efficiencies (Table 6.7a) over the range examined. For Site B, improvements

ranged froml}.SYo to 24.lYo for 90-99 mm scallops, and 3'r. .7% to 4l.4Yo for 100+ m

scallops. (Table 6.7b).It is likely that improvements in survival of scallops less than

90 mm would also be substantial, although this could not be calculated from the

figures available.

lf a 40Vo dredge efficiency was assumed, then for Site A 55,250, 90-99 mm scallops

were killed and wasted, equivalent to 567.5 kg of yield. For site B at a dredge

efficiency sf 40%o, 100,450 scallops in this size range were killed, with a

corresponding yield loss of 1112.5 kg. Corresponding ratios of loss to harvest were

2.8: I and2.2: 1 for Site A, and 1.7: I and 1.4: I for Site B (90-99 mm scallops

killed per one 100+ mm animal harvested)'
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Discussion

A significant density decline in all scallop size classes was apparent for fished

populations, although relatively more legal sized scallops were removed, as was to be

expected. Although all of the sampling was done using a commercial dredge, with its

inherent inefficiencies, it was assumed that error was random and relatively constant

across both surveys. Thus, while the densities quantified for the two surveys are likely

to seriously underestimate the absolute number of scallops present, the loss between

the two surveys can be seen as a relative change in density'

Scallop mortality from physical breakage was very low, and was not really a

significant factor (pers. obs.). Many of the scallops measured during the two surveys

were taken packed full of bottom sediments, and indeed all the scallops taken for the

weight measurements had to be washed during processing to remove large amounts of

muddy sand. This was a result of only one short encounter with a dredge, most of the

commercial tows at these sites being of at least twice the duration of the 2 minute

survey tows (for this location - commercial tows at other locations can be

substantially longer than this). Fishing mortality was likely to have resulted from

sediment damage, insertion of objects into scallops while in the dredge resulting in

soft tissue damage, and general physiological stress resulting from intensive repeated

handling. The relative contributions of these factors would require experimental

manipulation in order to be estimated.

Loss of sublegal sized animals relative to legal sized animals was high' Site A

suffered higher losses of undersize scallops than site B for the number of legal

animals removed. This was due to a larger proportion of the population falling below

the minimum size, resulting in more undersize animals being disturbed and handled

per legal animal taken, with subsequently greater losses. For both frshed beds, large

numbers of undersize scallops were lost, however it was apparent that the magnifude

of this loss was very dependent on the population size stnrcture of the bed'

Though substantial mortality for

work, it is likely that smaller

the 80-89 mm size class was found in the present

scallops are less vulnerable to dredge damage'
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Insufficient numbers of animals under 80 mm were present to get a reliable estimate

of dredging mortality for smaller size classes. However, work by Cryer (1994b) with

the same boat, dredge and skipper, but on a bottom substrate of hard packed sand,

found the mortality of individuals under 90 mm was substantially reduced compared

to larger individuals, especially for those run over but not taken by the dredge' Since

dredge efficiencies drop dramatically with decreasing size, the loss of these smaller

animals by incidental mortality is likely to be significantly lower than for larger

animals. The sampling gear used in this survey was very poor at retaining small

scallops, and to get a good estimate for smaller size classes would require a different

sampling design.

Growth rates are also likely to play a major role in the vulnerability of scallop

populations to incidental mortalities. Only very limited information is available on

growth rates in the Hauraki Gulf . Scallop populations in Greater Omaha Bay' in the

Northern Hauraki Gull display reduced growth rates with increasing water depth

(Chapter Four) and if this depth trend is common for northern scallop populations'

then deeper water populations will suffer proportionally higher incidental mortality

rates from commercial dredging. Conversely, fast growing populations may be

protected from the worst effects to some extent, as undersize scallops may be small

enough during the season to avoid significant dredge mortalities, and then grow to an

average width in excess of 100 mm by the next season of commercial fishing. This

hypothesis could explain why some commercially fished beds are able to withstand

severe fishing pressure year after year, Little Barrier Island being one example'

Another potentially very important factor that was not able to be incorporated into the

present work was the rate of incidental mortality relative to different bottom types'

The area used in this study was composed of fine sands, and was subject to strong

tidal currents. However, scallops are harvested from across a range of subtidal

environments. The physical environment may affect incidental mortality in a number

of ways. For instance, areas of frne sediments may remain disturbed for large periods

of time after dredging has been completed. This stining up of the sediments may have

a serious impact on scallop populations in areas where tides do not adequately flush

the water. The very large scalloping area off the north of Waiheke Island is apparently

one such area (C. Hallen, pers. comm., VefY experienced scallop fisher with l/* years



IM'ACTS OF DneoCrrlC... 189

of experience in the fishery), and the effect of sediments suspended by intensive

commercial dredging may be partially responsible for the demise of a bed supporting

a historical biomass of some 2000 tonnes.

For other bottom types, the amount of detrital material that is picked up from the

surface, e.g, shell fragments from shell hummocks, may influence scallop mortality

by causing increased soft tissue damage due to abrasion and physical insertion of

larger fragments into scallops with the weight of other detritus behind it' The wo

bottom types for which incidental mortality data are available, hard packed sand

(Cryer 1994b) and very fine sand (this study), certainly have high incidental mortality

rates, and are probably representative of a large proportion of the scallop areas fished'

There are no commercial alternatives to using dredges for harvesting scallops in New

Zealand. Therefore, changes to fishing practises, rather than fishing gear, seem the

most likely way to minimise incidental mortality impacts. Pecten novaezealandae

size classes are not generally spatially segregated in commercial scallop beds, thus the

imposition of a minimum size means that to harvest a small proportion of the total

population the rest of the population must be disturbed intensively.

It must be noted that this trial was carried out under only moderate fishing pressure; it

was estimated by an experienced scallop fisherman (G. Hallen) that it was likely that

another one to two days commercial fishing was possible at the fished sites, and only

the location of a very dense bed of aggregation of scallops outside the surveyed area

halted the fleets activities in the surveyed area. Hence rates of incidental mortality

could have quite easily been of a greater magnitude. Results for the area investigated

in this study have shown that the incidental mortality inflicted on the stock during a

two day period of moderate fishing intensity was severe, with more scallops (and

meat yield) being killed and left on the bottom than harvested.

Two options are available to reduce this problem.

l. Reduce the total allowable commercial catch

current minimum limit of 100 mm. This option

substantially, while maintaining the

would still result in manY animals
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being killed and left to rot on the seafloor. It would also have a severe financial

impact on the comnrercial fishery.

Z. Reduce the minimum legal size limit, while still retaining the catch yields as

currently set based on 100+ mm scallop abundance. By keeping animals between 90

and 100 mm, many of which would perish anyway, the same yield could be achieved,

but with significant benefits, including;

o The scallop stock would be left in a much better state at the end of each fishing

season, and damage to the marine environment would be lessened as a result of

fewer dredging hours being required to take the allowable tonnage of scallops.

r A greater number of 100+ mm animals would also be left at the end of each

season, with their potential ability to produce more gametes per individual, and

also increasing the number of animals available for the recreational sector of the

fishery.

o Fishers would gain cost efficiencies through less dredging time, and time at sea in

general, being required.

An additional management option might be the adoption of rotational fishing, but

there are likely to be some significant risks associated with this. The level of larval

dispersal between any spatial organisation level of scallop population - patches, beds

and grounds (metapopulations) - has not been quantified for New Zealand scallops .

Therefore, concentrating effort on any particular area of the overall fishery is likely to

be risky, as there is no guarantee that adequate larval inflow from other populations

will be available to replenish the fished areas. Splitting up individual beds would on a

relatively fine spatial scale might resolve this problem, but would be unenforceable. A

compromise would be the setting of catch limits within subareas of the Coromandel

Fishery, so fishing effort could be spread across the spatial extent of the fishery rather

than being over concentrated in relatively snrall high density area
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Based on the high level of incidental mortality quantified in this study, it was

considered that serious consideration should be given to reducing the minimum legal

size of scallops down to 90 mm (the minimum economically viable size) while

maintaining current yields based on the yearly 100 mm allowable biomass yield

estimates.

Subsequently, a new management regime was implemented in which the minimum

slze limit was lowered from 100 mm to 90 mm. Total recruited biomass at the skrt of

the fishing season is still assessed, and catch limits for the fishery set on this (lower

95% confidence interval). However, a l2.5Vo reduction on this figure is imposed, to

compensate for the fact that 901-99 mm scallops have lower meat yields than 100+

mm scallops. This in theory keeps the overall number of scallops removed from the

fishery the same as if a 100+ mm size limit was still operating, but with substantial

reductions in associated incidental mortality.
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Chapter Seven: General Discussion

Scallops represent a group of species with very dynamic population processes'

making them a challenging species to manage effectively' There remain many

ecological facets of New Zealand's main commercial species, Pecten novaezelandiae,

that are poorly understood, and there is great potential for improving the return from

the resource through application of improved ecological knowledge and

understanding of the system. The two principal areas of investigation used during this

thesis (Omaha and Kawau Bays) are composed of habitat mosaics that are likely to be

representative of the general north-eastern coastline of New Zealand- It is likely that

results are applicable over a broader spatial scale.

Kawau Bay is a relatively complex system, with numerous small scallop beds

scattered throughout the general area, separated by what can be assumed to be large

areas of unsuitable habitat (especially mud substrata). Beds are very discrete in spatial

extent (1 500 - 6 000 m2), and are generally restricted to coarser bottom types.

Detailed work at Motuketekete Island shows beds to be highly correlated with coarser

bottom materials, and this pattern to persist for more than one age cohort. These beds

are very modest compared with commercial scallop beds; Colville beds cover areas of

61 000-217 000 m2, while the Whitianga scallop area covers some 64 km. Scallops

beds therefore cover avery broad range of spatial extents in New Zealand waters.

What determines the size of a bed is basically unknown, and deserves to be

investigated.

Many of the beds formed in omaha and Kawau were related to aspects of coastal

geomorphology, such as nearby headlands, or within small embayments of islands'

Often this is also related to bottom substratums (Motuketekete, Moturekareka,

Challenger Island, Pink Beach and others), with populations being located on coarser

substrata such as shell gravel and marls. Such a preference has been documented for a

number of other scallop species (Larsen &Lee 1978, Langton & Robertson 1990'

Thouzeau et. al. 1991, Dare et. al. 1993, Stokesbury & Himmelman I 995). Gyres and

eddies may concentrate scallop larvae into areas where they subsequently settle

(Naudi & Anderson 1984, Murphy 1986, Orensanz t 986). However, without detailed
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observation and experimentation this mechanism is not distinguishable from the

alternative possibility that scallop larvae settle across all habitats, and then differential

mortality leaves patches of survivors behind to form scallop beds. Testing of these

two alternative explanations for scallop bed formation has not been undertaken under

field conditions for any scallop species. It represents one of lhg questions that would

be most beneficial to address. Applications exist not only for understanding how

natural beds are formed and what limits their abundance, but also in the selection of

areas for enhancement operations to maximise economic returns.

The presence or absence of primary settlement surfaces (PSS - Orensanz et- al. 1991)

is probably a critical modifier to this bed formation process. Many workers have

documented the occurrence of scallop species on numerous settlement surfaces

(Caddy 1968,1974 Naudi 1970, Cullinery 1974, Eckman 1987, Harvey et' al' 1993,

Naidenko 1994, Arsenault & Himmelman 1996), all having the common

characteristics of being complex three-dimensional structures that stand clear of the

seafloor. Minchin (lgg2)recorded Pecten maximus spat from 47 different species of

algae, and argued that the combined local availability of different PSSs was probably

more important than their specific identity. The important PSSs in New Zealand

waters are not known, although limited work by Bull (1976) suggests red algae and

other living surfaces. Given the very broad distribution of Pecten novaezelandiae

thoughout New Zealand waters, across a broad range of habitats, i.e' from extreme

low intertidal turbid waters such as the Manukau Harbour, through to deep clear

waters of 4G-70 m such as Ranganui Bay (Cryer and Parkinson 1992) and Spirits Bay

(Cryer & Parkinson, in press), and across a latitudinal range of some 2 000 km, it is

quite unlikely that they are limited to particular surfaces. It is more probable that the

strucfural characteristics of the settlement surfaces are of critical importance. Work

on the nature and distribution and abundance of these surfaces would be a very

rewarding research area in the New Zealandcontext. Such materials may be

destroyed by fishing practises, as the heavy box dredges used in the North Island

fisheries weigh several hundred kilograms when full, leaving tracks on the seafloor

sufficient to be picked up by side scan sonar on some seafloor types' It is also

possible that materials are preferentially dumped into less suitable spat areas at the

end of tows, sequentially removing or destroying recruitment surfaces from smaller

scallop beds. Caddy (1973) noted that on Placopecten ntagellaniczs grounds in the
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Bay of Fundy there was a conspicuous lack of epifauna and other material in heavily

fished areas.

During some of the summer months, dredging in Greater Omaha Bay has produced

shots full of small rhodophytes (red algae), which are primarily attached to Tawera

spissavalves (a small common infaunal bivalve). Such materials may be very

important as recruitment surfaces for scallop spat, especially given that for some of

the bottom substrata in Greater Omaha Bay there appears to be little else suitable- As

an example, the dense juvenile scallop bed off Pukenihinihini Point first surveyed in

October 1992 occuned primarily over hard packed sand, with very limited surface

topography. Ephemeral materials (i.e. living surfaces) may be very important in some

areas as pSSs. If this is true, then the population dynamics of these organisms might

be a strong driving force influencing scallop recruitment strength, both at the local

scale of individual beds, and at a broader scale of regions. Such a mechanism has

been demonstrated by Maeda-Martinez et. al. (1993), for Argopecten circularis,

where spat were found attached to the carapace and appendages of the red crab

pleuroncodes planipes. Bottom water temperatures strongly affected inshore

migrations of this crab, and residence time, which in furn affected the probabilities of

scallops growing to a sufficient size to detach and form beds at sufficient densities for

commercial fishing before the crabs moved back into deeper waters.

Kawau Bay has a much greater diversity of habitats and fauna than more open coastal

areas such as Omaha Bay and Pakiri Beach (pers. observ.), due perhaps to its more

sheltered aspect and more complex tidal flows. It is also closed to commercial

trawling and dredging. Casual observations suggest a much more diverse three-

dimensional topography to the seafloor, composed of objects such as tunicates, dead

scallop shell, horse mussels in waters greater than 2 m (in Greater Omaha Bay start at

28 m), sponges and dead bivalve shells. Recruitment materials and their total surface

areas are therefore probably more abundant per unit area of seafloor, and this may be

a significant factor in assisting bed formation-

An alternative hypothesis to scallop larvae settling directly into the areas in which

they will subsequently grow to form adult fishable beds is that scallop larvae recruit

into "nursery areas" containing suitable PSSs, and then subsequently move to adult
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beds (i.e. secondary recruitment). This has often been mooted in the literature, but

hard evidence for this process is quite limited. Delayed recruitment ofjuveniles to a

bed of Chlamys islandica monitored for a period of nine years, with the smallest

individuals first turning up at an age of 2 years, was noted by Vahl ( 1982). Later work

on the same species found an ontogenetic habitat shift through time down a depth

gradient (Arsenault & Himmelman 1996). Recruits first appeared in shallow water,

where PSSs (in this case primarily a red algae) were concentrated, and refuges from

predation were also comrnon. With time, a shift in population occulred down the

depth gradient to more exposed habitats.

Some circumstantial evidence was found for secondary recruitment during the present

study. On one occasion (March) diving off Ti Point, in 8 m water depth, numerous

small scallops in the 2-7 mmrange were encountered unrecessed on the seafloor.

These animals, at an estimated density of 10 m2, were extremely sensitive to

movement and light shading, and swam when disturbed. This also set off a ripple

effect into the surrounding population. Numerous bounce dives were made on and

around this site three days later to relocate these animals, but none were encountered'

The original dive covered a distance of some hundred metres, so this population was

relatively large. It seems quite unlikely that predation or other mortality factors would

remove all of the individuals present in just three days, and a more likely explanation

is that the population moved to some other area. This may have been a part of the path

of an ontogenetic shift from some point location of PSSs to more favoured adult

habitat (the true spatial distance travelled possibly being of the scale of km)'

Further evidence of secondary recruitment is provided by the monitoring of

population size frequency structure at Motuketekete and Moturekareka Islands'

Although there was recruitment to the adult populations, insufficient smaller animals

were found in earlier surveys to account for these inputs. For example, in June 1993

no animals less than 40 mm shetl height were surveyed at Moturekareka, while six

individuals of -10-20 mm were measured at Motuketekete in May' However' a

recruitment of animals was encountered in November and December for the two sites

respectivel y, 
^t 

amean shell height of around 40 mm, and by the next survey in

March / April, numbers of these recruits had increased again. If animals follow the

growth trajectories quantified in this work in neighbouring Greater Omaha Bay' then
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there should have been a recruitment pulse of animals around 10-20 mm recorded in

the first surveys, but there was not. Two alternative explanations exist. The first is

that diver efficiencies in recovering these animals are extremely poor. While there is

no doubt that diver scallop detection and recovery rates improve with increasing

animal size, most of the divers involved were well versed in scallop survey work. The

second possibility is that these smaller animals undergo a secondary recruitment into

the populations from some external source. In these particular populations, this would

only have to have been on the scale of hundreds of metres, as no work was directed at

habitats outside of the bays themselves. To detect such a process would require more

frequent sampling, but would be relatively easy to do. Secondary recruitment if it

occurs has substantial implications for management practise; including taking account

of fishing impacts - both from the commercial scallop fishery, and from other

fisheries, and possible loss of nursery habitats through habitat change (e.g.

sedimentation).

Movement of larger scallops is quite limited, and adult beds appear to be static in

their distribution over the lifetime of the age cohort forming them' Large scale

patterns of abundance of age cohorts in Omaha Bay remain constant over time' At

finer spatial scales, animals tagged and released at the Pukenihinihini site could be

recovered in numbers around the buoy line which they had been released for months

afterwards (the large scale mortality event eventually destroyed this tagged

population). Howell & Fraser (1984) found that for Pecten maximus 60% of the

tagged animals were found to be within 30 m of release after 18 months. Work at

Motuketekete Island indicates that high density patches of Pecten novaezealandiae

are constant in their location over time. However, more mobile scallop species may

display much larger scale movements (Imai 1980, Williams & Dredge 1981, Posgay

198 t, Melv in et al. 1985), The species involved (Placopecten magellanicus,

Patinopecten yessoensis, Amusium balloti) have greatly superior swinrming abilities

and more hydrodynamic shell forms than does Pecten novaezelandiae. There is no

evidence from the present work that any large scale movements occur at scales

greater than 10's of metre's.

The presence and position of scallops beds (as opposed to individual age cohorts)

over the time scale of years (> survival of any particular age class) is however
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spatially and temporally variable in the Omaha/Kawau region. Monitoring of

individual scallop beds to estimate population parameters showed many local

populations to be relatively short-lived, and to experience drastic declines in

abundance over short time intervals. For Omaha Bay populations, all were short-lived

relative to the probable maximal age of individuals of the species (for Pecten

novaezelandiae,this is unknown, but may be in the region of 5 to 6 years - (Osbourne

1990). For a closely related species, Pecten maximus, a figure closer to l0-12 years

has been suggested. However, Osbourne makes the point that due to high fishing

pressure (Z) few animals are likely to survive for long past the minimum legal size of

100 mm shell width (now 90 mm' in the Coromandel fishery) in commercially fished

areas of New Zealand.

For the Greater Omaha Bay populations there were strong circumstantial associations

between each density decline and a variety of causal factors. The Ti Point population

was subjected to high fishing pressure, from a commercial scalloping boat and

numerous recreational harvesters. The reduction of this area's patchy but abundant

population densities to uniformly low densities of 0.3 mt (predominantly individuals

< 100 mm) suggested that the area was systematically fished down below the lowest

density capable of supporting commercial fishing. This demonstrates the ability of

intensive commercial fishing to destroy the spatial structure (variation) within beds.

Recruitment of new year classes to the area was low, and insufficient to generate a

new scallop bed at this location.

The Pink Beach population, containing a high proportion of larger animals, also

substantially declined in density over a four month period, although the actual

mortality event may have been substantially shorter than this. After a severe storm,

there were anecdotal reports of scallops stranding in large numbers on the adjacent

Little Omaha beach; and it was highly probable that the Pink Beach population was

the source. Orensanz (1936) reported stranding events for Chlamys tehuelcha,with

larger animals fouled with epifauna suffering proportionally greater losses than

smaller animals. Such storm events may limit the minimum water depths at which

I Now that a 90 mm regime has been imposed, fishing pressure has acrually decreased (assuming that

incidental mortality is a significant component), and the probability of any sized scallop encountering

scalloping gear is consequently lower.
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scallop beds in Greater Ornaha Bay can occur. None were found in less than 14 m

water depth, apart from in the protected leeward shore of Ti Point, which contrasts

sharply with a minimum depth of two metres in Kawau Bay. Hence the level of

exposure is likely to exert an influence on the existence of scallop beds along the

coast.

The large juvenile bed off Pukenihinihini Point also declined drastically over a very

short time period. Diver monitored quadrats suffered 99% losses over just four

months, and this event was also captured in the larger scale dredge grids. This

juvenile bed was effectively eliminated by this high mortality pulse, which seemed to

be driven by an algal bloom event(Rhodes et. al.l993). Such negative impacts of

algal blooms on scallop populations have been documented by a number of other

workers (Cosper et al. 1987, Lassus & Berthome 1988, Summerson & Peterson

lgg1). However, it was not clear whether it was the algae itself, associated potential

toxins, or oxygen depletion resulting from large scale decay on the seafloor after the

event that killed the scallops (Mahoney & Steimle 1979). Populations in adjacent

Kawau Bay appeared to be unaffected.

Scallop populations in Kawau Bay also seem to have short population residency

times, although no catastrophic declines have been observed. Adult populations in

Motuketekete, Moturekareka, and Challenger Islands all declined in abundance quite

rapidly. While some of this was undoubtedly due to recreational harvest, this could

not explain all of the losses. Recruitment of new year-classes to these sites was low,

suggesting that these sites do not consistently support dense populations of scallops.

In fact, this was true of most populations monitored or casually observed. Juvenile

scallops were never common (with the major exception of Pukenihinihini Point) and

multiple strong year classes at a single site (i.e. juveniles and adults) were not

encountered. The large-scale dredge surveys also showed this pattern, with

subsequent year classes displaying different spatial abundance patterns over ar area

of 3.6 kmz. A negative correlation between adult densities and the year-class strength

of new juveniles has been shown for some infaunal bivalves (Kristensen 1957,

Hancock 1973, Williams 1980, Peterson lg$z),which may involve predation by

filtering on incoming larvae, or being out-competed by older conspecifics' However,
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for scallops this seems unlikely given the comparatively low population densities

(relative to infaunal bivalves) of adults.

A more parsimonious explanation is that hydrological events (current and wind

patterns) and benthic processes such as PSS availability may vary from year to year,

influencing the establishment of new scallop beds. Such factors have not been

investigated with respect to scallops in the Hauraki Gulf region, or for Pecten

novaezelandiae ingeneral, but are very worthy of study. The mechanisms by which

beds are, or are not, established may effectively drive the potential outputs to the

scallop fishery several years later. In many areas the abundance of commercial

densities of scallops is quite variable through time, and it is well accepted that for

most scallop species large year to year fluctuations in abundance are common

(Orensanz el. al.l99l, and references therein).

Whatever the driving mechanisms, scallop populations throughout Greater Omaha

and Kawau Bays display large spatial and temporal variations in abundance within the

habitat mosaic of the subtidal landscape. This variability may be driven by prevailing

environmental conditions and large fluctuations in recruitment.

The reproductive output of populations in terms of larvae may also be an important

process, despite the traditionally held belief that for shellfish stocks such as scallops

there is little relationship between stock size and recruit production. Monitoring of

two populations of adult scallops (one each in Omaha Bay and Kawau Bay) over a

period of two years found two predictable spawning events to occur per year (late

October and mid January). Agreement with previous work by Nicholson (1979)

suggests that this pattern is stable at the decadal scale. Output from spawning adults

has traditionally been discounted as an important factor in determining subsequent

year class strength in shellfish populations, except at extremely low population

densities (Summerson & Peterson 1992).

However, work by McGarvey et at. (1993) has dernonstrated that for Placopecten

magellanicus on Georges Bank, recruitment is correlated with egg production for

several populations, and the statistical link is further improved when 3./4* individuals

are excluded from the analysis (due to the strong possibility that older scallops (>:
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5*) are the principal contributors to recruitment). More indirect evidence is also

accumulating on the effects of environmentalvariables on spawning success.

Latitudinal (Barber & Blake 1983, Bricelj et al.l987) and depth (Skreslet & Brun

1969, Barber et al l9S8) gradients may strongly affect reproductive outputs of scallop

populations. The environmental cues synchronising and triggering spawning

dynamics are also of great importance'

Synchronisation of spawning is likely to directly determine the number of larvae

produced (Yamamoto 1950, Dickie 1955, Wolf 1987), through an increased density

of gametes leading to higher probabilities of gamete encounters. The factors

influencing this process are probably varied, acting synergistically rather than in

isolation, and may involve phytoplankton abundance, temperature changes,

photoperiod changes, current speeds, storm events, hydrostatic pressures and salinity

(Star e/ al. 1990, Burnell 1991, Devauchelle & Mingant I 991 , Parsons et al' 1992,

Thorarindottir 1993, and Courtier 1994).

One factor that has not received much attention for scallops is that of density-

dependent fertilisation success. The distance between spawning individuals must have

profound impacts on gamete encounter rates during the time window for successful

fertilisation after release, and hence the proportion of eggs fertilised (Levitan 1995,

Shephard & Partington 1995). There is likely to be some threshold of adult spawning

density below which individuals are effectively reproductively isolated, and therefore

irrelevant to the scallop meta-population. Work on scallops so far has been limited to

showing that clumping on the scale of centimetres to metres does occur (Stokesbury

& Himmelman 1993) and that the distances involved may represent a trade-off

between increased fertilisation success and increased intraspecific competition for

food. However, it has not been determined if scallops can further clump over short

time periods during spawning events, or what the critical distances/densities are.

personal observations of tagged scallops released at one by one metre intervals found

them to clump together in groups of two to three individuals'

If increases in nearest neighbour distances are important, then fishing impacts are

Iikely to be having a profound influence. As shown by the Ti Point population,

intensive fishing can remove spatial pattern from scallop populations' as fishers
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preferentially fish down the higher areas of abundance. This is also clear at the spatial

scale of scallop tows, as the work carried out on the two fished populations at Colville

showed the co-efficients of variation around the mean density estimates to drop

substantially between the two surveys (indicating reduced spatial variability within

the area). tf there is a strong relationship between local population densify (ls to 10s

metres) and larval output (fertilisation success) then such fishing is destroying the

components of scallop stocks rnost important to larval production. The only escape

from such pressures are likely to be areas that cannot be fished for physical reasons

(such as areas of patch reefs on the southern scallop grounds of Little Barrier Island,

or undersea cables), and areas closed to commercial fishing to allow lbr intensive

recreational fishing (such as Kawau Bay). Such areas may act as refugia for dense

populations of spawning adults, allowing for larval dispersal out into the more heavily

fished areas. This would be one plausible explanation why the Northland and

Coromandel fisheries continued to produce in the 1970s, when the Nelson fishery

collapsed (there are few if any spatial refugia in that area, as it consists of a large bay

composed of soft sediments, with a particle retaining current pattern).

A large proportion of the scallop population at Motuketekete [sland was concentrated

in high density patches. Casual observations showed this pattern to hold within other

scallop beds within Kawau Bay as well, including Moturekareka Island, Challenger

Island, Pembles Island and Jones Bay. Adult densities were, in general, much higher

than those in the adjacent Greater Omaha Bay (with the exception of the Ti Point

bed). Densities on commercially fished areas are much lower than those encountered

in Kawau Bay (Cryer & Parkinson 1992) and therefore it may be that areas such as

Kawau Bay contribute disproportionately to larval output, driving subsequent

recruitment. The subtidal landscape pattern within Kawau Bay may strongly drive this

effect (in combination with lower fishing pressures), as suitable scallop habitat

appears to be quite limited within the more general habitat mosaic, representing only

a small proportion of the total area present. This may promote the higher densities

noted, though mechanisms working to aggregate populations cannot be identified at

present (these might influence substratum selection by small scallops through

movement).
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Work examining the relationship between adult nearest neighbour distances and

resulting fertilisation success offers a promising way of better managing scallop

fishery resources. Management entities in other countries are considering this for

other scallop species, under the general theme of "protecting broodstock areas"

(Dredge 1988). In Kawau and Greater Omaha Bays this could be assessed, using

laboratory and field experiments to determine the functional relationships between

density and spawning success. Density patterns at the scale of the landscape could

then be measuredo and incorporated with the experimentally derived functional

relationships to rank habitats in terms of their larval outputs (relative; per spawner'

and absolute; total contribution). Fishing pressures impacts on spatial pattern and

density could be simulated through appropriate modelling, and different management

options explored (such as the establishment of broodstock areas) to assess potentially

positive outcomes.

Another, more intensive means of improving scallop yields is through bottom

reseeding operations. The supply of scallop larvae competent to settle was assessed

during this work using artificial spat collectors, which act as analogues of natural

pSSs. The use of such collectors to quantify spatial and temporal patterns of spatfall,

and their use in subsequent culturing operations, is well documented (Sumpton er a/

1990, Burnell 1991, Fraser 1991, Margus 1991, Thouzeau 1991, Tripp-Quezadal'991,

Robinson et at. 1992, Robins-Troeger & Dredge 1993 and numerous others). From

the three seasons of monitoring carried out in this work, the main recruitment pulse is

first detectable in mid January on the spatbags, indicating that spatfall occurrs

sometime around Christmas Day. This event occurs simultaneously across a spatial

scale of 10s of kilometres. Differences in the magnitude of the spatfall were evident

between sites, and this may have been a result of site to site variation in

hydrodynamics, with some sites having features concentrating scallop larvae, e.g.

residual circulation patterns. All sites produced commercial spatfall densities (taken

somewhat arbitrarily to be 300 spat per bag) in 1992 inJanuary. However, this main

cohort consisted of animals only 2-5 mm's in size, and by the time they had grown on

to releasable sizes in February (10-15 mm), densities had declined drastically at all

sites except Motuora Island. The most plausible explanation for this is that spat

detached prior to reaching a size where they would be retained by the 5 mm outer

mesh bag, and dropped to the seafloor. Limited diving below the droppers in
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subsequent years found modest numbers of spat on the seafloor' This phenomenon

has been observed in the Nelson/Marlborough commercial enhancement operations,

and such spat represent a very valuable source of larger animals that can be dredged

up in large numbers and reseeded into other areas, with much higher survivorship

than smaller animals released directly from the spatbags (Bull 1990)' Such a

possibility in the Hauraki Gulf region requires further investigation' It also represents

a possible bias when assessing spatfall and recruitment processes thlough the use of

artificial collectors.

A number of smaller spatfall events occured subsequently to this main event' and a

second major spatfall was quantified in spatbags removed from the water in June'

These bags were placed in the water in mid March, and the actual spatfall probably

occurred shortly after this. Final densities of release size animals were sufftcient for

commercial operations in 1992 but not 1993, for most sites' These two main spatfalls

are likely to be the outcomes of the two spawning events quantified for local

populations, giving an estimated time of larval life in the plankton of approximately 8

weeks. Given their temporal predictability, and good catch rates at a number of the

spat monitoring sites, obtaining commercial quantities of scallop spat for subsequent

stocking operations in this region does not appear to represent a problem' Having two

main spatfalls available allows for flexibility in field operations, and added benefits

may involve better survival rates from the second spatfall due to cooler water and air

handling conditions, and possible reductions in benthic predation rates'

The main 1993 spatfall event was virtually non-existent, and no spat at all were taken

in the collectors retrieved in February and March. This recruitment failure coincided

with a large scale intense toxic algal bloom, which was likely to have eliminated

scallops on the seafloor of Greater Omaha Bay at the same time' Destruction of larval

scallops has been documented for other scallop species (Minchin 1984, Bricelj et al'

1987, Galla gher etal. 1988, Erard-LeD enn et al' 1990)'This event occurred across all

five spatfall sites, including those in Kawau Bay where benthic scallop populations

were unaffected.

While scallop fishing and fisheries management was not the focus ol'most of the

work undertaken for this thesis, some work was undertaken on the impact of dredging



General Discussion..'204

on the undersize components of scallop populations. Such possible losses have not

been well assessed for most scallop fisheries, apart from the significant findings of

Mcloughli n et al. (1991). They documented that for Pectenfumalils, only 12-22% af

available scallops were landed as catch, the rest dying within 8 months of the

cessation of fishing, from dredge related effects. Other workers have also made

calculations of probable incidental mortaliry effects, including Caddy (1968' 1973)

for Placopecten magellanicus (13-17% of animals encountered lethally damaged)'

and Naudi (19S8) for Chlamys islandica (17-31% depending on dredge type)' Results

of the work undertaken here, using a B.A.C.I. type experimental design, found that

incidental mortality was substantial in the populations assessed, with l '7 to 2'8

sublegal animals being killed per legal animal harvested (depending on the size

structure of the fished bed). The benefits of a reduction of the minimum legal size

from one hundred mm shell width to ninety mm was modelled, and major increases in

the number of animals surviving at the end of fishing were indicated' The MLS of the

Coromandel fishery has subsequently been reduced to 90 mm the New Zealand

Ministry of Fisheries.

In conclusion, the work presented in this thesis represents solid baseline information

on scallop biology and ecology in north-eastem New Zealand' Good information on

spatial pattern, mortality, growth, reproduction, spatfall' and movement is now

available, and new research directions are apparent which may significantly improve

the yield of scallop stocks in this region- All of these future studies will benefit from

and build apon, the information collected during this work' These include a better

understanding of bed formation, scallop enhancement, and a more rational

management of scallop broodstock areas'
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APPENDIX 1: INTERNAL MEMORANDUM OF CRYER (1994)

MEMORANDUM

From:
To:

Date:
Subject:

Martin Cryer
Arthur Hore, Manager Fisheries Advisory & Research Services,

Members, Coromandel Scallop Fishermens Association & Committee

Mark Morrison, Auckland University
Members, Consultation Group, I3 Decembet 1994

l2 December 1994
Summary of Scallop Mortality Experiment

Please find attached a graphic which broadly outlines preliminary results of the experiment

conducted in late November. The experiment was designed to determine the effuct of dredges on

scallops which were either

* encountered and subsequently caught by the dredge, or

* encountered but subsequently missed by the dredge.

Methods

Trials were undertaken at Little Banier Island close to the Homestead on l8 Novembet 1994

using the vessel Evelyn J. and MAF Fisheries divers. The depth of water at the experimental site

was about 17 m, and the bottom was of a fairly fine sand.

A standard commercial dredge was towed for about 15 minutes and left on the seabed. Two

divers descended the warp and swam back along the dredge path collecting all scallops missed

by the dredge, including shattered animals. The dredge was then retrieved and a random sample

of scallops Lk*n from the catch, again, broken animals being included. A "control" sample of
scallops was then taken by diver. Unforhrnately, it was not possible for the whole dredge catch

or all of the missed scallops to be included in the experiment because of the large number

involved.

Scallops were then returned to sheltered areas in Shipwreck Bay, Moturekareka Island near

Kawau. All scallops in each of the tluee samples, "control", "dredged", and "missed" (each of
about 300 scallops) were measured to the next t mm down. The samples were then left

undisturbed for 6 days at which point all "cluckers" were collected from the experimental areas

by divers, and measured to the next I mm down.
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Results

About 4o/o of the conhol scallops died over the 6 days. This mortality was spread across most

size classes, and is a reflection of the stress caused by collecting, transporting, and measuring

scallops. Subsequent mortality rates have been corrected for this "control" mortality. About
lgYo of the scallops retained by the dredge died, either immediately on contact with the dredge,

or some time over the next 6 days. The measured mortality was higher for large scallops than for
shorts (24% vs 9%). About 60/o of scallops missed by the dredge died, again with a higher

measured mortality for legal scallops than for shorts (8% vs l%).

The numbers of animals in the range 90 to 100 mm was modest (for which reason Mark
Morrison moved his experimental area from Barrier to Colville), so estimates of mortality rate in
that range would normally be considered less reliable. However, these estimates are similar to

the estimates for 100 to 130 mm scallops and are therefore probably quite reliable. About 20%

of "90s" taken and returned once by a dredge boat died within 6 days. About I l% of those

encountered once but missed died.

The survivors after 6 days appeared to be healthy, even those animals with quite large chips in

the shell. Their long term prognosis is less clear. It is likely that such damage would decrease

subsequent growth rates as energy is directed to repair rather than new growth. There may also

be increased susceptibility to predation or infection.

Discussion

These estimates of mortality are quite high compared with work carried out in Scottish waters

which suggested rates of -5Yo for the relatively short tow lengths used in the Coromandel

fishery. However, at least three factors may have exacerbated the morlality in this simple

experiment:

* the dredge used had not been "tuned" to the fishing depth and conditions at the

experimental site, and rather more sediment than usual had collected in the

dredge by the end of the tow. This is likely to be very stressful for scallops.

x leaving the dredge on the seabed for divers to use as a guide when descending

increased the time scallops spent in the dredge (and therefore in sediment). This

technique may then have simulated a much longer tow than would normally be

undertaken in the Coromandel fishery. Scottish work showed that mortality

increased with tow length.

* transporting scallops from Barrier to Moturekareka is additional stress which

tnuy huue resulted in additional "synergistic" mortality over and above mortality

which can be factored out through the use of controls.

My best guess is that this experiment probably gives a slightly inflated estimate of short term

mortality after a single encounter with a dredge. However, there may be longer term

implications of the type of damage caused by dredge, and these would not be included in

estimates of morlality shown here. Any impact on growth mtes and spawning capability would
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be additional at the population level.

A minor difficulty in analysing and interpreting this experiment was the paucity of small scallops
in both the samples retained and missed by the dredge when compared with the control sample.
All other things being equal, it should have been possible to add the dredge-caught and dredge-
missed samples to get a distribution fairly similar to the control distribution, but this was not the
case, both dredge samples being relatively deficient in scallops in the 70 to 80 mm range.

Two possible explanations exist - the first that the samples were collected from areas having
different proportions of large and small scallops, and the second that small scallops that were
missed by the dredge were buried and therefore not visible to divers for collection. Both
explanations are plausible to some extent, although I will not be easily convinced that scallop
lenglh frequency varies so dramatically over the distance between our two samples when long
strip transects are used, and the sample size is large. If small (<90 mm) scallops are buried by
the dredge, then the mortality of animals so buried is likely to be very high indeed.

This experiment may appear similar to the work being conducted at Colville under contract for
the Coromandel Scallop Fishermens Association. This is only partly true in that both
experiments are designed to study the mortality associated with dredging (and perhaps returning)
undersized scallops. However, the experiment described briefly here is a test of the average

outcome for a scallop of a single encounter with a particular dredge at a particular time on the

Barrier bed. The Colville trial, in contrast, is a test of the implications for the population of
multiple encounters with several dredges which may be quite different. Extrapolating the

results of this simple trial to a whole population requires the assumption that multiple
encounters, deaths, and injuries are independent of one another, and this may not be the case.

The results of both trials are, of necessity, limited to a particular bed at a particular time of year,

and a particular state of health of the scallops.

Estimates of dredge efficiency, dredge selectivity, the size of any "buried" fraction, and the

average consequence for a scallop encountering a dredge (whether caught or not) could be made

from the data collected, but were not the primary focus of this trial.

Martin Cryer
l2 December 1994
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