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ABSTRACT 

In the 1998/99 season the scallop dredge fishery was worth an estimated 

$30.2 million. The success of this industry relies heavily on a scallop spat 

enhancement programme run by the Challenger Scallop Enhancement 

Company. Spat collectors consisting of mesh bags, suitable for larvae 

settlement, are set during November or December and are harvested in 

March (primary spat). The harvested spat are dispersed into new areas 

where they are left to grow to a commercially harvestable size. Fall off from 

the primary harvesting process results in high densities of juvenile scallops on 

the primary harvest site, which need to be cleared. The clearing of these 

juvenile scallops is referred to as the secondary harvest. It is not known 

which length spat is the most robust and therefore most likely to survival 

through the primary and secondary harvesting processes or under what 

transport conditions during the secondary harvest survival is highest. 

Behavioural experiments were conducted on 9 length groups of spat collected 

during the 2002 primary harvest. When presented with a starfish predator, 10 

mm spat had a significantly slower reaction time (8.30 ± 0.16 seconds) than 

other length groups and 17 mm length group had the fastest reaction time 

(2.55 ± 0.32 seconds). Small spat had significantly fewer adductions in their 

first swimming bout than large spat, (12 mm = 8.44 ± 0.61,27 mm = 10.90 ± 

0.49). Also, for the total number of adductions this pattern was repeated with 

small spat exhibiting fewer adductions than large spat, (10 mm = 22.24 ± 

1.58, 27 mm = 40.52 ± 1.20). These results indicate that larger spat are more 

robust after the primary harvest process. 

Glycogen analysis of primary and secondary scallops showed very low 

quantities of glycogen «0.3%) in whole scallops (wet weight). In the primary 

harvest the smaller spat «17 mm) had significantly higher glycogen levels 

than larger spat. The secondary juvenile scallops showed no variation in the 

glycogen content between length groups. 



Abstract xiv 

Two methods were used to assess stress in primary and secondary scallops 

(stress on stress (SOS) test and recovery test). The SOS test had no 

variation in survival between length classes from the primary harvest. The 

recovery test suggested that larger spat (>20 mm) had a higher survival rate 

than small spat. The two experimental methods (SOS test and recovery test) 

showed opposite trends in survival with regard to length classes when used to 

test the same sample group of scallops during the secondary harvest, 

however, when all length classes were grouped together the assessment 

methods reported similar findings. The SOS test suggested that larger 

scallops are more stressed after the secondary harvest process, whereas the 

recovery test suggested that the smaller scallop were more stressed. 

Aerial exposure experiments suggested that transport of up to 8 hours was 

possible at temperatures <20°C with only 15% mortality when scallops were 

acclimated to 18°C. Exposure over 2 hours at a temperature of 30°C resulted 

in high mortality (60-100%). 

Findings in this study suggest that the primary harvest should target scallop 

spat that are >20 mm in order to seed the most robust scallop. The 

secondary harvest should also target larger juvenile scallops (>30 mm) when 

transporting long distance (>8 hours). Transport up to 8 hours could result in 

minimal mortalities when the air temperature is near current acclimation 

levels. 
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CHAPTER ONE 

GENERAL INTRODUCTION 

1.1 Pecten novaezelandiae biology 

The New Zealand scallop Pecten novaezelandiae is the largest of all the 

endemic pectinids. It is harvestable at a shell length of 90 mm, which occurs 

anywhere between 18 months and 3 112 years of age. P. novaezelandiae has 

a convex right valve and slightly concave left valve with both valves strongly 

ribbed (Plate 1.1). The species occurs in patches around the whole of the 

New Zealand and is found in depths ranging from low tide to 90 m. The main 

scallop fishery in New Zealand is the Southern Scallop Fishery (Golden Bay, 

Tasman Bay (Fig. 1.1) and the Marlborough Sounds). The highest densities of 

scallops occur between 10-25 m of water with substrate of soft sand and silt 

(Bull, 1991; Annala, 1994). 

The reproduction cycle of P. novaezelandiae is similar to all other members of 

the genus. The species is hermaphroditic, each individual carries both female 

and male gonads at the same time (Cryer, 1998). Individuals are sexually 

mature at 1 year of age, however, their input into the spawning pool is 

negligible until 2 years of age (Bull, 1991). Filamentous material is vital in the 

life cycle of the scallop. Late stage larvae use this material to attach for 

further development. The scallop spat attach themselves by byssus threads 

excreted by the foot (Cragg and Crisp, 1991). Scallop spat usually remain 

attached until at least 6-10 mm in length, at which stage they will detach and 

fall to the sea floor, where they will remain for the duration of their life 

(Maguire et al. 1999b) 
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Figure 1.1. Map showing research area in Golden and Tasman Bay 

(secondary harvest), South Island New Zealand. Circle denotes primary spat 

catching site for 2002 (source: CSEC, 2002). 
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1.2 The Southern Scallop Fishery 

The commercial scallop industry started in Tasman Bay in 1959. The 

targeted species was the New Zealand scallop (P. novaezelandiae). Since 

the industry started it has gone through a boom and bust cycle, with a peak in 

landings 1,250 tonnes in 1975 (meat weight) (Fig. 1.2) (Arbuckle and Metzger, 

2000). A rapid fall in catch was experienced shortly after this peak. In 1980 

the catch declined to 40 tonnes and in 1981 the fishery was closed for 2 

years. The fishery reopened in 1983 with only 48 licence holders remaining of 

the 200 that were in operation in 1975 (Stevens, 1987; Arbuckle and 

Drummond, 2000; Arbuckle and Metzger, 2000). 

In 1992, the Southern Scallop Fishery adopted a modified form of the quota 

management system earlier introduced to the in-shore finfisheries. Although 

this system addressed the over-exploitation problems occurring in the fishery, 

it did not promote investment for increasing productivity. In 1994/95 the 

fishery was fully introduced into the quota management system and the 

Challenger Scallop Enhancement Company (CSEC) was formed to run the 

fishery. This change from fixed to proportional quota, ensured that quota 

holders would try to guarantee that over exploitation would not occur in the 

industry again. The industry is now responsible for injecting several million 

dollars into the local economy each year. In the 1998/99 season alone, the 

industry was worth $30.2 million. Up to 97% of the catch was exported to 

French-speaking nations such as France and Belgium (Arbuckle and 

Drummond, 2000; Arbuckle and Metzger, 2000). 

The harvesting of commercially sized (>90 mm) P. novaezelandiae scallops is 

based on a rotational fishing strategy. Golden and Tasman Bays are divided 

up into sections and are fished on a 3 year rotation. An area is fished until it 

becomes unprofitable and is then closed for reseeding. The following autumn 

the fished sections are restocked by primary harvested spat. The area then 

remains closed until the next rotation when the seeded spat would be of a 

harvestable size (Annala, 1994) 
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Figure 1.2. Landings in meat weight (tonnes) from 1959 to 2000 for the 

Southern Scallop Fishery (source: CSEC, 2002). 

The reproductive success of the shellfish is one of the major factors affecting 

the quality and quantity of scallop catches. Until the early 1980s this was left 

entirely up to chance. At this stage spat-catching techniques were trialled and 

in 1983 the industry joined with the Overseas Fishery Co-operation 

Foundation of Japan to help establish a sound enhancement programme. 

This enhancement programme, which is now the basis of the industry today, 

was designed to provide settling sites for scallop larvae that is relatively free 

from predators, such as the starfish (Coscinasterias calamaria) and the hermit 

crab (Arbuckle and Metzger, 2000). Scallop aquaculture world wide has 

increased over the last 20 years and approximately 90% of the 1.7 million 

tonnes of landings in 1996 was due to production from aquaculture. The 

potential remains high but requires commitment from industry and the 

government to reach targeted goals (Bourne, 2001) 
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1.2 The Primary Harvest 

The primary spat-catching programme is a large source of scallop spat for the 

Southern Scallop Fishery. In years when natural settlement is low, the fishery 

relies heavily on the spat harvested during this programme. The first few 

weeks of the scallops life cycle are spent in larval form (Martinez et a!. 1999). 

Scallop larvae require filamentous surfaces to settle on, the function of the 

primary harvest is to provide this settlement area. Currently, the survival rate 

for re-seeded spat can be as high as 50% in years when conditions are good. 

Large mortalities can occur during the winter months and may be caused by 

such things as large flood events (pers. com. Alex Johnston). An increase in 

this survival rate by as little as 1 % can create an extra 1.4 million dollars for 

the industry and it is because of this that there is constant upgrading and 

refining of the spat-catching process (Arbuckle and Metzger, 2000). In 1994 

an estimated 86% of available stock was from the seeding programme 

(Annala, 1994). 

The spat collectors are made up of synthetic mesh bags. The inner bag has a 

larger mesh size than the outer mesh bags, both are smaller than 10 mm. 

The outer mesh bag acts as a catcher for spat that have detached and are 

ready to settle to the sea floor. When assembled, the bags are attached in 

pairs onto droppers. On each dropper there is a total of 20 bags. The 

droppers are attached to the main backbone in a continuous line (Fig. 1.3). 
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Figure 1.3. Set up of the primary spat catching gear (source: CSEC, 2002). 

The Challenger Scallop Enhancement Company has eight sites that are 

authorised for spat-catching in Tasman and Golden Bay (Fig. 1.1). The most 

appropriate site for collection is selected according to the condition of the sea 

floor (current scallop densities), and the location of the seeding sites. The 

spat-catching gear is usually set in either November or December, which is 

during the peak of the spawning season (Bull, 1991). A monitoring 

programme carried out by the company assesses the concentration of larvae 

and provides an indication of when gear setting should occur. This 

enhancement programme is supported by a levy paid by commercial scallop 

fishers (Arbuckle and Metzger, 2000). 

During the primary harvest, the droppers are cut from the main backbone and 

pulled onto the boat using a pulley. The droppers then pass through a cutting 

device where the spat-catching bags are cut open. Once the bags are cut 

from the droppers the outer mesh bag is removed and the inner mesh bag 

opened. Both bags are shaken clean of attached scallop spat. The spat fall 

onto a submerged conveyer belt and are transported to the end of the chain 

where they drop into bins (Plate 1.2). When these bins are a 1/3 full they are 

put into the submergence rack (Plate 1.3) (personal observation). 
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Plate 1.1. Shell morphology of the New Zealand scallop Pecten 

novaezelandiae. 

Main backbone 

Plate 1.2. Primary harvest, submerged conveyer belt. 
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The submergence system was designed to keep spat submerged in seawater 

throughout the transfer process. All bins have holes in the bottom to allow for 

drainage through to the next level (Plate 1.3). The bins are transferred to 

smaller vessels, which also have circulating seawater, to be taken to the 

seeding site (personal observation). The company aims to seed scallop spat 

at a density which will result in 0.5 - 1.5 scallops per square metre at the time 

of harvest in 2-3 years (pers.com. Russel Mincher). 

In order to maintain the highest possible health, it is important to minimise the 

amount of stress placed on spat during this harvest process. Highly stressed 

spat are more likely to be attacked by predators and more likely to be further 

stressed in unfavourable conditions. Stress has been defined as: 

"a measurable alteration of a physiological (behavioural, 

biochemical, or cytological) steady-state, which is induced by 

an environmental change, and which renders the individuals 

(or the population) more vulnerable to further environmental 

change" (Akberali and Trueman, 1985) 

The stress that is applied during the primary spat harvest is a short acute 

stress i.e. a stress that can occur over hours or days rather than a chronic 

sub-lethal stress such as pollution (Maguire et al. 1999b). The aim of the 

experiments on the primary spat were to determine which length scallop spat 

were best able to withstand the stress applied during the harvest process. By 

defining the most robust scallop, the company will be able to target the 

appropriate length range for seeding to increase overall survival. 
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Flowing seawater 

Plate 1.3. Primary harvest spat holding submergence system. 

Plate 1 Secondary harvest dredge, with cod end attached. 
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1.3 The Secondary Harvest 

The secondary harvest consists of the fall off from the primary harvest. A 

proportion of the spat naturally detach from outside the mesh bags used in the 

primary harvest and settle to the sea floor. During years when the fall off is 

very high there can be densities of up to 300-400 scallops per square meter 

(pers. com. Russel Mincher). When juvenile scallops occur at these densities, 

there is competition for space and food, which can result in stunted growth. 

Stunted growth occurs when the scallop grows in depth and not length, 

therefore never reaching a harvestable size (pers. com. Alex Johnston). High 

densities are also unacceptable because of issues under CSECs Resource 

Consent for the collection of scallop spat. Through out the year, juvenile 

scallops are shifted from the primary harvest site into other seeding areas in 

an effort to decrease the density to a level that complies with the Resource 

Consent, which is roughly 4 scallops per square metre. 

The process of secondary spat transfer is simple but time consuming. The 

process starts with the dredge, attached to the dredge is a cod end with mesh 

small enough to hold the juvenile scallops. Two dredges are towed from 7-30 

minutes, depending on juvenile scallop densities. Once the tow has finished 

the cod ends are hoisted above deck where they are emptied onto a large 

piece of cargo net (Plate 1.4). A crane is used to move the netting containing 

the juvenile scallop to the position where they are emptied onto the deck. A 

shade cloth covers the pile, which is continuously sprayed with seawater. The 

pile is gradually added to until the deck is filled. When there is an adequate 

number of scallops on board, they are transported to the new seeding area. 

On arrival at the seeding area, the scallops are washed/sprayed over the side 

of the boat with a high pressure hose (Johnston, 2002). 

Early in the secondary harvest season, up to 10 million juvenile scallops were 

transported long distance (Marlborough Sounds and Golden Bay). These 

juvenile scallops were on the boat deck for up to 19 hours. When juvenile 

scallops were transported short distances within the Bay, approximately a 
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quarter of this amount were moved at once. This was to shorten the length of 

time scallops spent on deck (pers. com. Alex Johnston). 

Currently little is known about the condition of the juvenile scallops once they 

have been though this secondary harvest process. The aim of this study was 

to determine what length groups retain the highest health through the harvest 

process and under what transport conditions survival was highest. 

This thesis has been divided into chapters based on the method of 

assessment. Chapter two focuses on the behaviour of scallop spat on the 

completion of the primary harvest. Chapter three focuses on the use of a 

stress on stress experiment and a recovery experiment. Chapter four focuses 

on the biochemical composition and the condition index. Chapter five focuses 

on the effect of air emersion at different air temperatures on juvenile scallops 

and finally chapter six summarizes the results found in the study and any 

commercial implications for the CSEC. 
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CHAPTER TWO 

BEHAVIOUR AS AN INDICATOR OF STRESS IN 

PRIMARY SPAT 

2.1 INTRODUCTION 

12 

Behaviour as an indicator of stress in scallop spat has been reported to be 

one of the most efficient and effective ways to assess scallop vitality (Akberali 

and Trueman, 1985; Maguire et al. 1999b). The majority of bivalve molluscs 

avoid stress by closing their valves to isolate their internal tissue from the 

environment (Akberali and Trueman, 1985) however, this is not the case for 

scallops. Scallops are unable to completely close their shells and rely instead 

on escape responses when confronted with unfavourable conditions. Scallop 

elicits a swimming response for several reasons: to escape predation, to 

move to a more suitable area with a better substrate, to avoid poor water 

quality and to avoid high scallop densities (Brand, 1991; Donovan et al. 2002). 

Common predators of juvenile scallops are starfish, whelks, crabs and fish 

(Veale et al. 2000). The swimming ability of the scallop is unique to this 

bivalve. It is capable of swimming a great distance in an orientated way 

(Winter and Hamilton, 1985; Maguire et al. 1999a; Maguire et al. 1999b). 

The scallops ability to swim probably evolved through modifications of the 

mantle cleansing mechanism common among bivalves (Brand, 1991; Manuel 

and Dadswell, 1991; Donovan et al. 2002). There are several factors acting 

on the scallop in order for swimming to be accomplished, these include: 

gravity (downwards pull), lift opposing gravity, thrust from the hinge jets giving 

forward motion, and drag opposing that forward motion (Manuel and 

Dadswell, 1991; Donovan et al. 2002). 
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Scallop utilise two locomotory escape responses, the jumping and swimming 

reactions (Fig 2.1). The jumping response usually consists of fewer than 3 

adductions and propels the scallops hinge-line first, with the scallop returning 

to the sea floor between each adduction (Donovan et al. 2002). The water is 

expelled from the ventral mantle margin during the jump response. During 

swimming, the scallop is propelled forward by water being forced out of the 

shell cavity through holes in the mantle velum. This is achieved by the 

contraction of the quick adductor muscle. Water is forced out of the shell in 

two jets on either side of the hinge, resulting in the scallop moving with the 

ventral margin first. By adjusting the relative size and position of the jet 

orifice, the scallop is able to control the trajectory during swimming (Maguire 

et al. 1999b). Of the two responses, swimming is the most vigorous and 

propels the scallop further than the jumping response. Directly before the 

swimming response the scallop shows wide gaping of the valves for 5-15 

seconds. (Moore and Trueman, 1971; Brand, 1991). 

The swim has three stages of the swim: the rise from the bottom, the level 

flight and the passive sinking. The rise from the bottom is usually at an angle 

of about 30-50°. After a certain height is reached the trajectory levels of and 

the scallop moves horizontally before adductions cease and the scallop sinks 

passively to the sea floor in a series of side-slips (Brand, 1991). 

Direction of movement Direction of movement 

c:::=~:> Water jet 

A B Water jet 

Figure 2.1. Scallop jumping (A) and swimming (B) movements, indicating 

the direction of movement and the position and direction of water jets (source: 

Brand, 1991). 



Chapter two: Behaviour as an indicator of stress 14 

For scallops to elicit an escape response the predator is required to touch the 

mantle edge or the tentacles of the scallop, suggesting that the escape 

response is chemosensory (Brand, 1991). Although, visual mechanisms also 

playa role in alerting scallops to the presence of a predator (Jenkins and 

Brand, 2001). 

The aim of this chapter was to assess which length scallop spat were best 

able to survive the harvest process. This was achieved by assessing escape 

behaviour, through predator stimulation and righting reflexes. 

2.2 MATERIALS AND METHODS 

2.2.1 Sample Collection 

All primary spat samples were collected during the March 2002 primary 

harvest over the 10 days it was run. The primary harvest took place in Golden 

Bay, South Island, New Zealand (Fig. 1.1). The length groups used for all 

experiments were the same as was previously described by Day (1999) in 

research completed for the Challenger Scallop Enhancement Company 

(CSEC). The length groups were as follows: 8-10 mm, 11-12 mm, 13-15 mm, 

16-17 mm, 18-20 mm, 21-22 mm, 23-25 mm, 26-27 mm, 28-30 mm (Appendix 

A). Length was the anterior to posterior measurement (Plate 1.1) (Dix and 

Sjardin, 1975). 

Treatment 

The treatment scallop spat were classified as those that had been through the 

harvest process. The spat collection bags were cut from the droppers by a 

cutting machine, they then feel onto a conveyer belt. The outer mesh bag 

was removed and cleaned of all spat by brushing with the hand, the inner 

mesh bag was then opened and shaken clean of all remaining scallop spat. 

Once the spat had been shaken free it feel onto a submerged conveyer belt 

and was transported to the end of the line where the spat were dropped into 
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bins. These bins were then placed into a holding rack (submergence system) 

where they were allowed to fill with seawater. The bins remained in the 

submergence system until a seeding vessel arrived to transport them to the 

new seeding area. Scallop spat samples were selected randomly from bins 

located in the submergence system. From each selected bin a sample was 

taken. A one litre scoop was used to allow approximately the same number of 

scallop spat to be collected each time. The temperature in the sample box 

was also recorded. These treatment samples will be referred to as the 

harvest group. 

Control 

The control scallop spat were those that had not been through the harvest 

process. Scallop spat collection bags were collected straight from the cutting 

machine and emptied directly into bins in the submergence system. There 

were three bags collected from one dropper for each sample, one from the 

top, at a depth of approximately 5 m, the middle, at approximately 10m and 

the bottom of the dropper at approximately 15 m. A one litre scoop was used 

to take each sample from the bin. The control samples will be referred to as 

non-harvest spat. 

Both treatment and control spat, were cleaned of any fouling before the 

commencement of any experiments to ensure optimal performance (Winter 

and Hamilton, 1985). 

2.2.2 Test Procedure 

Escape Response 

An escape response experiment was conducted following the procedure of 

Jenkins and Brand, (2001) with a few alterations. Scallop spat were allowed 

to acclimatize for 10 minutes in the tank where the starfish exposure was to 

take place. The water temperature in the exposure tank was kept as close as 

possible to the actual seawater temperature, which was 18°C. In order to 

invoke an escape response, a starfish arm (Coscinasterias calamaria), which 



Chapter two: Behaviour as an indicator of stress 16 

is a known predator of P. novaezelandiae, was introduced. The starfish that 

were used for the escape responses were 20-25 cm in total length from tip to 

tip of the arms. The starfish arm was always presented to the mantle edge of 

the scallop. When the scallop was exposed to the starfish, care was taken to 

avoid creating shadows and water movement. Both of these stimuli could 

cause the scallop to close its valves before the starfish could be applied. A 

stopwatch was used to time the initial response, from the time the tentacle 

was applied to the mantle edge until a response was given. The number of 

adductions were also counted. When activity stopped the scallop was 

stimulated in the same way again, with the number of adductions counted in 

each of the following reactions. Jenkins and Brand (2001) describes a 

swimming bout as 4 or more adductions performed in succession. The 

experiment ceased when the scallop firmly closed both valves or until there 

was no response after 60 seconds. All length groups previously outlined were 

used in this experiment and a total of 40 individuals were exposed to the 

starfish in each length group. 

Righting Reflexes 

At the beginning of each day 10 scallops of each length class were placed in 

a 0.5 by 0.4 m tank with their curved shell uppermost. The experimental tank 

was free of sediment and the seawater was replaced at 1 hour intervals. This 

was to ensure dissolved oxygen was not depleted to a level that could cause 

adverse conditions and also to keep the water temperature constant with the 

environmental conditions, approximately 18°C. When adding seawater, care 

was taken to avoid creating unwanted currents. At 0.5 hour intervals the 

number of scallops that had righted was counted. This experiment ran for 10 

hours or until all scallops had righted themselves. A total of 45 individuals 

were tested for each of the length groups except for the 30 mm length class, 

which only had 20 individuals tested. 

Statistical Analysis 

Dytham (1999) was used to help determine which statistical analysis was 

most appropriate. Normality of the behavioural data were tested using the 
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Ryan-Joiner test for normality. A log (y) transformation was performed on 

initial response data and the time taken to right. The percent swimming 

response data were arcsine transformed. Even after the data were 

transformed they were not normally distributed, however according to Ramsey 

and Schafer (1997), ANOVA is robust and unless the data are heavily skewed 

with a small sample size it may still be used on slightly non-normal data. A 

post-hoc comparison was performed using a Fisher's test. Analysis was 

performed in MINITABTM 13.1. 

A logistical regression was used to analyse the total number of righted 

scallops. This was used because the data was binary, meaning that the result 

can only be one of two outcomes, i.e. yes or no. This analysis was performed 

in R (GNUS) 2000. 

2.3 RESULTS 

2.3.1 General Observations 

During the behaviour experiments the small spat took longer to acclimate and 

to start filtering than larger spat when placed into the experimental tanks. The 

scallop spat were considered to be filtering when valves were open and 

tentacles protruded. In addition, approximately 25% of all the small spat «17 

mm) actively attached their byssus to the bins that they were in, whereas the 

only a few larger spat (>20 mm) were observed attaching. 

Scallop spat exhibited wide gaping of the valves with the pallial folds lowered, 

prior to all swimming responses when the starfish was presented to the 

mantle. 
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2.3.2 Escape Responses 

Initial Response Time 

Figure 2.2 shows the overall trend for the initial response time for Pecten 

novaezelandiae when presented with a starfish predator (C. calamaria). 

There was a high degree of variability in responses, both the harvest group 

and the non-harvest group had initial response times ranging from <1-60 

seconds. The length groups 10,12 and 20 mm also had initial response times 

in the range <1-60 seconds. The remaining length groups initial response 

time ranges are as follows : 15 mm and 22 mm «1-21 seconds), 25 mm «1 -

45 seconds), 27 mm «1-38 seconds) and 30 mm «1 34 seconds). The initial 

time taken to respond to the presence of the starfish predator was significantly 

different for both factors (treatment and length), however, there was no 

significant interaction term (Table 2.1). The Fisher's pairwise comparison 

showed the non-harvest spat reacted faster when presented with a predator, 

in comparison to the harvested spat. The average time taken to elicit an 

escape response by the harvest spat was 5.30 ± 0.48 seconds, whereas the 

non-harvest spat was 3.37 ± 0.35 seconds (Fig. 2.2). The ANOVA also 

showed a significant difference in the reaction time between lengths. When 

the Fisher's pairwise comparison was run it showed that 10 mm spat had the 

longest reaction time (8.30 ± 0.16 seconds) and was the main length group 

contributing to the variation (Table 2.3). When the ANOVA was run with the 

10 mm spat data missing the treatment was still significant, however, there 

was no longer any significant difference between lengths. The 17 mm spat 

showed the fastest reaction time of 2.55 ± 0.32 seconds (Fig. 2.2). 

First Adductions 

The number of adductions in the first response increased with length. The 

degree of variability was high within each of the groups, the harvest group 

ranged from 0 to 26, and the non-harvest group 0 to 29 adductions. The high 

variability was consistent in the length groups (Table 2.2). The number of 

adductions in the first response was significantly different for both treatment 

and length, however, the interaction term was not significant (Table 2.1). 
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Figure 2.3 shows the general trend of data. The average number of 

adductions in the first swimming episode for the harvest spat was 8.66 ± 0.27 

adductions, whereas the average for the non-harvest spat was 10.26 ± 0.26. 

Fisher's pairwise comparison showed a general increase in the average 

number of adductions in the first swimming bout per scallop as the spat length 

increased (Table 2.3). The 10 mm spat had an average adduction number of 

8.85 ± 0.70 and the 30 mm spat had an average number of 10.24 ± 0.51. The 

27 mm spat had the highest adduction number of 10.90 ± 0.49. The 12 mm 

spat had the lowest number of adductions 8.44 ± 0.61 (Fig. 2.3). Without the 

27 mm spat length there was no longer any significant effect of spat length on 

the number of adductions in the initial response. 
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Figure 2.2 Average time taken to elicit an escape response when 

presented with a starfish predator, lengths with the same letter have similar 

responses. ± SE. 

The initial response time correlated with the number of adductions in the first 

response (r = -0.32, P<O.001). As the response time increased, the number 

of adductions in the first response decreased (Fig. 2.4). 
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Figure 2.4. A negative correlation between the initial response time and the 

number of adductions in the first response. 
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Table 2.1. Summary ANOVA table for behaviour parameters of scallop 

spat. 

Source of Degrees of Mean Square F P 

Variation Freedom 

ResQonse time 

Log (y) 

Treatment 1 5.7886 33.14 <0.001*** 

Length 8 0.5437 3.11 <0.01 ** 

Treatment x Length 8 0.189 1.08 NS 

First adduction 

Treatment 1 514.45 18.66 <0.001 *** 

Length 8 62.98 2.28 <0.05* 

Treatment x Length 8 30.15 1.09 NS 

Total adductions 

Treatment 1 1.426 0.68 NS 

Length 8 41.688 19.9 <0.001 *** 

Treatment x Length 8 1.863 0.89 NS 

% Swim resQonse 

Arcsine 

Treatment 1 7.3492 27.42 <0.001*** 

Length 8 0.6557 2.45 <0.05* 

Treatment x Length 8 0.3325 1.24 NS 

Time taken to right 

Log (y) 

Treatment 1 0.0211 0.13 N/S 

Length 8 1.8472 11.11 <0.001*** 

Treatment x Length 8 0.1196 0.72 N/S 
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Table 2.2. A summary table of the ranges for the total number of 

adductions in the first response and overall adduction number for each length 

class. 

Length (mm) 

8-10 

11-12 

13-15 

16-17 

18-20 

21-22 

23-25 

26-27 

28-30 

Total Adductions 

Number of adductions in 

first response 

0-25 

0-20 

0-26 

1-22 

0-23 

0-18 

1-29 

1-21 

1-21 

Total number of 

adductions 

0-56 

0-83 

0-97 

1-69 

0-58 

0-144 

8-78 

15-65 

1-70 

The total number of adductions ranged from 0 to 144 for the harvest group, 

and 0 to 65 for the non-harvest group. Table 2.2 shows the ranges for the 

total number of adductions of each length group. The total number of 

adductions performed was not significantly different for the treatment, or the 

interaction term, however, there was a significant length effect (Table 2.1). 

When the Fisher's pairwise comparison was performed it showed that there 

was an increase in total adductions as spat length increased. Lengths 22-30 

mm were grouped together and have significantly higher total adduction 

counts. The 27 mm spat had the highest average number of total adductions 

40.73 ± 1.23 and 10 mm spat had the lowest average number of total 

adductions 22.18 ± 1.61 (Fig. 2.5). 

Percentage Swim Response 

The percentage of the total number of adductions that occurred as a swim 

response (in 4 or more valve claps) (Jenkins, 2001) ranged between 0 and 

100%. Both the factors (treatment and length) were significantly different, but 
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the interaction term was not (Table 2.1). The percentage of the total number 

of adductions that were classified as swimming behaviour was 66.16 ± 1.56% 

for the harvest and 78.84 ± 1.37% for the non-harvest group. The Fisher's 

Pairwise comparison showed that there was little difference among the 

lengths except for 12 mm spat, which had the lowest % swimming, 60.61 ± 

3.96% (Table 2.3). When 12 mm spat were removed from the analysis there 

was no variation between the lengths. The highest percentage of swimming 

was shown by 17 mm spat (79.78 ± 2.80%), although this was not significantly 

higher than any other length groups (Fig. 2.6). 
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Figure 2.5. Average total number of adductions performed by scallop spat 

following exposure to predatory starfish. Letters denote length groups with a 

similar response. ± SE. 
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Figure 2.6. Percentage of response classified as swimming bouts when 

presented with a starfish predator. Letters denote length groups with a similar 

result. ± SE. 

Table 2.3. Summary table of all the responses for each length group. 

Length Response time Adductions in first Total % Swim 

(mm) (minutes) swimming bout adductions response 

8-10 8.30 ± 0.16 8.85 ± 0.70 22.24 ± 1.58 64.65±4.10 

11-12 6.59 ± 1.39 8.44 ± 0.61 25.61 ± 1.82 60.61 ± 3.96 

13-15 3.73 ± .048 9.22 ± 0.57 30.06 ± 1.75 76.34 ± 3.20 

16-17 2.55 ± 0.32 9.51 ± 0.54 33.74 ± 1.53 79.78 ± 2.80 

18-20 4.23 ± 0.94 9.64 ± 0.56 35.69 ± 1.31 77.03 ± 2.79 

21-22 4.00 ± 0.73 8.36 ± 0.51 37.45 ± 1.90 74.47 ± 3.10 

23-25 3.48 ± 0.56 9.99 ± 0.56 39.39 ± 1.31 78.15±2.56 

26-27 3.22 ± 0.50 10.90 ± 0.49 40.52 ± 1.20 76.17 ± 2.30 

28-30 2.99 ± 0.45 10.24 ± 0.51 38.90 ± 1.23 74.78 ± 2.62 
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2.3.3 Righting Reflexes 

Righting Time 

There was a large range in the time taken to right. Both treatments and the 

length groups ranged from 10 minutes to 660 minutes. The analysis showed 

no significant variation for the treatment or the interaction term. However, 

there was a significant difference between lengths (Table 2.1). Two length 

groups were identified using the Fisher's pairwise comparison as having 

similar righting times. The larger lengths (25-30 mm) had similar righting times 

as too did the smaller lengths (10-22 mm). The 25 mm spat were the quickest 

to right themselves and took on average 166.3 ± 14.16 minutes. In the smaller 

length group (10-22 mm), 12 mm spat had a longer righting time (425.0 ± 

23.61 minutes) than the rest of the group (Fig. 2.7). 
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Figure 2.7. Average time taken to right when curved side is uppermost. ± 

SE. 

Total Number Righted 

The percent righted ranged from 78 to 97% for all length classes. There was 

a significant relationship between scallop length and the percent of scallops 
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righted (Fig. 2.8). As scallop length increased the percent of scallop spat 

righted also increased. The logistical regression showed that a similar 

percentage of individuals had righted in the harvested and non-harvested 

groups, there was no significant interaction term either (Table 2.4). There 

were 5 length groups between 10-20 mm that were similar, with 72.44 ± 

2.89% righting on average. All length groups between 20-30 mm were also 

similar, with 84.19 ± 2.52% righting on average. The 25 mm spat had the 

highest % righted, (96.67 ± 3.33%), compared to 12 mm spat which had the 

lowest % righted (57.78 ± 4.44%) (Table 2.5). 

Table 2.4. Summary table of logistical regression analysis. 

Predictor OF Oev. Res. Res. OF Oev. P-value 

Treatment 1 2.50 760 796.34 N/S 

Length 1 23.85 759 772.49 <0.001 *** 

Treatment x Length 1 0.77 758 771.72 N/S 
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Figure 2.8. Regression of the percent of scallops righted with length. 
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Table 2.5. Summary table of the percentage of scallops righted for each 

length group. 

Factor 

Harvest 

Non-harvest 

Length (mm) 

8-10 

11-12 

13-15 

16-17 

18-20 

21-22 

23-25 

26-27 

28-30 

2.4 Discussion 

% Righted 

80.6 

75.9 

75.7 

57.8 

74.4 

76.7 

77.8 

80 

96.7 

85.6 

81.0 

Any stress applied during the harvest process that modifies behaviour of the 

primary harvest scallop spat may directly affect survival. Measuring behaviour 

parameters is one of the most sensitive indicators of stress (Akberali and 

Trueman, 1985) 

2.4.1 Escape Responses 

There have been many publications on the effects of transportation and the 

subsequent impact on survival and health of scallop spat (Dredge, 1997; 

Wood, 1998; Wood, 1999; Laing et al. 1999; Maguire et al. 1999b; 

Christophersen, 2000; Minchin et al. 2000). The transportation of great scallop 

spat (Pecten maximus) has very high energetic costs and can influence 

scallop behaviour (Fleury et al. 1996). The effect of the harvest process on 

the initial response time was one indication of this high energetic cost. The 
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scallop spat that had been processed through the harvest machine had a 

slower reaction time when presented with a starfish predator. This finding 

was consistent with Jenkins and Brand (2001) who showed a decrease in the 

level of vitality for juvenile scallops that have been through a simulated dredge 

process. 

Previous studies have shown that small scallop spat have a quicker reaction 

time when presented with a starfish predator (Morton, 1980; Jenkins and 

Brand, 2001). A possible reason for this may be that small scallop spat have 

less protection from predation than larger scallops (35-50 mm). Larger 

scallops may have added protection because of increased shell thickness and 

sustained shell closure. They also require a higher threshold stimulus to elicit 

an escape response than smaller scallop spat (Brand, 1991; Maguire et al. 

1999a; Maguire et al. 1999b). The present research on P. novaeze/andiae 

contrasts with the other findings and shows that larger scallop spat had the 

faster reaction time. Thus, smaller scallop spat may be more susceptible to 

the stress applied during the harvest, compared to the larger scallop spat. 

This increased reaction time could make the small scallop spat more 

susceptible to predation when reseeded into new areas. Jenkins and Brand, 

(2001) reported that an increase in response time and a reduction in 

swimming ability by the scallop P. maximus increased the vulnerability to 

predation. Irlandi et al. (1999) also states that predation rates on the bay 

scallop was size dependent for spat between 10 and 40 mm, which 

encompasses the length classes found in the current study. 

The number of adductions in the first response dictates the distance travelled 

from the point of stimulation (Jenkins and Brand, 2001). In the current study 

the stress applied to scallop spat during the harvesting process had a direct 

impact on the initial distance travelled in order to escape predation (Jenkins 

and Brand, 2001). Thus, the harvested scallop spat would be less able to 

escape an attack by a slow moving predator. Wood (1999) showed that 

scallop spat under an increased amount of stress were less likely to show 

adductions than scallop spat in better health when held in seawater. 
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There was a gradual increase in the number of adductions in the first 

swimming bout for P. novaezelandiae as scallop spat length increased. This 

suggested that the larger scallop spat would have a higher chance of predator 

escape upon reseeding than the smaller scallop spat. This was in agreement 

with Jenkins and Brand (2001) who showed the scallop spat of P. maximus, 

which exhibit the highest adduction number in the first swimming bout, were 

going to be the most able to avoid predation when reseeded into new areas. 

The total number of adductions that were performed during repetitive 

stimulation gives an indication of the probability of survival in an area with high 

predator densities. Although the method of stimulation in this experiment did 

not replicate the predator-prey interactions found on the seabed it does 

provide an estimate on the ability of scallops to escape from frequent attacks 

(Jenkins and Brand, 2001). The stress applied during the harvest process 

had little impact of the total number of adductions that scallop spat could 

execute over repetitive stimulation. This contrasts with Jenkins and Brand 

(2001) who found a difference in the total adductions of juvenile scallops that 

had been through a simulated dredge. This may be due to the relatively 

'unstressful' nature of the primary harvest process compared with dredging. 

There was an increase in the total number of adductions performed as scallop 

spat length increased for P. novaezelandiae. This was supported by Minchin 

et al. (2000) who states that activity level may be influenced by scallop spat 

length. The harvest had little effect of the ability of scallop spat to avoid 

successive attacks by predators. However, the larger scallop spat would have 

a higher chance of escape from repetitive attacks when reseeded, as they are 

able to perform more adductions in succession compared to small scallop 

spat. Morton (1980) found that although small spat swim faster, larger spat 

swim for longer and hence go further. Kleinman et al. (1996) stated that 

larger Placopecten magel/anicus spat have a lower cost of swimming than 

small scallop spat. P. magel/anicus has an optimum swimming size of 

approximately 50 mm shell height. A reduction in swimming ability makes 

scallop spat more susceptible to predation. This was also supported by Brand 

(1991) who states that because Chlamys islandica remained byssally 
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attached and had a weaker swimming escape response it had an increased 

vulnerability to predation. 

When a swim response was elicited rather than a jump response, the scallop 

travels a longer distance and therefore had a higher chance of escaping a 

predator attack (Jenkins and Brand, 2001). The stress of the harvest process 

decreased the percent swim response, therefore decreasing the distance 

travelled by P. novaezelandiae. The swim response was similar for all length 

groups. Winter and Hamilton (1985) found a correlation with scallop size and 

the distance travelled for Argopecten irradians. As scallop size increased so 

did the distance travelled. This suggests that the larger P. novaezelandiae 

spat are the preferred length for reseeding. In a study carried out by Nadeau 

and Cliche (1997), seeded P. magellanicus spat sized between 15 to 25 mm 

tended to have higher survival than the larger 30 to 40 mm spat. However, 

they reported that this finding may be biased because the larger spat (dead) 

were easier to see than the small spat during the survey. Mortality was mainly 

due to sea star predation, and in previous laboratory studies they indicated 

that the sea star preferred the smaller scallops. 

2.4.2 Right Reflexes 

Righting responses are deemed an effective and efficient way to assess 

vitality in scallop spat (Maguire et al. 1999b). Righting behaviour is produced 

by adductor muscle contractions and requires the expenditure of energy in the 

form of glycogen (de Zwaan and Zandee, 1980). Righting is the first stage of 

the recessing process performed by scallops and plays a very important role. 

It gives the scallop camouflage from predators, reduces fouling, anchors the 

scallop in areas of strong current and also enables the scallop to feed on 

resuspended particulate matter from the sediment (Maguire et al. 1999b; 

Bricelj and Shumway 1991). Brand (1991) reported that predation on P. 

maxim us declined once recessing had started. 

The harvested scallop spat in this study took the same time to right and had 

the same percentage righting as the non-harvest scallop spat. Maguire et al. 
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(1999b) reported that stressed P. maximus had a slower rate of righting and 

recessing than scallops that were non-stressed. The current study suggested 

that the scallops' ability to right has not been adversely affected by the 

harvesting process. 

The larger scallop spat (25-30 mm) showed a higher percentage righted as 

well as a faster righting time than small scallop spat. It seemed that larger 

scallops are more effective at righting than smaller scallops. This was 

consistent with the findings of Fleury et al. (1996) on recessing, which showed 

30 mm scallop spat were the most effective at recessing. 

Dao cited in Maguire et al. (1999a) reported that the success of seeded 

scallops depended upon three factors: the quality, the size of the scallop, and 

the time of year. In this study the focus has been on scallop spat length and it 

can be concluded that the larger P. novaeze/andiae spat (22-30 mm) would 

be more successful once reseeded compared to small scallop spat. The 

largest scallop spat that were tested were 30 mm therefore making it 

impossible to draw conclusions about scallop spat larger than this. However, 

it is unlikely to get any scallop spat larger than 35-40 mm during the primary 

harvest. 
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CHAPTER THREE 

STRESS ON STRESS TEST AND RECOVERY 

3.1 INTRODUCTION 

As reported in a previous section, the definition of stress can be stated as a 

"measurable alteration of biochemical and physiological parameters induced 

by an environmental change, which results in a reduced capacity of the 

individual to adapt to further environmental variations" (Viarengo et al. 1995). 

There have been many attempts to develop an effective and efficient way to 

monitor stress in bivalves, ranging from assessment of behaviour (Fleury et 

al. 1996; Manuel and Dadswell, 1991; Maguire et al. 1999b; Minchin et al. 

2000), to the measurement of biochemical composition (Gade et al. 1978; de 

Zwaan et al. 1980; Maguire et al. 1999a). Some of these methods are more 

practical than others. It is important to have an easy and efficient way to 

assess health to allow shellfish farmers the opportunity to assess the stress 

levels in their own stock. 

A standardised stress on stress test was developed by Day (1999) at Crop & 

Food Research in Nelson based on work carried out by Viarengo (1995). It is 

used to specifically test stress levels in scallop spat during the primary harvest 

for the Challenger Scallop Enhancement Company. The purpose of the 

stress on stress chamber was to expose scallop spat to a standardised test, 

scallops with higher sub-acute stress would succumb to the standard 

challenge first, thereby allowing the difference in stress levels to be assessed 

(Viarengo, 1995; Day et al. 2000). This same procedure was used in the 

current study. 

On growing is another common way to assess the effect of stress on marine 

bivalves. Once the animal has been exposed to the stress in question, 
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scallops are then placed back into seawater for further on growing. At the end 

of a set period mortality and growth rates, among other things are assessed. 

Christophersen (2000) used mortality, growth and ash free dry weight to 

asses the effect of transport stress on hatchery reared great scallop spat 

(Pecten maximus), which was similar in size to the New Zealand scallop. 

During the primary and secondary harvesting processes the scallop spat 

(Pecten novaezelandiae) were subjected to a number of stresses, including 

byssus detachment (primary spat), aerial exposure and temperature 

fluctuations (primary and secondary scallops). All of these factors combined, 

may result in subsequent growth interruptions or effect mortality rate 

(Christophersen, 2000). 

The aim of this section was to determine stress levels in ,primary and 

secondary scallops and determine any differences in length classes. The 

most robust scallop could then be targeted in future harvesting operations. 

3.2 MATERIALS AND METHODS 

3.2.1 Sample Collection 

Primary Scallop Spat 

Primary scallop spat were divided into two groups, the treatment (harvest) and 

the control (non-harvest) (refer section 2.2). The harvest sample was taken 

directly from the submergence system, sized and then used in the relevant 

experiment. The non-harvest scallop spat were emptied directly from the spat 

catching bags into the submergence system and did not go through the 

harvest process before experimental testing. 

Secondary Juvenile Scallops 

Immediately after release from dredge 

All secondary spat were collected during the 2001/02 secondary transfer, 

which was located in Tasman Bay, South Island, New Zealand (Fig. 1.1). 
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There were a total of 10 sampling days. Samples of juvenile scallops were 

taken immediately after release from the dredge (refer 1.1) with a 1 litre 

scoop. Recovery samples were taken at the same time as the SOS test 

samples and placed directly into a through flow seawater system. 

Increasing Aerial Exposure 

The collection method was the same as above, except samples were taken at 

approximately 1-3 hour intervals for the duration the transport process. 

Samples were collected from the top and bottom of the pile. 

3.2.2 Stress on Stress Test 

A device that was developed by Day et al. (1999) at Crop and Food Research 

in Nelson on previous projects for Challenger Scallop Enhancement Company 

was used to assess stress levels of scallop spat. The device was based on 

the stress on stress (SOS) concept developed by Viarengo et al. (1995). The 

purpose of the device was to resolve sub-acute stresses by 'adding' them to a 

standard challenge. The SOS chamber consisted of a box with a temperature 

control unit, used to maintain a constant air temperature (Plate 3.1) and was 

powered by a 24 volt car battery. The chamber was set at a temperature that 

was relevant to the season and seawater conditions at the time of 

experimentation. During the winter the temperature was set at 15°C and 

summer at 25°C. A small amount of seawater was placed in the bottom of the 

chamber to allow for evaporation. 

Individuals of each length class were randomly selected, the scallops were 

placed into the experiment chamber on trays the natural way up (flat side up) 

(Plate 3.2). The SOS experiment ran for 3 hours, the number of dead 

scallops was recorded every half an hour for the first hour and every hour 

after that. A dead scallop was classified as "one that could no longer hold 

itself shut and showed no resistance when closed manually" (Day, 2000). At 

the end of the experiment the number of each length class left alive were 

counted. 
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The time intervals for measuring dead scallops was determined with a trial 

experiment prior to testing. The trail experiment consisted of a SOS test with 

mortality checks every half hour. The resulting cumulative survival curve of 

the trial data identified at what times the highest mortalities or the largest 

changes in slope occurred at. These times were used as the set intervals in 

the following experiments. 

''1 I Temperature 
control 

"i.:. 

Plate 3.1. Stress on stress chamber. 

Plate 3.2. Scallops on tray in SOS test chamber. 
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Half way through the testing period of the secondary harvest, another 

experiment (the recovery experiment) was introduced to use as a comparison 

to the SOS test. 

3.2.3 Recovery Test 

Scallop samples were collected and placed directly into a through flow 

seawater system for recovery. Secondary juvenile scallops were collected at 

the same time as the sample for the SOS test so comparisons could be made. 

Each sample was sized and assessed for mortality. All of the recovery 

samples were kept in a though flow seawater system and transported back to 

the holding tanks at Crop and Food Research (Plate 3.3). Scallops were held 

in pearl nets in the holding tanks (Plate 3.4). The mortality rate of these 

samples were recorded at 1 month for secondary juvenile scallops 

(Christophersen, 2000) and approximately 7 weeks for the primary scallop 

spat. 

The SOS and recovery test data were binary and were therefore analysed 

using a logistical regression. Statistical manipulations were performed using 

R (GNUS) 2000. A general linear model was run including both testing 

methods to assess if there was any difference between the two methods and 

any subsequent interactions. The different experiments were then analysed 

separately. 
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Suspended 
pearl nets 
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Plate 3.3. Flow through seawater holding tanks with suspended pearl nets 

Crop & Food Research, Nelson. 

Plate 3.4. Suspended pearl net in holding tank 
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Plate 3.4. Suspended pearl net in holding tank 

3.3 RESULTS 

3.3.1 Primary Scallop Spat 

Survival from the SOS chamber and recovery ranged between 40% to 100% 

and 10% to 100% respectively. There was a significant difference between 

the two assessment methods, as well as between treatments and length 

groups. There were also significant interaction terms between the method 

and treatment and the method and length (Table 3.1). The first interaction 

shows that the SOS method produced higher mortality values than the 

recovery method. The second interaction showed that the effect of length 

depended on the methods of assessment. 

When the SOS test method was assessed separately from the recovery test 

method the analysis showed that there was no significant difference for the 

treatment or length (Table 3.2). There was no obvious pattern occurring in 

the data set (Fig. 3.1). The 22 mm length spat showed the highest survival 

rate (94%) while 12 mm showed the lowest (77%). 
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Figure 3.1. Percent survival after completion of the SOS test for both 

treatments and the length groups. ± 1 SE. 
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When the recovery test method was assess separately, the logistical 

regression showed that there was a significant difference between the non

harvested group and the harvested group, as well as between sizes, there 

was also a significant interaction term (Table 3.2). The non-harvested group 

had a lower survival rate compared to the treatment group (Fig. 3.2), however, 

the effect of length was dependant on the scallop treatment. The survival rate 

of scallop spat increased as length increased (Fig. 3.3). Of the spat that had 

been though the harvest process 27 and 30 mm had the highest survival (100 

± 0%). The 12 mm spat showed the lowest survival for both the harvest and 

non-harvest groups, 72 ± 5.83% and 18.67 ± 7.64% respectively. 

100 

90 

80 

70 

co 60 > -::;: 
50 I-

::::l 
(/) 

::R 0 40 

30 

20 

10 

0 
Non-harvest Harvest 

Treatment 

Figure 3.2. Overall mean survival rate for primary spat after 7 weeks 

recovery for the two treatments. ± 1 SE. 
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Figure 3.3. Mean survival rate for all primary spat length groups after 7 

weeks recovery. ±1 SE. 

Table 3.1. Summary table of the generalised linear model for the 

comparison of the different assessment methods (SOS and recovery) for 

primary spat. 

Predictor OF Oev. Res. Res.OF Oev. P-value 

Primary sQat 

Method 1 749.26 1780 1704.49 <0.001*** 

Treatment 1 57.84 1779 1676.65 <0.001*** 

Length 1 44.23 1778 1632.47 <0.001*** 

Method x Treatment 1 38.61 1777 1593.8 <0.001 *** 

Method x Length 1 68.09 1776 1525.72 <0.001 *** 

Treatment x Length 1 3.22 1775 1522.5 N/S 

Method x Treatment x 1 0.97 1774 1521.53 N/S 

Length 
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Table 3.2. Summary table of the logistical regression for the separate SOS 

and recovery analyses, for primary spat. 

Predictor OF Oev. Res. Res.OF Oev. P-value 

SOS 

Treatment 1 1.77 898 741.55 N/S 

Length 1 2.21 897 739.33 N/S 

Treatment x Length 1 0.47 896 738.86 N/S 

Recovery 

Treatment 1 65.4 880 895.78 <0.001*** 

Length 1 109.39 879 786.39 <0.001*** 

Treatment x Length 1 3.72 878 782.67 <0.05* 

3.3.2 Secondary Juvenile Scal/ops 

Immediately After Harvesting 

There was no comparison between methods in this section because the data 

were collected at different times and under different conditions. 

Stress on Stress Test 

The data were divided into two groups, for early season and late season data. 

The percent survival on completion of the SOS test for group 1 ranged 

between 10-100%, and group 2, 33-100%. The logistical regression model 

showed no significant difference between experimental days for group 1, 

however there was a significant difference between the lengths, and a 

significant interaction term. The effect of length was dependent on the group, 

as shown by the significant interaction term. Group 2 data showed a 

significant difference between the days and the length, however there was no 

significant interaction term (Table 3.3). Smaller scallops had a higher rate of 



Chapter three: Stress and recovery tests 42 

survival on completion of the SOS test than the large spat for group 1. 

Scallops that were 15 mm in length had the highest survival rate and 40 mm 

had the lowest survival rate, 100 ± 0% and 21.01 ± 8.94% respectively (Fig. 

3.4). Group 2 data showed the same trends for size as group 1 (Fig 3.5). 25 

mm scallops showed the highest survival rate on the completion of the SOS 

test compared to 45 mm which showed the lowest survival rate, 91.67 ± 

8.33% and 50.84 ± 9.06% respectively. 

Table 3.3. Summary table of SOS logistical regression analysis for 

samples collected during the secondary harvesting process directly after 

release from the dredge. 

Predictor OF Oev. Res. Res.OF Oev. P-value 

SOS 

GrouQ 1 

Within group 1 0.63 1035 1285.82 N/S 

Length 1 59.54 1034 1226.28 <0.001 *** 

Group x Length 1 32.25 1033 1194.02 <0.001 *** 

GrouQ 2 

Within group 1 50.41 697 694.28 <0.001 *** 

Length 1 5.72 696 688.55 <0.05* 

Group x Length 1 0.3 695 688.25 N/S 

Recoverv 

Within group 1 3.76 572 182.89 <0.01 ** 

Length 1 10.87 571 172.02 <0.01 ** 

Group x Length 1 0.161 570 171.86 N/S 
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Recovery Test 

The percent recovery ranged from 0-100% over the whole experimental 

process. There was a significant difference between different collection days 

as well as between length classes. There was no significant interaction term. 

The overall survival rate was highest on the first sampling day (26.09.01) and 

the last sampling day (31.10.01) 98% and 95% respectively. Survival was 

lowest on the middle day (19.10.01) with 19% mortality. The survival then 

increased on the final day to 95% (Fig. 3.6). The length factor showed a 

decrease in survival as length decreased. The highest survival recorded was 

100% by the 50 mm length group. There was a gradual decrease in survival 

to 27 mm (92%), and then a large drop to 50% survival by length group 25 

mm (Fig. 3.7). 
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Figure 3.4. Percent survival on completion of the SOS test, for group 1 of 

the secondary juvenile scallops. ± 1 SE. 
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Figure 3.5. Percent survival on completion of SOS test, for group 2 of the 

secondary juvenile scal/ops. ± 1 SE. 
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Figure 3.6. Overall survival after 2 weeks recovery, when collected directly 

after release from the dredge for secondary juvenile scallops. ± 1 SE. 
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Figure 3.7. Percent survival after 2 weeks recovery for secondary juvenile 

scallops, directly after release from the dredge. ± 1 SE. 

The stress on stress test suggested that as length increased so to did 

mortality (Fig. 3.4, 3.5), however, the recovery test suggested that the as 

length increased the mortality decreased (Fig. 3.7). By comparing these three 

graphs it is evident that there was an opposite trend in the data occurring for 

the two assessment methods 

Aerial exposure 

On three days, the stress on stress test and the recovery test were used 

Simultaneously to compare results for the different experimental methods. 

Day 1 - 11.09.01 

Scallop survival ranged from 50-100% for 0 hours aerial exposure to 16.6-

100% for 10 hours exposure for the SOS test method. The recovery test 

method recorded survival between 93-100% at 0 hours aerial exposure and 
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33.3-100% for 10 hours exposure. The general linear model showed that 

there was a significant difference between the methods used and also the 

treatments. However, there was no significant difference in the length 

classes. There were two significant interaction terms, method and treatment 

and method al1d_.lengt~ {T~ble 3.A)'. Th~ first .interflction indi<?ated that again 
:' ,..; " ; '. " ; .' '., 1 : r.. '."~ll ~ ';'."" -. ... , - .;, ~: -"', ,-' ' I < Ii. r '-',' -, • 

the SOS test method estimated mortality higher than the recovery test 

method. The second interaction plot indicated that the effect of length was 

depended on the assessment method (Fig 3.8). 
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Figure 3.8. Percent survival of each length group for both assessment 

methods (SOS and recovery) for day 1 - 11.09.01. Note: there was no data 

for SOS 22 mm. ± 1 SE. 

When the SOS test method was analysed separately there was a significant 

difference in the survival rate over increasing exposure time and over the 

different length classes, there was no significant interaction term (Table 3.5). 

As exposure time increased, the percent survival decreased (Fig. 3.9). The 

highest percent survival occurred at 3 hours exposure (80%), then decreased 

to 55% at the maximum exposure time of 10 hours. The survival rate also 

decreased with an increase in scallop length. 25 mm scallops showed 100% 
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survival, with the lowest survival shown by 45 mm scallops (55%). Survival 

then increased to 100% survival for 50 mm scallops (Fig. 3.8). 

The difference in survival between the exposure times were significant, as 

was length, however, there was no significant interaction term when the 

recovery test method was analysed separately (Table 3.5). The highest mean 

survival rate (99%), occurred at 0 hours aerial exposure and there was a 

gradual decline to 96% at 5.25 hours. Survival then dropped 24% to 72% at 

10 hours exposure (Fig. 3.9). 100% survival was recorded for 22 and 50 mm 

juvenile scallops. 25 mm juvenile scallops had the lowest survival at 78%, the 

remainder of the length classes ranged between 88-91 % (Fig. 3.8). 
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Figure 3.9. Overall survival with increasing aerial exposure time on day 1 -

11.09.01, note that there is no data for recovery 6:30. 
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Table 3.4. Summary table of the general linear model comparing the two 

assessment methods (SOS and recovery) for increasing aerial exposure. 

Predictor DF Dev. Res. Res. DF Dev. P-value 

11.09.01 

Method 1 168 1511 1207.66 <0.001 *** 

Time 1 109.67 1510 1097.99 <0.001 *** 

Length 1 0.6 1509 1097.37 N/S 

Method x Time 1 34.49 1508 1062.9 <0.001 *** 

Method x Length 1 10.21 1507 1052.69 <0.001 *** 

Time x Length 1 0.19 1506 1052.5 N/S 

Method x Time x Length 1 0.7 1505 1051.8 N/S 

14.09.01 

Method 1 112.3 1434 805.42 <0.001 *** 

Time 1 7.81 1433 797.61 <0.01 ** 

Length 1 0.31 1432 797.29 N/S 

Method x Time 1 8.12 1431 789.17 <0.001 *** 

Method x Length 1 6.87 1430 782.3 <0.01 ** 

Time x Length 1 0.2 1429 782.1 N/S 

Method x Time x Length 1 0.77 1428 781.33 N/S 

25.09.01 

Method 1 8.84 1559 1238.86 <0.001*** 

Time 1 65.56 1558 1173.3 <0.001 *** 

Length 1 25.83 1557 1147.47 <0.001*** 

Method x Time 1 1.45 1556 1146.02 N/S 

Method x Length 1 15.99 1555 1130.03 <0.001 *** 

Time x Length 1 0.1 1554 1129.94 N/S 

Method x Time x Length 1 2.98 1553 1126.96 N/S 
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Table 3.5. Summary table of the logistical regression for the separate SOS 

and recovery analysis for aerial exposure on day 1 - 11.09.01. 

Predictor OF Dev. Res. Res. OF Dev. P-value 

SOS 

Time 1 39.11 497 60B.7 <0.001 *** 

Length 1 7.05 496 601.65 <0.01 ** 

Time x Length 1 0.54 495 601.11 N/S 

Recovery 

Time 1 105.1 1012 454.76 <0.001 *** 

Length 1 3.71 1011 451.04 <0.05* 

Time x Length 1 0.35 1010 450.69 N/S 

Day 2 - 14.09.01 

The percent survival was between BO% and 100% for 0 hours exposure and 

67% to 100% for 6.5 hours exposure for both of the assessment methods. 

There were significant differences between the assessment method and 

exposure time, there was no significant difference between lengths. There 

were two significant interaction terms, method by time and method by length 

(Table 3.4). The first interaction indicated that the SOS method again 

estimated higher mortality than the recovery method (Fig 3.10). The second 

interaction indicated that the effect of length was dependent on assessment 

method (Fig 3.11 ). 
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Figure 3.10. Overall survival for increasing exposure time on the day 2 -

14.09.01, for secondary juvenile scallops. 
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Figure 3.11. Percent survival for each length group, for secondary juvenile 

scallops, on day 2 - 14.09.01. Note no data for SOS 20, 22 mm, and recovery 

50 mm. ± 1 SE. 
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When the SOS test method was analysed separately, there was a significant 

difference in the percent survival for the exposure time and length classes, 

however, there was no significant interaction term (Table 3.6). There was a 

decrease in overall survival as the exposure time increased, 83% at 0 hours, 

with the lowest survival occurring at 5 hours exposure with 67% survival. 

However, there was a slight increase in survival at the maximum exposure of 

6.5 hours to 81 % (Fig. 3.10). Survival decreased as length increased, 25 mm 

(100%) and 40 mm (69%). There was then a slight increase in survival to 

86% for 50 mm scallops (Fig 3.11 ). 

There was a significant difference in the survival rate with increasing exposure 

time, however there was no significant difference between the length groups 

or a significant interaction term for the recovery test (Table 3.6). There was a 

gradual decline in the survival rate of juvenile scallops as the exposure time 

increased. At 0 hours survival was 98% and at the maximum exposure of 6.5 

hours survival was at 92% (Fig. 3.10). Three of the length groups (20, 22, 45 

mm) recorded 100% survival throughout the whole exposure period. All of the 

length groups between these groups had mortality between 7-3% (Fig 3.11). 

Day 3 - 25.09.01 

Survival ranged from 95-100% for 0 hours exposure and 50-100% for 10 

hours exposure for the SOS test assessment method. There was high 

variability in the survival rates for the different groups in the recovery test 

experiment. The recovery test had mortality ranging between 0-100% for 0 

hours exposure, and 50% to 100% for 10 hours exposure. There was a highly 

significant difference between the two methods, time and the length, there 

was also a significant method by length interaction term (Table 3.4). The 

interaction plot indicated that the effect of length was dependant of the 

assessment technique used (Fig 3.12). 
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Table 3.6. Summary table of the logistical regression for the separate SOS 

and recovery analysis for aerial exposure on day 2 - 14.09.01. 

Predictor OF Dev. Res. Res. OF Dev. P-value 

SOS 

Time 1 27.36 497 589.4 <0.001 *** 

Length 1 6.58 496 582.81 <0.01 ** 

Time x Length 1 0.1 495 582.72 N/S 

Recovery 

Time 1 15.48 1033 348.53 <0.001*** 

Length 1 3.09 1032 345.44 N/S 

Time x Length 1 0.25 1031 345.19 N/S 
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Figure 3.12. Percent survival for each length group, for secondary juvenile 

scallops on day 3 - 25.09.01. Note there was no data available for recovery 

22 mm or SOS 25 and 20 mm (there was 0% survival for recovery 20 mm). ± 

1 SE. 



Chapter three: Stress and recovery tests 53 

There was a significant exposure effect but no significant length or interaction 

effects for the SOS test method (Table 3.7). Survival was 96% at 0 hours 

exposure, this decreased to a minimum of 72% at 10 hours exposure (Fig. 

3.13). For the length groups survival starts at 100% for 25 mm scallops, it 

then decreased to 76% for 30 mm scallops. The survival then began to rise 

again and was 100% for 50 mm scallops (Fig. 3.12). 

The recovery test data analysis showed that there was a highly significant 

difference between the exposure times and the length groups, however, there 

was no significant interaction term (Table 3.7). The overall survival after 

increasing exposure time decreased. At 0, 2 hours exposure, mortality was 

5%, this then increased to 8% at 4 hours exposure. The mortality continued 

to increase and was 23% at 10 hours exposure (Fig. 3.13). There was a 

decrease in survival as length decreased. Survival was 100% for 50 mm 

scallops, this gradually decreased to 89% for 35 mm scallops. There was 

then a larger decrease to 63% for 30 mm, 20 mm scallops had the lowest 

survival at 0% (Figure 3.12). 

Day 1 and 2 have the same aerial exposure periods. The recovery test 

experiment method assesses survival for both days as within 1 % of each 

other for each of the exposure times, whereas the SOS experiment method 

assess survival for the both days with the same exposure time between 6-8% 

of each other (Table 3.8). 
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Figure 3.13. Overall survival for increasing exposure time on day 3 -

25.09.01, for secondary juvenile scallops. 

Table 3.7. Summary table of the logistical regression for the separate SOS 

and recovery analysis for aerial exposure on day 3 - 25.09.01. 

Predictor OF Dev. Res. Res. OF Dev. P-value 

SOS 

Time 1 18.33 493 441.92 <0.001 *** 

Length 1 0.01 492 441.91 N/S 

Time x Length 1 1.32 491 440.6 N/S 

Recoverv 

Time 1 48.41 1064 730.2 <0.001 *** 

Length 1 42.08 1063 688.12 <0.001 *** 

Time x Length 1 1.76 1062 686.36 N/S 
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Table 3.8. Comparison of the percent survival for Day 1 and 2 over the 

different exposure times for both experimental techniques. 

Exposure time % survival - Day 1 % survival- Day 2 Difference (%) 

SOS test 

00:00 

3:00 

5:15 

6:30 

10:00 

Recoverv test 

00:00 

3:00 

5:15 

6:30 

10:00 

3.4 DISCUSSION 
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98 

98 

96 

N/A 

72 

83 

73 

67 

81 

N/A 

99 

97 

95 

92 

N/A 

6 

7 

8 

6 

N/A 

1 

1 

1 

N/A 

N/A 

The SOS test was designed to assess differences in stress levels between 

groups, and it did this successfully. However, once the differences in stress 

levels had been assessed there was no way of relating findings to what might 

occur in the natural environment. Mortality in laboratory conditions was 

assessed by the recovery experiment. The recovery method was then used 

to see if the results given by the SOS chamber could be related to actual 

mortality in the natural environment. 

Throughout the experimental process the SOS test and the recovery method 

produced similar trends in overall mortality through time. However, the trends 

shown in the length classes were conflicting. The SOS test produced results 

that suggested the largest spat were less 'fit' than small spat, whereas the 
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recovery experiment results suggested that small spat had greater mortality 

than the large spat. The two methods appeared to be assessing the length 

groups differently. 

The SOS method was based on work carried out by Viarengo et al. (1995). 

He worked on mussels, which are intertidal bivalves and naturally adapted to 

withstand prolonged periods of emersion (days). Viarengo et al. (1995) 

assumed that mussels that are more stressed, through exposure to pollutants, 

would die quicker in aerial exposure than control individuals. The individuals 

were subjected to days of aerial exposure, until 100% mortality was reached 

in his study. 

The method used in the present study, which was developed by Day (1999), 

was run over a much shorter time period of 3 hours compared to Viarengo et 

al. (1995) where the experiment was run for a period of 12 days. The shorter 

testing period used in the current study may have affected the length class 

results. Scallops lack natural adaptations to aerial exposure and individuals 

are more likely to succumb quicker to aerial exposure than mussels. Also, 

scallops may react to the aerial stress in different ways than mussels. In 

observations made during this study, scallops that were classified as 'dead' 

after the SOS test were not necessarily so. Gaping scallops with small 

muscle contractions were able to recover completely after 24 hours when 

place back into seawater without the presence of predators. Wood (1999) 

reported that when Pecten maxim us had been exposed to air for more than 

12 hours observations were made which showed wide gaping and scallops 

that were impassive to touch. However, 24 hours after they had been 

returned to seawater the scallops had recovery to a normal state. Which is 

similar to the observations made in the current study. A stress test on P. 

maximus tested by Maguire et al. (1999a), used decreased salinity as the 

stress test rather than aerial exposure, aerial exposure was used to cause 

stress. They also ran the stress test for a longer time period (2 weeks) than 

the current study, and a freshwater test for 2 hours. Maguire et al. (1999a) 

stated that when a desiccation stress at 19°C was applied to P. maxim us prior 

to the stress test in reduced salinity, some individuals died during the 12 hour 
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exposure period. These scallops were acclimated to 15°C. The temperature 

of the SOS test in the current study was 20°C, for P. novaezelandiae 

acclimated to a similar temperature. Therefore, it is unlikely that in a test 

period of 3 hours (current study) there would be any 'real' deaths in tested 

scallops. 

Another possible explanation for the difference in results for the two 

assessment methods maybe in the way the scallops were tested for mortality 

during the stress on stress test. When mortality observations were made the 

top valve of the scallop was pushed shut, if the scallop could hold their valves 

closed the scallop was classified as alive, if not, they were classified as dead. 

When the smaller scallops were pushed shut a 'suction' like action occurred 

which helped to hold the valves together. This was not observed in larger 

individuals. If this was the case there could have been a bias in favour of the 

smaller individuals during the assessment of mortality. Although, it seems 

unlikely that this could have been the case throughout the entire experimental 

process. 

3.4.1 Primary Scallop Spat 

The results obtained by the SOS method in this section were inconclusive, 

however, there was a clear pattern shown by the recovery method. In the 

behaviour section prior to this, I have shown that the larger P. novaezelandiae 

scallop spat were better able to with stand the primary harvesting process. 

Fleury et al. (1996) determined that medium sized individuals (30 mm) were 

better at righting than smaller individuals after reseeding. This supports the 

findings here, by the recovery method, that the larger scallop spat (>20 mm) 

had a higher survival than the smaller spat during the primary harvesting 

process. 

3.4.2 Secondary Juvenile Scallops 

Assessment of juvenile scallop 'health' directly after release from the dredge 

may be effected by the tow length. Two separate experimental methods were 
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used to assess juvenile scallop 'health', the stress on stress test and the 

recovery test. Although statistical analysis was not possible to compare the 

two assessment methods (SOS and recovery) for this section, it was evident 

by looking at the three graphs (Fig. 3.4, 3.5, 3.7) that they assessed the 

fitness of the length groups differently. The SOS test suggested that the 

smaller juvenile scallops had better survival after the dredging process. 

However, the recovery test suggested that the larger individuals were 

healthier. Jenkins et al. (2001) found that medium sized (30 mm) P. maximus 

scallops were healthiest after a simulated dredging period. The recovery test 

gives results closest to Jenkins and Brand (2001) results. Possible reasons 

for the opposite results between the SOS and recovery method have been 

outlined above. 

In the current study juvenile scallops (P. novaezelandiae) were emersed for 

varying time periods. The length of time of aerial exposure has a direct effect 

on juvenile scallop 'health' and was a function of transport time. The same 

two experimental methods were used to assess 'health' for increasing aerial 

exposure. All of the comparisons between the two experimental methods 

showed that the overall percent survival for increasing aerial exposure were 

similar. However, when each of the methods were examined closely, the 

percent survival for each of the length groups showed opposite trends (Fig. 

3.8, 3.11, 3.12). 

Transportation of juvenile scallops in Golden and Tasman Bay can range from 

3 to 18 hours. It was because of this variation in aerial exposure that it was 

important to assess survival for varying transport times. Transport for up to 

10 hrs was possible with percent survival estimated to be between 72-77% 

(recovery) and 'fitness' estimated to be between 55-77% for the SOS 

assessment method for juvenile scallops between 20-50 mm. This was 

supported by Christophersen (2000) who showed that transport of great 

scallop spat (P. maximus) was possible for up to 12 hours with mortality 

between 90-100%. In the current study survival between 81-92% for the 

recovery assessment method was possible for transport up to 6.5 hours. The 

'fitness' level from the SOS method was between 78-81 %. 
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Jenkins et al. (2001) found no difference in the effect of dredge simulation on 

large compared to small juvenile scallops. In the present study there was a 

length effect, however, because of the conflicting evidence from the two 

experimental methods it was unclear which length class had the best health. 

The SOS method was still in the relatively early stages of development at the 

time of experimentation and it appears that further experiments are needed to 

further assess the method and what differences it is resolving between length 

classes. The replacement of the great scallop (P. maximus) back into 

seawater and checking for growth and mortality at a later date has been used 

often in the assessment of stress (Christophersen, 2000; Christophersen and 

Magnesen, 2001; Laing, 2002). Thus, the recovery experiment results will be 

used when making recommendations for CSEC on the preferred target for 

secondary seeding. 

Although the primary function of the secondary harvest was to decrease the 

density of scallops in the primary harvest area. CSEC also transported a 

large number of juvenile scallops long distance to the Marlborough Sounds 

and Golden Bay. If an optimal length range can be determined, the company 

could transport the most appropriate length classes over these long distance 

trips. Currently, the long distance transport is carried out early in the 

secondary harvest season when juvenile scallops are smallest. If we use the 

results of the recovery method only, the larger scallops (at least >30 mm) 

would be most appropriate to transport long distance in the future. 
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CHAPTER FOUR 

GLYCOGEN CONTENT AND CONDITION INDEX 

4.1 INTRODUCTION 

Vigorous swimming when escaping from predator pressure or poor 

surrounding conditions requires energy reserves (Kleinman et al. 1996). The 

importance of the adductor muscle in the storage of these energy reserves 

has been related to the need for readily available energy for locomotion (Epp 

et al. 1988). The energetic cost of swimming is high in the short term 

(Wilkens, 1991) but has been shown not to impact on long term growth 

(Kleinman et al. 1996). The effect of swimming is evident by the period of 

non-response or exhaustion, which follows a swimming episode (Gade et al. 

1978; Baldwin and Lee, 1979). The end product of anaerobic metabolism 

during swimming in bivalves is octopine instead of the more common end 

product lactate (Grieshaber, 1978). 

Carbohydrates, especially glycogen, are the primary energy source for 

anaerobic metabolism in scallops, this includes periods of high activity and 

during aerial exposure. During the valve snap response, glucose and 

glycogen is the only energy source used (de Zwaan et al. 1980). Different 

portions of the adductor muscle control the different response movements, the 

phasic (striated) portion is responsible for the rapid movements associated 

with valve 'clapping'. The smooth or catch portion is responsible for valve 

closure (de Zwaan et al. 1980). During rapid adductions of the muscle, 

increases in several physiological processes including increased in cardiac 

output occurs (Jenkins and Brand, 2001). However, the physiological 

response does not supply the adductor muscle with the required oxygen, 

resulting in anaerobic glycolysis during adductions. The by-product, octopine, 

produced during this process that cause exhaustion following a swimming 
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bout. Normal physiological functions do not return for several hours after a 

swimming episode (Baldwin and Lee, 1979; Bricelj and Shumway, 1991). 

Exogenous factors such as, food availability and temperature, as well as 

endogenous factors such as, reproductive demands, all effect the biochemical 

composition of marine bivalves (Saout et al. 1999; Lodeiros et al. 2001). 

Several previous studies have reported cycles of biochemical composition 

due to the reproductive cycle with fluctuations in lipid and carbohydrate 

content (Pazos et al. 1997; Racotta et al. 1998; Lodeiros et al. 2001; Ruiz

Lodeiros et al. 2001). Barber and Blake (1991) reported that during gonadal 

development, there was an increase in the gonad lipid content, with a 

subsequent decrease in the size of the adductor muscle associated with a 

reduction in the glycogen and protein contents. Scallops can store nutrient 

reserves during periods of high food supply in body tissue and mobilise them 

during times of low food supply and gamete development (Epp et al. 1988). 

Shell and tissue growth are two components that make up overall scallop 

growth, both of these usually complement each other (Kleinman et al. 1996). 

By using a condition index that measures the relationship between the two, 

overall condition may be assessed. Condition may be effected by such things 

as seasonal variation in food availability, the reproductive cycle and patterns 

of energy storage and mobilisation (Cigarria, 1999). 

The aim of this section in the current study was to assess the level of energy 

reserves in the form of glycogen available to the primary spat and secondary 

juvenile scallops after they had been through the primary and secondary 

harvest process. Overall condition was also assessed. 
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4.2 MATERIALS AND METHODS 

4.2.1 Sample Collection 

Primary scallop spat samples were taken during the March 2002 primary 

harvest, either from the submergence system 0-20 minutes after the harvest 

process (treatment), or directly from spat collecting bags immediately after 

being cut from the droppers (control) (refer section 2.2). 

The secondary juvenile scallop samples were collected immediately after 

release from the dredges. All samples were frozen immediately, for 

biochemical analysis and condition index assessment, in plastic bags. When 

placed into the freezer care was taken spread the sample out to ensure they 

were frozen as quickly as possible. Samples were frozen at -20°C until 

analysis took place. Storage length was between 2-6 months. 

4.2.2 Glycogen and Lipid 

Lipid and glycogen analysis followed the method used by Allen (2000). Both 

glycogen and lipid were measured from the same sample, which consisted of 

two whole homogenised individuals from the same length group. The length 

groups consisted of the following: 8-10, 11-12, 13-15, 16-17, 18-20, 21-22, 

23-25,26-27,28-30,31-35,36-40 and 41-45 mm. There were 10 replicates 

of each length group analysed. A D-glucose kit (Boehringer Mannheim) from 

Scientific Supplies was used to measure glycogen. The tissue was weighed 

prior to the addition of 2.5 mL of 1 M H2S04 , which was then homogenised 

using an Ultra Turrex tissumizer for approximately 1 minute. A further 2.5 mL 

of 1 M H2S04 was added and mixed for a further 30 seconds. For the lipid 

analysis, 3 mL was removed from the original homogenate and placed into 

lipid analysis test tubes. These samples were stored on ice for further 

analysis. 

The remaining homogenate was centrifuged for 20 minutes at 5°C. 2 mL of 

supernatant ('sample') was pipetted into two eppendorf tubes. One eppendorf 
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tube was placed on a heating block at a temperature of 95°C while the other 

was placed on ice for 4 hours. 

After 4 hours 1 OO~L of 10M NaOH was added to both samples, they were 

then centrifuged for 10 minutes at full speed in a fixed angle rotor. From the 

D-Glucose test kit, 500~L of Solution 1 was placed into a cuvette with the 

following; 50~L of the sample solution, 950~L of distilled water and finally 

1 O~L of Suspension 2 was added to start the reaction. The sample was 

mixed and left for 10 minutes in order for a reaction to occur. 

The final volume of the homogenate was not measured during the procedure, 

therefore three extra samples were homogenised and averaged to give an 

approximate volume for each of the length groups. 

Absorbencies were measured at 340 nm in a Shimadzu 1602 UV-Visible 

spectrophotometer, with an extinction value of 6.3 [1 x mmor1 x cm-1
]. The 

glucose concentration was calculated by the following equation: 

Where: V 

v 

MW 

d 

£ 

C = V x MW x f.A [g/l] 
£ x d x v x 1000 

= 

= 
= 

= 

= 

= 

final volume (ml) 

sample volume (ml) 

Eqn.4.1. 

molecular weight of the substance to be 

assayed (g/mol) 

light path (cm) 

extinction coefficient of NADPH 

change in absorbencies 
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The glycogen content was then calculated using the following equation: 

% glycogen = 

Where: C glycogen = 

C tissue = 

C glycogen (gil) 
x 100 

C tissue (gil) Eqn.4.2. 

the difference between the heated and the 

iced sample 

the tissue concentration (100g/l) 

The lipid was extracted using a modified method of Bligh and Dyer (1995). 5 

mL of the extraction solvent (2:1 chloroform: methanol) was added to the 3 

mL sample and mixed using a vortex mixer for 1 minute. This ensured that 

the lipids would be absorbed into the water insoluble chloroform. Once 

mixed, the samples were centrifuged for 10 minutes at 5°C. 

Once centrifuged the top layer containing the methanol was removed using a 

pasteur pipette and discarded. 2 mL of the bottom layer containing the mixed 

chloroform/lipid layer was removed and placed into a pre-weighted sloping

bottom test tube. Samples were dried for approximately 45 minutes in a warm 

water bath using a steady stream of nitrogen. The test tube was then 

reweighed to give the lipid residue. Lipid was calculated as: 

[L residue (mglml) x V chloroform (ml) 
% lipid = _______________ x 100 

C tissue Eqn.4.3. 

Where: L residue = lipid residue 

V chloroform = initial volume of chloroform added to the 

sample 

C tissue = tissue concentration (100 mg/I) 

4.3.3 Condition Index 

The length of whole wet scallops were measured prior to being separated into 

the shell and meat. Once separated the shell and meat were placed into pre-
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weighed drying dishes and then dried at 60°C for 30 hours. After drying was 

complete the samples were then reweighed. The condition index was then 

determined using the formula below, which was developed by Walne and 

Mann cited in Crosby and Gale (1990). 

CI = Dry soft tissue weight (g) x 100 

Dry shell weight (g) Eqn.4.4. 

Statistical analysis 

Glycogen concentrations and condition index were both tested for normality 

using the Ryan-Joiner normality test. Both the primary scallop spat percent 

glycogen data and the secondary juvenile scallop condition data were log 

transformed to give a normal distribution. An ANOVA was used to test for any 

statistical differences between groups. 

performed in Minitab ™ 13.1. 

4.3 RESULTS 

4.3.1 Lipid 

Statistical manipulations were 

The initial lipid analysis readings for the secondary juvenile scallops were 

smaller than the measurement error and were therefore deemed inconclusive. 

Lipid analysis was then emitted from the remainder of the study (Table 4.1). 
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Table 4.1. Mean lipid content of juvenile scallops from the secondary 

harvest. 

4.3.2 

4.3.2a 

Length (mm) 

22-25 

26-27 

28-30 

31-35 

Glycogen 

Primary Scallop Spat 

Lipid content (g) 

0.004 ± 0.002 

0.006 ± 0.001 

0.007 ± 0.001 

0.006 ± 0.001 

The glycogen content of the primary scallop spat was very low, it ranged from 

0.01-0.29% for the non-harvest group and 0.01-0.28% for the harvest group. 

The range of glycogen found in the length groups are reported in table 4.2. 

There was no significant effect of the treatment, however, there was a 

significant effect of shell length (Table 4.3). The non-harvest group had a 

higher percent glycogen content than the harvest group, 0.08 ± 0.01 % and 

0.07 ± 0.01 % respectively. The post hoc test showed that the smaller spat 

had significantly higher levels of glycogen. The middle length groups were 

lowest with an elevation in content for the larger spat (Fig. 4.1). The highest 

percent glycogen content was found in 10 mm spat (0.11 ± 0.03%), with 20 

mm spat containing the least (0.05 ± 0.02%). Estimates of glycogen content 

for dry weight remained low (0.11-2.6%) every length group inclusive. 

4.3.2b Secondary Spat 

The percent glycogen found in the secondary juvenile scallops ranged from 

0.13-0.28% (wet weight). An estimate of the glycogen content for dry weight 

was 0.7-1.4%. There was no significant difference in percent glycogen 

between length groups. Scallops of the length group 25 mm have the highest 

percent glycogen content and 22 mm have the lowest, 0.24 ± 0.01 % and 0.19 

± 0.02% respectively, although neither was significantly different from the rest 

(Fig 4.2). 
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Table 4.2. Ranges of glycogen content for each length class during the 

primary harvest. 

Length (mm) 

8-10 

11-12 

13-15 

16-17 

18-20 

21-22 

23-25 

26-27 

28-30 

Range Glycogen Content 

0.02-0.28 

0.03-0.29 

0.02-0.17 

0.01-0.13 

0.01-0.15 

0.01-0.14 

0.02-0.15 

0.02-0.18 

0.04-0.14 

Table 4.3. Summary table of ANOVA for percent glycogen content (wet 

weight). 

Source of Degrees of Means F P 

variation freedom squared 

Primary sQat 

Log (y) 

Treatment 1 0.173 1.68 N/S 

Size 8 0.2 2.14 <0.05* 

Secondary 

sQat 

Size 5 0.002 1.17 N/S 
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Figure 4.1. Percent glycogen of primary harvest scallop spat. 30 mm 
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Figure 4.2. Percent glycogen for juvenile scallop collected during the 

secondary harvest. ± SE. 
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4.3.3 Condition Index 

4.3.3a Primary Spat 

The condition index had high variability within each of the treatment groups, 

3.39-17.74 and 2.94-12.17, for the non-harvest and harvest groups 

respectively. The small length groups had higher variation than the large 

length groups, the ranges are as follows; 12 mm (2.94-17.74), 15 mm (3.60-

16.33), 17 mm (4.43-11.42), 20 mm (5.16-12.96), 22 mm (6.43-14.46) and 25 

mm (8.17-12.17) (Fig 4.3). The one way ANOVA showed a significant 

difference between the harvest and non-harvest groups but no significant 

difference for the length effect (Table 4.4). The post hoc test showed that the 

harvest scallop spat had a lower condition index than the non-harvest scallop 

spat, 8.24 ± 0.39 and 9.86 ± 0.40 respectively (Fig 4.4). The 25 mm spat had 

the highest condition index and 15 mm the lowest, 9.97 ± 0.52 and 8.41 ± 

1.14 respectively. There was a general increase in the condition index as 

length increase (Table 4.5). 
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Figure 4.3. Scatter plot of condition index variability with length for primary 

harvest scallop spat. 
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Figure 4.4. Mean condition index for the harvest (treatment) and non

harvest (control) groups, letters show groups that are similar. ± SE. 

Table 4.4. Summary ANOVA table for condition index. 

Source of Degrees of Mean square F P 

variation freedom 

Primary sQat 

Treatment 1 77.08 9.08 <0.01 ** 

Length 5 6.44 0.076 N/S 

Treatment x Length 5 10.76 1.27 N/S 

Secondary sQat 

Log (y) 

Length 5 83 0.8 N/S 
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Table 4.5. Summary table of mean condition index for primary spat. 

4.3.3b 

Factor 

Harvest 

Non-harvest 

Length (mm) 

10 

12 

15 

17 

20 

22 

25 

27 

30 

Secondary Spat 

Mean Condition Index 

8.24 ± 0.39 

9.86 ± 0.40 

8.84 ± 0.90 

8.43 ± 1.77 

8.41±1.14 

8.84 ± 0.79 

9.15 ± 0.52 

9.72 ± 0.69 

9.97 ± 0.52 

9.55 ± 0.33 

9.36 ± 0.311 

71 

The condition index ranged from 11.21-51.90 over all of the measured length 

groups (Fig. 4.5). The ANOVA showed that there was no significant 

difference between the length groups (Table 4.4). The lowest condition index 

was recorded by 30 mm and the highest was 45 mm, 20.85 ± 2.36 and 28.19 

± 2.67 respectively. The 30 mm juvenile scallops had the lowest condition 

index (21.52) (Fig 4.6). 



Chapter four: Glycogen content and condition index 72 

0.6 

0.5 • • 
• • • • x 0.4 <L> 

"0 
C 

c 0.3 0 
E 
"0 
C 
0 0.2 () 

0.1 

• • • • • • • • • • • • • • . : • • • ••• • ~ . • • • •• • • • • • \.... . • . ,.:. ... ~ . • • 

0 
0 2 4 6 8 10 

Weight 

Figure 4.5 Scatter plot of condition index variability with length for 

secondary juvenile scallops. 
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4.4 DISCUSSION 

4.4.1 Glycogen and Lipid 

The glycogen content in P. novaezelandiae scallop spat tissue was very low 

for both the harvest and non-harvest individuals. This was also the case for 

the secondary juvenile scallops. The percent of glycogen did not increase 

above 0.29% per gram of wet weight for any of the groups. Maguire et al. 

(1999a) found that the glycogen level in separated adductor muscle was low 

(up to 24%) suggesting that the findings in the current study are exceptionally 

low. However, Wood (1999) found that seeded scallops, which had 

experienced aerial exposure, had glycogen as low as 2% of the total dry 

tissue weight. Gallager and Mann (1981) as cited in Farias et al. (1998) 

suggested that in adverse rearing conditions the utilisation of biochemical 

components in relation to energy metabolism was affected, thus providing a 

possible explanation to the very low glycogen levels found in the current 

study. 

The analysis used in the current study included the whole scallop, therefore, 

the percent glycogen was of the whole scallop not the adductor muscle as in 

many other studies. Previous findings in a study conducted by Lu et al. 

(1999), showed the glycogen content of juvenile scallops to be as high as 

7.3% (~g ind-\ dry weight) for 5.8 mm scallop spat of Argopecten irradians 

concentricus. Findings by Farias et al. (1998) were similar to these, 6.6 to 

10.3% carbohydrate for scallop spat between 3 and 57 days in age. The 

glycogen content of the oyster Crassostrea gigas was reported to be between 

3.5 and 24.9% (dry weight) by Kang et al. (2000) and 6.4 and 28.8% (dry 

weight) by Almeida et al. (1999), which was similar to that found in scallop 

spat. 

There may be several attributing factors to the low glycogen content found in 

this study. Sampling was conducted during the summer when food availability 

was low for the primary harvest scallop spat and thus glycogen production 
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and storage could also have been low (de Mattio et al. 2001). Garcia

Esquivel et al. (2000) and Kang et al. (2000) both showed that the glycogen 

content of the oyster C. gigas was effected by food availability. 

The scallop spat in this study occurred at very high densities in the spat 

catching gear which could have resulted in competition for food, which may 

have also impacted on the level of stored glycogen (Rheault and Rice, 1996; 

Kang et al. 2000). The summer months was the peak spawning period, and 

although year 1 cohorts have a very small input into the spawning pool, any 

reproductive output would have decreased the glycogen content of the scallop 

spat (Ruiz et al. 1992). However, the secondary juvenile scallops were 

sampled during the winter months with a water temperature of approximately 

12°C, when food availability was high and when the scallops were in a period 

of gonadal resting. Juvenile scallops of the secondary harvest may have 

been in a state of exhaustion after the dredging process (Veale et al. 2000) 

with available glycogen used during the capture process. 

The storage length of samples may also have influenced the glycogen content 

of the juvenile scallops. de Mattio et al. (2001) found that during scallop 

adductor muscle storage of Aequipecten tehuelchus the glycogen content 

slowly decreased by approximately 2% over the monitored 72 hours, until the 

analysis took place. The rate of glycogen decline was irrespective to the 

original glycogen content ot-the adductor muscle. 

The levels of glycogen were the same for both the harvest and the non

harvest groups. This suggests that the stress applied during the harvest 

process had no impact on the glycogen content of the scallop spat. This was 

in agreement with the findings of Kleinman et al. (1996) who showed that 

swimming had no effect on the carbohydrate content of the adductor muscles 

between scallops that had been swam every day and not at all. Kleinman et 

al. (1996) stated three possible reasons for the lack of glycogen depletion. 

Firstly, scallops are able to swim in an economical manner because of the 

large water volume at high pressure used in jet propulsion (Trueman, 1980). 
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Secondly, valve 'clapping' has high efficiency because of the hinge ligament 

which snaps the valves open after each adduction. Thirdly, scallops perform 

rapid activities and therefore has a lower energy cost than animals with slower 

locomotion such as the paua (Bayne, 1985). 

The smaller scallop spat of P. novaezelandiae from the primary harvest 

process have a higher glycogen content than the larger scallop spat. In larger 

Chlamys septemradiata and Pecten maximus individuals the energetic 

reserves are used in gonadal development (de Mattio, 2001) rather than 

growth as in small scallop spat. Smaller scallop spat require high glycogen 

levels for growth and development compared to larger individuals (Parrish et 

al. 1998). Larger individuals are less efficient in acquiring energy relative to 

their metabolic expenditure than smaller individuals. However, smaller 

individuals have the disadvantage of higher maintenance ration per unit body 

weight, more rapid weight loss during starvation and a higher predation 

pressure (Thompson and MacDonald, 1991). 

The very low «0.29% of whole wet weight or estimated to be <1.4% dry 

weight) glycogen content of the secondary juvenile scallops could have a 

direct impact on their tolerance of anoxic conditions out of water. Pazos et al. 

(1997) showed the striated adductor muscle to contain <4% (dry weight) of 

glycogen, indicating that the estimated dry weight of glycogen in this study 

was low even for dry weight estimates. Glycogen is the main respiratory 

component during anaerobiosis (Hochachka and Somero, 1984). In bivalves 

that experience anoxic conditions regularly, such as the mussel Mytilus edulis, 

there was a high maximum glycogen level in the mantle to sustain anaerobic 

pathways during extended valve closure caused by aerial exposure (de 

Zwann and Zandee, 1972). In contrast, scallops, which rarely experience 

anoxic conditions have low levels of glycogen in the adductor muscle (Pazos 

et al. 1997; Farias et al. 1998). 

In a study carried out by Ruiz-Verdugo (2001) the total lipid content was 

between 31% and 46% (dry weight) of the catarina scallop (Argopecten 

ventricosus). This figure was consistent with Lu et al. (1999) who showed 
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postmetamorphic scallop spat to contain 33% (dry weight) of lipid in the bay 

scallop (A. irradians concentricus). This was also consistent with the findings 

of Pasoz et al. (1997) on P. maximus, the lipid content was <5% of the 

adductor muscle, between 25% and 60% for the digestive gland and 15% and 

25% for the female gonad (dry weight). In the current study the lipid content 

of juvenile scallops was so low that accurate measurement was not possible. 

One possible reason for this may be that the gonads had not yet developed, 

decreasing the area available for lipid storage. Another possible explanation 

for the lack of lipid present in the analysis may be due to the small amount of 

tissue used in the analysis procedure. 

4.4.2 Condition Index 

There was a higher condition index found for the non-harvest compared to the 

harvest group. The condition index used in this study was a body component 

index and may not give an assessment of nutritive status or assess the level 

of recent stress in bivalves (Crosby and Gale, 1990). However, Crosby and 

Gale (1990) showed in their review paper that, although the shell condition 

index measures a slightly different condition parameter, the three main 

condition index using shell weight, shell volume (ml) and shell volume (g) all 

show similar results. In a study conducted by Kleinman et al. (1996) the 

mean condition index (shell weight) for Placopecten magel/anicus on bottom 

culture was 10.0 ± 0.2. These are very similar for the condition index found 

for the primary harvest scallop spat of P. novaezelandiae (harvest 8.24 ± 0.39 

and non-harvest 9.86 ± 0.40) in the current study. Pazos et al. (1997) states 

that as the biochemical stores are depleted the water content of the tissue 

rises. This could explain the difference in the condition index observed 

between the two groups. However, there was no difference in the glycogen 

levels between the harvest and non-harvest groups as previously shown. 

There may have been another more important biochemical component 

present that was not tested. 



Chapter four: Glycogen content and condition index 77 

The secondary juvenile scallops showed no variation in the condition index for 

the different length groups. Although not significant, the juveniles > 35 mm 

had slightly higher condition index than the smaller juveniles «35 mm), 

indicating better condition after the dredging process. 

In conclusion, the primary harvesting process had little impact on the energy 

reserves of scallop spat, but did cause a decline in condition. The smaller 

scallop spat «17 mm) had higher concentrations of glycogen than the larger 

length groups (>17 mm). The secondary juvenile scallops showed no 

variations in the glycogen content or in condition between length groups, 

therefore no conclusions on the most robust length groups can be made from 

these findings. 
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CHAPTER FIVE 

AERIAL EXPOSURE 

5.1 INTRODUCTION 

5.1.1 Aerial Exposure 

Many bivalve molluscs have physiological and behavioural adaptations that 

allow them to isolate their internal tissue when under periods of extended 

aerial exposure. This is achieved through the closure of both valves and by 

water retention in the mantle cavity (Akberali and Trueman, 1985). In some 

species, such as Modiolus demissus, oxygen exchange can occur through 

controlled valve openings. These controlled openings allow water between 

the mantle margins to be exposed to air and allow for oxygen exchange. This 

isolation mechanism also allows the animal to minimise desiccation stress 

(Akberali and Trueman, 1985). However, the New Zealand scallop Pecten 

novaezelandiae, seldom encounters aerial exposure and is not adapted to 

these conditions (Minchin et aI., 2000). It is impossible for scallops to 

completely close their valves because of a gap on either side of the hinge line 

(Christopherson, 2000; Christophersen and Magnesen, 2001) resulting in an 

inability to retain water in the mantle cavity. Scallop are also unable to control 

valve movements in periods of aerial exposure (Akberali and Trueman, 1985). 

Grieshaber and Gade (1977) found that the energetic cost of valve clapping in 

aerial conditions was more costly than in water. This suggests that muscle 

movement capability and the level of exhaustion may be influenced by the 

period of air exposure. 

Drops in water temperature of 4 DC to rc can have a negative impact on 

mobility in scallops (Dickie, 1958 cited in Christophersen and Magnesen, 

2001 ). A decrease in mobility could increase vulnerability to predation 

resulting in an increase in mortality. Dickie (1958) also reported a lack of 

valve closure and mucus secretion after sudden temperature changes. 
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However, Pilditch and Grant (1999) did not observe an effect on valve closure 

or mucus secretion in studies on the effect of temperature on Placopecten 

magellanicus. Strand et al. (1993) showed a reduction in filtration rate of 

Pecten maximus juveniles of 20 to 30 mm (shell height) from SO% to 80% for 

seawater temperature of SoC compared with rc. 

There are several influencing factors that contribute to survival under aerial 

exposure. Christophersen (2000) reported these to be: initial size, age, 

nutritional state and the recovery conditions. Two reports cited in 

Christopersens (2000) describe the survival of transported spat of different 

size classes. Transfer trials with the sea scallop (P. magellanicus) spat in 

cool moist conditions for 48 hours have resulted in 100% survival, whereas 2 

mm great scallop spat are recommended not to be transported for more than 

4 hours in two separate studies. 

The time of transport during the secondary spat transfer process can range 

from 3 up to 18 hours, with temperature fluctuations during this time 

depending on the prevailing environmental conditions. It is the aim of this 

section to determine the survival rate of P. novaezelandiae at varying 

temperatures and different exposure times. 

5.1.2 Temperature Profiles within Scallop Transfer Piles 

Transportation of secondary juvenile scallops was achieved by piling large 

numbers of juvenile scallops on the deck of the transport vessel. The 

transport pile can vary in size from 1.S m wide x 4 m long x 1 m high to as 

large as, 4 m x 6.S m x 2 m. This pile of juvenile scallops were exposed to 

varying atmospheric conditions during the time on deck. There were many 

environmental factors that influenced the temperature of the pile (Fig. S.1). 
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Figure 5.1. The physical process and properties that determine the energy 

balance of scallop transport pile. 

Incoming solar radiation is in the form of radiant energy (short-wave 

radiation). Once this radiation reaches the earths surface one of two things 

can happen to it, it is either absorbed and turned into heat, or it is reflected by 

the surface, which results in no net heating. The amount of reflected radiation 

is related to the colour and composition of the receiving surface as well as the 

slope of the incoming solar radiation. Darker surfaces are more likely to 

absorb radiation than light coloured surfaces, and the greater the angle that 

the light is hitting the surface on, the greater the reflected radiation. The 

amount of radiation that is reflected by the surface is referred to as the 

albedo. The albedo of a snowy white surface can be as high as 80% where 

as a dark green coloured rainforest may be as low as 10% (Briggs and 

Smithson, 1985; de Blij and Muller, 1998). The scallops themselves may be 

adding energy, in the from of heat as a by product of metabolic process, to the 

transport pile (Bricelj and Shumway, 1991). 

The wind strength prevailing on any given day can have a remarkable impact 

on the surface temperature of the pile, for humans the chilling of the flesh on a 

calm day with 30°F is non-existent, whereas is you increase the wind to 10 

miles per hour the flesh temperature drops to 16°F. As wind speed increases, 

there is also an increase in the evaporation rate, if atmospheric saturation has 

not occurred (de Blij and Muller, 1998). 

Energy can be transformed but not destroyed, instead it is redistributed to 

minimise differences in heat in surrounding media or to maintain equilibrium. 
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Energy is transferred from areas of high energy to low energy areas (Briggs 

and Smithson, 1985). 

The size (Fig 5.2) of the transport pile may influence the relative impact the 

prevailing conditions have on the conditions within the juvenile scallop transfer 

pile. The aim of section was to assess the temperature profiles within the 

juvenile scallop transfer pile, and assess the relationship between them and 

the air and seawater temperatures to predict conditions that juvenile scallops 

might be subjected to during transportation. 

~aIlOP transfer pile ----f 5 Iw,dth 
Ceight-

~ ( Length t 
Boat Deck 

Figure 5.2. Diagram of juvenile scallop spat transfer pile showing height, 

length and width. 

5.2 MATERIALS AND METHODS 

5.2.1 Sample Collection 

All juvenile scallop samples were collected from Tasman Bay during the end 

of the 2001, and the beginning of the 2002 secondary spat transfer, off the 

transfer boat (Tasman Challenger). Due to this collection time all juvenile 

scallops were summer acclimated, with an average water temperature of 

18°C. Scallop samples were collected immediately after release from the 

dredge with a one litre scoop. 300 scallops of each length group were 

collected and placed directly into a circulating seawater system in pearl nets 

for transport back to Nelson (Plate 3.4). The length groups used were as 

follows: 20-35, 36-50 and 51-65 mm. Samples were suspended in pearl nets 
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held in flow through seawater tanks at Crop and Food Research (Plate 3.3). 

All juvenile scallops were allowed a 24 hour recovery period before the 

experiments commenced (Winter and Hamilton, 1985; Manuel and Dadswell, 

1991 ). 

5.2.2 Aerial Exposure 

A temperature controlled chamber was used to test the effect of temperature 

and exposure time on juvenile scallops. The temperature regime was divided 

into 10°C increments, starting at 10°C, with the highest being 30°C. The 

temperature experiment order was randomly allocated over a 3 day period. 

Juvenile scallop samples were placed in the temperature chamber on trays 

with the concave valve facing up (the right way up) (Plate 3.2). Control 

scallops were placed in the chamber in a container with seawater. The 

seawater temperature was monitored and kept as close as possible to the 

holding tank conditions. This was achieved by adding fresh seawater when 

required, additional seawater also ensured that the oxygen levels were not 

allowed to deplete to a level that could cause adverse conditions. 

Samples of 50 scallops for each available length group were placed on racks 

and then into the experimental chamber. 10 scallops of each length group 

were removed from the temperature chamber, as well as 5 control scallops, at 

the following time intervals: 0, 2, 4, 6 and 8 hrs. Mortality was assessed upon 

removal from the chamber, and surviving individuals were placed back into 

the flow through holding tanks in pearl nets. The scallops were alive if they 

could contract the adductor muscle to partially close their valves. The position 

that the recovering scallops were place in the holding tank was determined 

randomly. At 1 hour and 1 month, observations were made, all dead scallops 

removed and recorded. At the completion of the experiment the overall 

survival was calculated. 

Desiccation stress was minimised in the current study by spraying the 

scallops with seawater at regular intervals throughout the exposure period. 



Chapter five: Aerial exposure 83 

The statistical analyses were carried out using R (GNUS) 2000. A binary 

logistical regression model was used test for any significant differences in 

mortality over the difference exposure times. 

5.2.3 Temperature Profiling within Scallop Transfer Piles 

During the end of the 2001, and the beginning of the 2002 secondary juvenile 

scallop transfer, the temperature within the scallop pile was monitored to 

access temperature patterns on several days. A pile 1.5 m x 2.5 m x 1 m was 

kept of the deck of the boat for as long as possible on monitoring days. Three 

temperature probes were buried in the scallop pile at equal space intervals. 

The first probe was located at the bottom of the pile, the second in the middle 

and the third on the surface. The air and seawater temperatures were 

recorded with a forth probe. Readings were taken every half an hour until the 

pile was seeded into new areas. The four probes used were calibrated before 

being used to monitor temperatures. Measurements of the pile dimensions 

were taken with a tape measure. 

A regression model was carried out in MINITASTM version 13.1 to test for 

significant relationships between temperature profiles. 

5.3 RESULTS 

5.3.1 Aerial Exposure 

Survival ranging from 90% to 100% was observed for both treatments and all 

exposure times (Fig. 5.3). There was no significant difference in the survival 

rate of the juvenile scallops exposed for a longer time period. There was also 

no significant difference between the treatments or any significant interaction 

term (Table 5.1). The lowest survival occurred at 8 hours exposure for the 
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treatment (90%) but was not significantly different form the previous exposure 

times. 100% survival was recorded at both 0 and 4 hours exposure. 

The percent survival ranged from 85-100% for both treatments and all 

exposure times. There was a significant difference in the survival rate of 

juvenile scallops for the different exposure times and between the treatments 

(Table 5.1). There was 100% survival for 0 and 2 hours exposure. This then 

dropped to 95% at both 4 and 6 hours exposure. The final exposure time of 8 

hours resulted in 85% survival (Fig 5.4). 

Survival ranged from 33-100% over all the exposure times and both 

treatments. There was a significant difference for the survival of juvenile 

scallops between the exposure times and treatments, however, there was no 

significant interaction term (Table 5.1). After 2 hours exposure, there was 

80% survival. This then drop to 0% survival for 4 hours exposure and then 

increased to 40% survival for 6 hours exposure. The final exposure of 8 

hours produced only 25% survival (Fig. 5.5). 
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Figure 5.3. Percent survival of juvenile scallops exposed to 10°C, after one 

month recovery in holding tanks. ± 1 SE. 
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Table 5.1. Summary table of logistical regression analysis. 

Predictor OF Dev. Res. Res. OF Dev. P-value 

10°C 

Time 1 0.947 163 43.865 N/S 

Treatment 1 0.895 162 42.97 N/S 

Time x Treatment 1 1.803 161 41.167 N/S 

20°C 

Time 1 3.88 163 54.052 N/S 

Treatment 1 0.382 162 53.669 N/S 

Time x Treatment 1 2.022 161 51.647 N/S 

30°C 

Time 1 21.499 163 182.564 <0.001 *** 

Treatment 1 75.79 162 106.774 <0.001 *** 

Time x Treatment 1 0.001 161 106.773 N/S 
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Figure 5.4. Percent survival of juvenile scallops exposed to 20°C after one 

month recovery in holding tanks. ± 1 SE. 
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Figure 5.5. Percent survival for juvenile scallops exposed to 30°C after one 

month recovery. ± 1 SE. 

5.3.2 Temperature Profiles within Scallop Transfer Pile - Tasman 

Bay 

Day One - 30.10.01 

Overcast weather conditions prevailed in the morning with little wind. Wind 

increased as the day progressed with rain later in the monitoring process. 

The air temperature ranged from 13.3-17.8°C, the seawater from 16.4-16.6°C. 

The bottom pile temperatures fluctuated between 14.9-16.3°C, the middle 

between 14.6-16.3°C and the top between 14.6-16.5°C. The regression 

analysis showed that there was no significant relationship between the pile 

temperatures and the air and water temperatures (Table 5.2). However, the 

temperature on the top of the pile appears to be influenced more by the air 

temperature than the seawater temperature (Fig. 5.6). The variation for the 

top of the pile was higher than for the bottom, 0.3rC and 0.21 °C respectively. 

The air temperature also had a higher variation than the seawater, 1.42°C and 

0.01°C respectively, with ranges of 4.2°C and 0.4 °C. The temperature profile 
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from the bottom of the pile appeared to be influenced more by the seawater 

temperature (Fig. 5.6). 
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Figure 5.6. Temperature patterns of the top probe, bottom probe, air and 

seawater over an 8 hour time period on day 1 - 30.10.01 . 
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Figure 5.7. Temperature profiles of the top probe, bottom probe, air and 

seawater over a 9.5 hour time period on day 2 - 26.11.01. The arrow 

indicates at what time the wind started to increase. 
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Table 5.2. Summary table of the regression analysis for day 1 - 31.10.01 

on pile temperatures. 

Predictor Degrees of RL Equation P-Value 

Freedom 

30.10.01 

Air 

Bottom 1,14 0.07 Bottom = 14.2 + 0.1 OB Air N/S 

probe 

Middle 1, 14 0.02 Middle = 16.7 - 0.076 Air N/S 

probe 

Top probe 1,14 0.06 Top = 16.3 + 0.039 Air N/S 

Seawater 

Bottom 1, 14 0.16 Bottom = -16.5 + 1.96 N/S 

probe Seawater 

Middle 1, 14 0.34 Middle = -3.0 + 1.12 N/S 

probe Seawater 

Top probe 1,14 0.25 Top = -0.9 + 1.01 Seawater N/S 

Day Two - 26.11.01 

Mainly clear and sunny weather conditions prevailed during the monitoring 

process, with some high cirrus cloud. The wind increased later in the day. 

The air and seawater temperatures ranged from 12.4-17.BoC and 16.2-1B.3°C 

respectively. The seawater temperature gradually increased from 16.2°C to 

1B.3°C as the day progressed, with a slight dip at the end of the day. Air 

temperature went through a series of four main fluctuations during the day. 

The temperatures within the pile ranged from 15.1-17.9°C, 14.9-17.1°C and 

15.1-17.rC for the bottom, middle and top probes respectively. The 

regression analysis showed there to be a significant relationship between all 

of the pile temperature profiles and the air and seawater temperatures (Table 

5.3). The air temperature had the highest significance with the temperature 
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profile at the top of the pile (R2 = 0.44, .P<0.001). The seawater temperature 

also had a very strong relationship with the all pile temperatures profiles, 

although it was most strongly related to the middle and bottom temperature 

profiles (R2 = 0.93, P<0.001 and R2 = 0.91, P<0.001 respectively). The 

bottom temperature profile reflected the same pattern that was shown by the 

seawater profile, whereas the top temperature profile showed a similar pattern 

to that of the air temperature (Fig. 5.7). 

Table 5.3. Summary table of the regression analysis for Day 2 - 26.11.01 

on the pile temperatures. 

Predictor Degrees of R2 Equation P-Value 

Freedom 

26.11.01 

Air 

Bottom 1, 18 0.42 Bottom = 11.0 + 0.352 Air <0.01** 

probe 

Middle 1, 18 0.32 Middle = 11.8 + 0.261 Air <0.01** 

probe 

Top probe 1, 18 0.44 Top = 10.9 + 0.343 Air 0.001*** 

Seawater 

Bottom 1, 18 0.91 Bottom = -4.40 + 1.22 <0.001*** 

probe Seawater 

Middle 1, 18 0.93 Middle = -2.03 + 1.04 <0.001 *** 

probe Seawater 

Top probe 1, 18 0.87 Top=-3.15+ 1.13 <0.001 *** 

Seawater 

Day Three - 28.01.02 

Weather conditions were sunny with a light breeze most of the day except for 

2 hours over lunch when the breeze dropped away to nothing. 
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The air temperature range was 17.4-25.rC and the seawater temperature 

range was 21.3-22.9 D C. The bottom, middle and top temperatures in the pile 

ranged from 18.7-22.9D C, 18.8-21.rC and 18.1-23.8 respectively (Fig 5.8). 

The regression analysis showed a significant relationship between the scallop 

pile temperatures and the air and seawater temperatures (Table 5.4). The 

profile from the top of the pile had a higher variation than the profile from the 

bottom, 2.26D C and 1.68D C respectively. The air temperature also had a 

higher variation than the seawater temperature, 4.46 D C and 0.22 D C. The air 

temperature had the highest R2 value with the top of the pile (R2 = 0.80, 

P<0.001). The seawater also had the highest R2 value with the top of the pile, 

although in figure 5.8, the bottom temperature profile seems to follow a similar 

pattern shown by the seawater temperature, except between 1200 and 1330 

hours where seeding was taking place . 
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Figure 5.8. Temperature profiles of the top probe, bottom probe, air and 

seawater over a 10 hour period on day 3 - 28.01.02. 
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Table 5.4. Summary table of the regression analysis for day 3 - 28.01.02 

on the pile temperatures. 

Predictor Degrees of R:.! Equation P-Value 

Freedom 

28.01.02 

Air 

Bottom probe 1, 18 0.64 Bottom = 10.5 + 0.490 Air <0.001 *** 

Middle probe 1, 18 0.50 Middle = 12.6 + 0.363 Air <0.001 *** 

Top probe 1, 18 0.80 Top = 6.02 + 0.685 Air <0.001 *** 

Seawater 

Bottom probe 1, 18 0.49 Bottom =-21.2 + 1.92 0.001*** 

Seawater 

Middle probe 1,18 0.44 Middle = -13.3 + 1.52 0.001 *** 

Seawater 

Top probe 1, 18 0.71 Top = -43.0 + 2.89 <0.001 *** 

Seawater 

5.4 DISCUSSION 

5.4.1 Aerial Exposure 

The effect of air exposure time on scallop mortality was confounded by the air 

temperature during the exposure period. The lowest mortalities of P. 

novaezelandiae occurred at the lowest exposure temperature of 10°C, 

whereas the highest mortalities occurred at 30°C. The scallops used in the 

current study were acclimated to a surface seawater temperature of 18°C. 

When mussels (Mytilus edulis) were exposed to temperatures higher than 

their current acclimation levels they experienced increased metabolic 

processes as well as heart rate, causing greater energy demands. The 

opposite situation occurred at temperatures lower than their current 
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acclimation levels, energy demands decreased with lower metabolic rates and 

decreased heart rate (Akberali and Trueman, 1985; Hilbrish, 1987). 

Air exposure placed a stress proportional to length of time emersed for the 

saucer scallop Amusium japonicum bal/oli (Dredge, 1997). The present 

experiments indicated that the New Zealand scallop experienced only 15% 

mortality after aerial exposure at 10°C and 20°C for up to 8 hours when the 

scallop was acclimated to approximately 18°C (surface temperature). 

Christopherson (2000) showed that great scallop spat (2 mm) (P. maximus) 

were able to be transported for up to 12 hours under certain conditions with a 

survival rate between 90% and 100%. This was in agreement with a study 

carried out by Fariza-Navarro, (1999) who concluded that aerial exposure up 

to 6 hours at low temperatures (8°C) would not affect the survival of juvenile 

P. maximus scallops. 

In the current study when juvenile P. novaezelandiae scallops were exposed 

to 30°C air temperatures there was a considerable drop in survival after 2 

hours exposure (60-100%). This was consistent with findings by Strand et al. 

(1993) who suggested that exposure times in excess of 2 hours resulted in 

mortalities between 50% and 70% for the great scallop P. maximus. 

However, Minchin et al. (2000) suggested that aerial exposure up to 15 hours 

was possible with only 2% mortality for the great scallop P. maximus. In a 

study by Minchin et al. (2000), the aerial exposure period was at low 

temperatures, whereas the exposure in the current study was in high 

temperatures, this may be the reason for the difference in the observed 

survival rates. 

Christophersen (2000) reported that mortalities occurring in the first 2 weeks 

of recovery for the great scallop, P. max;ums, were due to applied stress 

during the experimental procedure. In the current study, dead individuals 

were counted 1 hour and 1 month after the aerial exposure took place. This 

may mean that the stress applied during the experimental procedure may not 

be the only contributing factor to juvenile scallop death. Death may also be a 

function of the scallop spats' adaptability to new seawater conditions 

(Christophersen, 2000). 
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From the results presented, there was evidence showing that live transport of 

P. novaezelandiae at 10°C and 20°C for up to 8 hours and perhaps more, with 

only minimal mortality «15%) may be possible. At temperatures of 30°C 

transport should be not be in excess of 2 hours in order to obtain survival 

rates of 87%, transport exceeding 2 hours could result in much lower survival 

«54%). 

5.4.2 Temperature Profiles within Scallop Transfer Piles 

Heating of the pile was the result of incoming solar radiation (air temperature) 

(de Blij and Muller, 1998) and seawater inputs. In situations when air 

temperature was less than seawater temperature, the latter became the main 

warming mechanism. When the air temperature was higher than the 

seawater temperature the seawater acts as a coolant for the scallop transport 

pile. 

Day One - 30.10.01 

As was previously stated the air temperature ranged from 13.3-17.8°C, and 

the seawater from 16.4-16.6°C. The air temperature rarely rose above the 

seawater temperature because of the overcast conditions prevailing on that 

day. The seawater temperature was higher than the air temperature for the 

duration of the monitoring process, except for one peak in air temperature at 

0945. The air temperature also remained below the temperatures recorded in 

the scallop transfer pile except for two peaks at 0945 and 1245. 

Temperatures taken from the top of the pile were more exposed to the 

prevailing weather conditions, such as th~ cooling effect of rain and wind chill. 

These two factors (rain and wind chill) were detected by the air temperature 

probe during monitoring. Had there been strong winds on the day as well as 

the overcast conditions, the top of the pile might have experienced lower 

temperature recordings due to the wind chill effect. At no time during the 

monitoring process did the pile temperatures rise above the seawater 

temperature. This supports the theory that when air temperature was below 

the water temperature the seawater becomes the main warming source, 
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although the top temperatures showed fluctuations that coincided with the air 

temperature fluctuations. 

Day Two - 26.11.01 

The air temperature had the largest range (12.4-17.8°C) compared to the 

seawater temperature (16.2-18.3°C). The air temperature exceed the 

seawater temperature early in the day, between 0900 and 1030, when there 

was little wind, however this did not occur again due in the increased wind as 

the day progressed. The bottom temperature showed very similar fluctuations 

as the seawater temperatures, and the top temperatures were similar to the 

air temperature fluctuations. 

Pile temperatures did not exceed the water temperature once through out the 

monitoring process, this suggests that there was little or no other energy input 

greater than the seawater that occurred on that day. The seawater appears 

to be influencing the overall pile temperatures. When there was a large dip in 

the air temperature, there was only a slight dip in the top temperature, 

although it never went as low as the air temperature. Showing that the air 

temperature did have a slight cooling influence over the top of the pile. This 

was probably due to the increasing wind conditions, creating wind chill and 

decreasing air temperature. 

Day Three - 28.01.02 

The air and seawater temperatures ranged from 17.4-2S.rC and 21.3-22.9°C 

respectively. At 0920 in the morning the air temperature increased above the 

seawater temperature and remained there for the rest of the monitoring 

process. There was a high peak in air temperature at 1340 when there was 

no wind. When the air temperature was above the seawater temperature, the 

temperature on the top of the pile exceeded the seawater temperature twice, 

and the bottom temperature exceeded it once. During the period of high air 

temperature the top of the pile temperature also had a high peak. Air 

temperature only appears to influences the bottom temperature when it was in 

excess of the seawater temperature. There were two other peaks in air 
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temperature, one at 1040 and the other at 1600, there was no corresponding 

peaks in the top temperature as clear as 1340, this could have been due to 

the slight wind that was prevailing at the time. This suggested that the air 

temperature has its largest influence on very calm days with no wind. 

There was a dip in the bottom temperature between 1200 and 1330, this may 

have been a result of the seeding process. The monitored section was left 

untouched as much as possible, however, the removal of 'neighbouring' 

scallops may have increased the effect of wind chill on the bottom of the pile 

during the seeding process. Wind chill does not usually exert an influence 

over the temperature on the bottom of the pile, however, due to the seeding 

process the pile may have been reduced too much and allowed wind chill 

influence during this time. During seeding the barge travels faster and may 

have added to the exposure effect. 

As a rule of thumb the pile temperature will remain constant with the seawater 

temperature. On extreme days in winter and summer, when the air 

temperature can be either extremely above or below the seawater 

temperature, could be when care may need to be taken. It would be on these 

extreme days when the scallops on the top of the pile are most at risk of 

extreme temperatures and possible adverse conditions. 
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CHAPTER SIX 

RECOMMENDATIONS AND CONCLUSIONS 

The enhancement of the natural New Zealand scallop population through 

seeding of artificially collected spat by the Challenger Scallop Enhancement 

Company has provided a stable base for the growth of the Southern Scallop 

Fishery. In years when natural recruitment was low, the seeding of artificially 

collected spat helps to buffer against another boom and bust cycle, previously 

experienced in the 1970s and 1980s (Arbuckle and Metzger, 2000). 

Through increasing survival rates of the artificially collected Pecten 

novaezelandiae scallop spat, the industry could experience an increase in 

landings, resulting in an increase in revenue. The aim of the current research 

was to determine what length scallop spat the industry should be targeting 

during there primary and secondary harvests. Also, to assess transport 

conditions and subsequent survival during the secondary harvest. 

6.1 Primary Scallop Spat 

In chapter 2 (behaviour as an indicator of stress) the results suggested that 

the larger scallop spat (>22 mm) were most robust after the harvest process. 

The larger spat had higher adduction numbers compared to the smaller 

individuals, as length decreased so to did the total adduction number. The 

glycogen content of the scallop spat was highest in the smallest «15 mm) 

and the largest individuals (>22 mm). This suggest that the glycogen content 

in the scallop spat does not indicate the possible total number of adductions 

that are able to be performed when presented with a star fish predator. The 

condition index of the scallop spat did not vary between length groups. The 

stress on stress test did not show any variation between the length groups 

either. However, the recovery test did suggest that the larger scallop spat 

(>20 mm) had higher survival than the smaller spat. 
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From these results I would recommend that the Challenger Scallop 

Enhancement Company harvest the primary spat catching gear when a large 

proportion of the harvested spat would be greater than 20 mm. The results 

presented in the current study suggested that scallop spat grater than 20 mm 

could have an advantage over the smaller spat when reseeded into new 

areas. In conclusion, harvesting larger scallop spat should result in an 

increase in survival. 

6.2 Secondary Juvenile Scallops 

The main objective of the secondary harvest was to clear the primary spat 

catching site of densely populated scallops, which were a result of the falloff 

from the primary spat catching process. This process had to be performed 

regardless of juvenile scallop length. Early in the secondary harvest season a 

large number of juvenile scallops were transported to the Marlborough 

Sounds and Golden Bay. The results in the current study suggest that 

juvenile scallops greater than 27 mm are the most robust after the harvest 

process. There was no difference in glycogen content or condition index 

between length classes. In conclusion, it would be my recommendation to the 

CSEC that any long distance transport should be undertaken later in the 

secondary harvest season when the juvenile scallops are slightly larger and 

therefore more robust. 

The temperature experiments in the current study suggested that aerial 

exposure up to 8 hours was possible with only 15% mortality for 10°C and 

20°C for juvenile scallops acclimated to a seawater temperature of 18°C. 

These are consistent with the results from the recovery test also. Survival of 

only 25% was possible for 8 hours aerial exposure in 30°C. This suggests 

that there may be a threshold of less than 12°C above the acclimation 

temperature and transportation under conditions that exceed this threshold 

should be avoided. Survival at the 20°C would drop for scallops that are 

acclimated to cooler seawater temperatures (approximately 10-12°C). 
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The seawater temperature had the most influence on the temperatures within 

the transport pile. The air temperature only impacted on the pile temperatures 

when it was higher than seawater temperatures, and even then the influence 

was mainly on the exposed parts of the pile. It would then be my 

recommendation that on extreme days Le. either exceptionally hot or 

exceptionally cold, the pile should have the highest volume to surface ratio. 

As the juvenile scallops on the exposed areas of the pile are going to be 

under the highest amount of stress due to aerial exposure. I would also 

recommend that long distance trips be made on days when the weather 

conditions are moderate. The effect of rain has not been determined in the 

current study. 

In summary 

• Primary harvesting should target scallop spat greater than 22 mm. 

• Long distance travel during the secondary harvest should target 

juvenile scallop greater than 27 mm. 

• Transport of up to 8 hours was possible with only 15% mortality when 

not subjected to extreme temperatures (30oe or greater). 

• The pile temperature will generally be constant with seawater 

temperature, except on days when the air temperature is in excess of 

the seawater temperature and there is little wind. 
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APPENDIX A 

Example of scallop sizing chart, not to scale. 

D D D D D 
5mm 7mm 10mm 12mm 15mm 17mm 

20mm 22mm 25mm 27mm 30mm 

Note: Scallops must fit inside the lines of square, not be over the lines. 
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