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ABSTRACT 

The Pacific oyster Crassostrea gigas has become an impOliant aquaculture species in 

New Zealand. As a consequence, increasing use has been made of sheltered coastal 

waters for oyster culture. A carrying capacity model is required to quantify how these 

developments may affect ecosystem processes in a dynamically varying environment, 

and for the management of the oyster farming industry. An important component of 

carrying capacity modelling is the development of an energetic model, which is used 

for quantitative estimates of oyster growth and condition. In this study, a preliminary 

dynamic energy budget (DEB) model was developed based on published information 

relating to energy acquisition and expenditure of C. gigas. This model was used to 

simulate growth and condition of the oyster in response to varying environmental 

conditions (Chapter 2). The model was designed to incorporate endogenous processes 

(energy allocation) and exogenous factors (temperature, quantity and quality of food) 

over ranges which are applicable to a variety of coastal ecosystems in New Zealand. 

Two state variables (core weight and storage) were used in order to account for 

differences in physiological rates in the functioning of structural and reserve tissues. It 

was assumed that phytoplankton (chlorophyll) was the sole food source, although the 

saturating effect of total seston on feeding was represented. 

In Chapter 3, the model is applied to a published dataset from Marennes-Oleron Bay 

in France. Most parameters were estimated from literature sources. Where such 

estimates were unavailable, a 'free-fitting' procedure was employed. This involved 

changing the values of the parameters until a good fit was obtained for the data. Three 

parameters were varied in this way. This procedure achieved good agreement between 

model simulation and data for dry weight of oysters. To investigate the relative 

contribution of detrital material and phytoplankton, the above procedure was repeated 

using total organic material as the represented food source rather than phytoplankton. 

In this case, no agreement between model simulations and data was achieved. A 

further comparison was made with published datasets from inlets in Western Canada. 

In this case, little information was available on sediment concentrations, so these were 

assumed constant. Again a free-fitting procedure was used and reasonable agreements 
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between model simulations and data were achieved. However, two of the parameters 

obtained by free-fit in both applications were different. From this initial study it is 

unclear whether these differences arose due to inherent differences between stocks , 

lack of information (no reproduction data available for Canadian stock), or 

inadequacies in the model formulation or parameterisation. 

The initial efforts to develop functions and parameterise the preliminary model 

provided an appropriate framework for investigating the dynamics of oyster growth, 

but also showed that there were major gaps in knowledge (Chapter 3). Field and 

laboratory experiments were undertaken to fill these gaps and to obtain appropriate 

functions and parameters for the model. Physiological measurements were conducted 

under different environmental conditions (Chapter 4). Clearance rates (CR) were 

higher at high seston concentrations compared to previous studies. CR was found to 

be a hyperbolic function of temperature. It was modelled as a 2-component function: 

pumping rate of water and extraction efficiency of particles from water. The filtration 

rate was found to be a Type 2 hyperbolic function of seston concentration within the 

range tested. Ingestion rate was described as a function of food quantity, quality and 

selective ingestion on organic particles. An effect of organic content on absorption 

efficiency was found only at very low organic content of less than 5%, while above 

this level, absorption efficiency was constant at 86%. Oxygen consumption rate had 

an allometric relationship to body size and increased over the range of experimental 

temperatures. The observed respiration rates were significantly lower than those 

previously reported in the literature. Overall the study provided systematic 

quantitative information on the feeding ecology of C. gigas over environmental 

(temperature, food, seston) ranges observed in New Zealand. Good agreement was 

obtained between all the chosen functions and the experimental data. 

In Chapter 5, an attempt was made to quantify core weight. This was done by starving 

the oysters for a period of 170 days and comparing length-weight-volume 

relationships before and after the starvation period. A set of allometric relationships 

was established between 'core' weight, body volume and length. In Chapter 6, 

histological and biochemical studies were done to determine the timing of 

gametogenesis, reproductive effort and utilisation of reserves. These showed that 

gametogenesis was initiated in July-August and spawning occurred in January. 
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Gametogenesis was associated with an increase in gonad weight and protein content 

of the gonad. A decrease in glycogen content at the later stages of gametogenesis was 

strongly linked to increases in the size of oocytes. Reproductive effort was described 

as a function of dry flesh weight of oysters at pre-spawning. 

In Chapter 7, time-series of environmental data, dry flesh weight and length of oysters 

(3 size classes) were collected during growth experiments near a farming site in the 

Marlborough Sounds. Experiments were done over winter at two depths in order to 

vary the food supply. These data were used for calibration of the final DEB model. Of 

the environmental variables (chlorophyll, temperature, particulate organic matter and 

particulate inorganic matter), chlorophyll was the main factor influencing the growth 

and condition of oysters. 

The final DEB model is developed in Chapter 8. This model utilises the experimental 

findings of chapters 4-6 on model functions and parameters, and one dataset (of six) 

from Chapter 7 for model calibration. The resulting parameter set was used in the 

validation procedure which involved applying the model to the remaining five 

datasets from Chapter 7. The model was found to be capable of simulating the growth 

and condition of an individual at different life stages (immature individuals and adults 

undergoing processes of gametogenesis). A sensitivity analysis for each model 

parameter was conducted by varying each parameter value by ±1O%. 

The study has achieved a quantitative description of the energy acquisition and 

allocation processes in oysters. It provides the basis for the development of carrying 

capacity models, oyster farm management models, and in general, provides a 

framework and tool to investigate quantitative physiology of bivalves. Overall, the 

study makes an initial, but significant, contribution to understanding the complex 

relationship between growth and environmental variation for a bivalve species in New 

Zealand. 

Key words: Dynamic energy budget model, Crassostrea, energetics, physiology, 

reproduction, growth 
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Chapter 1. General introduction 

CHAPTER! 

GENERAL INTRODUCTION 

1.1 Background and goal 

The suspension-feeding Pacific oyster Crassostrea gigas IS widely distributed 

throughout its native Japan and Korea (Cahn 1950, Kusuki 1978). The rapid growth, 

high meat yield and relative robustness of this species have led to its introduction into 

many parts of the world for aquaculture. Successful culture of the species has taken 

place in the areas such as the Pacific coast of NOlih America (Cahn 1950, Quayle 

1988), Massachusetts and Alabama (Galtsoff 1964), Australia (Thompson 1952), 

China (Cai & Li 1990), Manchukuo, Hawaii and Okinawa (Cahn 1950), and France 

(Le Borgne et al. 1973). 

The Pacific oyster is also a commercially important species in New Zealand, where it 

was accidentally introduced around the late 1960's (Dinamani 1971). The success of 

the oyster resulted in a gradual replacement of the native rock oyster Saccostrea 

commercialis as the dominant commercial species (Dinamani 1987). Initially, the 

culture of C. gigas was mainly confined to the North Island, but more recently has 

been expanded to the Marlborough Sounds in the South Island. With expansion of 

oyster farming, however, the industry is increasingly concerned with high mortality 

rates and deterioration of oyster condition (reduced fatness). Reduced condition, 

manifested through poor growth and reduced "fatness" of oysters, has occurred within 

the Marlborough Sounds, presumably due to periodic shortages of food supply (Dr. 

Osborne, Sealords Shellfish Ltd., pers. comm.). To be effective, management of the 

industry requires knowledge of environmental influences on the growth of oysters and 

the impact of oyster culture on the environment. Ultimately, there is need to define the 

carrying capacity of farming systems. 

Good growmg and nutrients for oysters are found in New Zealand's coastal and 

estuarine systems because of the strong tidal currents that ensure renewal of food 
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within these systems. In areas where oyster culture is very intensive, declines in 

growth rates and survival associated with stock loads have been observed (Heral & 

Deslous-Paoli 1991, Curtin 1989, Grize] & Hera] 1991, Heral 1993). There is 

evidence to suggest that uncontrolled increases in stock density eventually resulted in 

reduced growth rates and environmental disruption (Hera1 1987). Oysters are very 

susceptible to changes in environmental conditions that can directly affect 

physiological processes and reduce growth rates (Malouf & Breese 1977, Brown & 

Hartwick 1988). Substantial differences in growth rates have been recorded for the 

same species in different areas from different countries, but also in the same area at 

different levels of exploitation of the area (Table 1.1). This variability in growth rates 

may largely be determined by food supply to the oysters, but also reflects dynamic 

variations in environmental conditions. 

Available evidence indicates that growth reflects a complex interaction of the external 

state of the environment including temperature, quantity and quality of food (Sparks 

& Chew 1959, Askew 1972, Dame 1972, Agius et al. 1978, Mallet & Haley 1983, 

Widdows et al. 1984, Quayle 1988, MacDonald & Thompson 1985a, Malouf & 

Breese 1977, Brown 1988, Brown & Hartwick 1988) and the internal state of an 

organism such as during reproduction (Mori et al. 1966; Krebs 1970, Jiang et al. 

1993). The growth of oysters in Marennes-01eron Bay in France has been well 

studied over many years and provides a good example of the variability within oyster 

cultures. When they were introduced in 1971, the stock density of cultivated oysters 

was very low and the growth rates were excellent (Grizel & Heral 1991). After 1976, 

however, growth rates declined as production increased from 10,000 to 80,000 tonnes. 

The period of growth required for an oyster to reach a commercially harvestable size 

increased from 1V2 to 4 years during the period 1972 to 1985 (Heral et al. 1986, Grizel 

& Hera1 1991). At the same time, mortality rates of oysters also increased (Heral et al. 

1986). 
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Chapter 1. General introduction 

Table 1.1. Growth performance of the Pacific oyster Crassostrea gigas on the 

European and Mediterranean coast (from Hera] and Deslous-Paoli 1991). Number in 

parenthesis represents the year of the measurement. 

Locality Individual dry flesh weight after 12 months (g) 

U.K., Emsworth Harbour 34 

Newton Bay 52 

Linne Mhiurich 20 

Ireland, Rossmore 46 

Carlinglard 16 

B ullinakill 6 

Carna 3 

Germany, Baltic North Sea 8 

Flensburg Fjord, 24 

Maroc, Oualidia 43 

France, Etel 12-29 

Thau 35-50 

Arcachon 15 

Marennes-Oleron 50 (1970) 

33 (1972) 

20 (1974) 

20 (1975-1981) 

15 (1984) 

Israel, Fish pond 92 

Yugoslavia, Lim Canal 26 

3 
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In Arcachon Bay (France), the growth pelformance of oysters showed a similar trend. 

During the period of 1972-1976, there was a decrease of 50% in the annual growth 

rate of oysters (Grizel & Heral 1991) cultivated from a starting weight of 20-25 g. 

Heral et al. (1986) found an inverse relationship between individual growth rates and 

the total cultivated biomass. This decline in growth associated with increased stock 

densities has been observed in intensively cultured areas. For example, in Hiroshima 

Bay, Japan, oysters reached market size in one year in 1960. A subsequent increase in 

stock density from 54,000 to 110,000 tons between 1960 and 1980 induced a decrease 

in growth rates to the extent that it took two years to reach market size. Such a change 

has a considerable effect on farm turnover and viability (Heral & Deslou-Paoli 1991). 

To sustain good growth of oysters and to obtain the maximum economic benefit, 

appropriate management of existing individual farms or development of new 

aquaculture areas is important. This requires an estimation of the capacity of an 

aquaculture system to support optimum oyster production, that is, an estimation of the 

carrying capacity for a production system that will not result in any significant 

negative effect on the growth and condition of a stock. 

The estimation of carrying capacity requues the development of a mathematical 

model of the culture system - a numerical carrying capacity model. It is a potentially 

useful tool for management of coastal waters and assessment of the environmental 

impacts of aquaculture development. Such a model incorporates a dynamic 

description of bivalve feeding and growth energetics, food dynamics and physical 

processes (e.g. Raillard & Menesguen 1994). However, the design of a carrying 

capacity model must be based on good detailed submodels including energetics and 

growth of individuals and popUlation dynamics of the shellfish system (Ross & Nisbet 

1990, Nisbet et al. 1996). Issues related to carrying capacity of, and impacts from, 

shellfish farming can only be realistically quantified if all these submodels are 

developed and integrated. 

The aim of my study was to develop a dynamic energy budget model of Crassostrea 

gigas for subsequent application in a larger carrying capacity model in oyster farming 

systems in New Zealand. This then feeds into a larger programme on the 

"Sustainability of cultured, enhanced and wild shellfisheries". This larger programme 

addresses the question: what is the sustainable carrying capacity of our natural 

4 
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waterways and how close are we to that carrying capacity? It is aimed at providing a 

tool for the management of existing farms and development of new fanns. There have 

been no previous attempts to simulate the growth and condition of the Pacific oyster 

in a culture system in New Zealand. 

1.2 Dynamic energy budget (DEB) model 

1.2.1 Background 

A dynamic energy budget model is a tool to quantify physiological processes and the 

state of organisms in response to varying environmental conditions, including 

temperature, quantity and quality of food. A DEB model consists of a time-varying 

representative of physiology, including body size and reserves, using differential 

equations. The model is fundamental to the development of individual-based 

population models that aim to relate the physiology and behaviour of individual 

organisms to the dynamics of a population (Kooijman 1993, Nisbet et al. 1996). This 

approach has gained increasing popularity in studies of shellfish energetics (e.g. Ross 

& Nisbet 1990, Powell et al. 1992, Raillard et al. 1993, van Haren & Kooijman 1993, 

Nisbet et al. 1996, Bm"ille et al. 1997a, Scholten & Smaal 1998). Generally, DEB 

models assume that physiological processes are size- rather than age- dependent (see 

Kooijman 1986a & b, 1993). 

A general model developed by Kooijman (1986b) was based on several assumptions 

including the assumption that assimilated energy is channelled through reserves. 

Allocation to reproduction, growth and maintenance is then dependent on reserves (as 

a function of size) alone. Thus under constant food, storage is proportional to 

assimilation and the maximum storage capacity is size-dependent. In practice, this 

model is based on a homeostasis concept in which the dynamics of the reserves are 

such that both structural tissue and reserves always have a constant chemical 

composition (or energy density) for: i) a constant food environment; and ii) after 

reserves have settled to an equilibrium value. This model is an elegant response to the 

problem of defining allocation parameters, which are difficult if not impossible to 
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measure directly. It allows the derivation of the allocation parameters from directly 

measurable quantities. 

Kooijman's model contains other assumptions that are general in nature such as the 

size dependency of assimilation is constrained so that the organism's growth rate, 

under constant food, is described by a von Bertalanffy growth curve (Kooiman 

1986b). There are clear advantages in a more general approach for addressing many 

ecological questions. However, when the focus is on a species-specific problem, as in 

this case, it can lead to unnecessary imprecision. In the context of species that have 

highly variable biochemical composition such as the Pacific oyster Crassostrea gigas 

(Deslous-Pauli & Heral 1988), the realism of the assumption of homeostasis of 

reserves is questionable. Nevertheless the approach of Kooijman has considerable 

power in its general application across species and across life stages - incorporating 

consistent descriptions of egg and larval, as well as adult, stages. 

An alternative, less mechanistic approach, is to make fewer assumptions about the 

energy allocation process and estimate the values of energy allocation parameters by 

'free-fit' - that is, the values of the parameters used in model simulations are adjusted 

until an acceptable fit is achieved between simulations and calibration datasets -

consisting of field data on the dynamics of the state variables. Clearly the validity of 

this latter approach depends on how many data are available for fitting models to, and 

how many free fitting parameters there are. The predictions of Kooijman's model in 

its basic form have been found to be inconsistent with experimental data (e.g. growth 

and reproduction in Daphnia pulex by McCauley et al. 1990 and in Mytilus edulis by 

Ross & Nisbet 1990). 

Recently, several energy budget models have been developed for various bivalves 

(e.g. Ross & Nisbet 1990, Brylinsky & Sephton 1991, Powell et al. 1992, van Haren 

& Kooijman 1993, Barille et al. 1997a, Scholten & Smaa] 1998). These models 

described overall growth and the rules for energy allocation. However, some of the 

models either oversimplified processes (e.g. van Haren and Kooijman 1993), or did 

not distinguish the functional role of structural and reserve tissues (e.g. Brylinsky & 

Sephton 1991, Powell et al. 1992, Barille et al. 1997a). For example, van Haren and 

Kooijman's model (1993) oversimplified ingestion by assuming 100% ingestion of 
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filtered organic material. Their assumption ignored the large body of knowledge with 

respect to pseudofaeces production. Scholten and Smaal's model (1998) could not 

predict acceptable growth for the system with low seston and food concentration. 

1.2.2 The preliminary DEB model 

My first step was to develop a preliminary DEB model based on existing published 

knowledge of the physiology of oysters and other bivalves to describe energy 

acquisition and expenditure of Crassostrea gigas (Chapter 2). The model assumes that 

assimilated energy is diverted as a priority for maintenance and that a fraction of the 

remainder goes to structural growth while the rest is accumulated as reserves. 

Reserves are used for reproduction and to meet maintenance when assimilation alone 

is insufficient to meet maintenance. 

The validity of model simulations depends on the validity of the functional 

descriptions of processes such as filtration, ingestion, assimilation and metabolism of 

an organism (see Chapters 2 & 3). Therefore, it is important to base these functional 

descriptions on consistent and systematic data sets over the range of biotic and abiotic 

conditions experienced by the farmed population. Parameterisation of the preliminary 

DEB model was based on the existing literature values for this oyster and other 

bivalves. Model calibration uses forcing data from Marennes-Oleron ecosystem 

(France) due to lack of comprehensive datasets in New Zealand (Chapter 3). 

The preliminary DEB model provided a framework for investigating the dynamics of 

oyster growth. However, development of functions and parameterisation of the 

functions revealed gaps in existing knowledge and descriptions between different 

studies (note that the gaps will be addressed below and in Chapter 3). To investigate 

the major knowledge gaps, I therefore conducted laboratory and field experiments. I 

also set out to test the applicability of existing published functions and parameter 

values (Chapters 4-6). This knowledge was subsequently used in conjunction with 

system-specific field data (Chapter 7) for revision and modification of the preliminary 

DEB model. 
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1.3 Strategy 

The information from laboratory and field experiments discussed above was used to 

revise and modify the preliminary DEB model. The final model (the revised version 

of the preliminary DEB model) was applied to simulating the growth response of 

Crassostrea gigas to varying environmental conditions in New Zealand ecosystems -

the goal of my study. 

Thus a number of stages and types of the study were undertaken during the project to 

achieve my goal (Fig. 1.1). First, a preliminary DEB model was developed using 

existing knowledge of physiological processes worldwide in C. gigas and other 

bivalves (Chapter 2). This model was used to identify functions and detect major gaps 

in knowledge that required further experimental work (see Chapter 3). Second, 

subsequent laboratory and field measurements designed for the requirements of model 

modification were done to investigate the knowledge gaps (see Chapters 4-6). This 

part of the study was designed to provide a set of relationships for which the 

physiological rates could be expressed as functions of environmental variation and to 

verify some model functions. The information was used for modification of the 

preliminary DEB model. Third, growth experiments on different size classes of 

oysters were done to obtain data sets for the calibration and validation of the modified 

(final) model (Chapter 7). Finally, calibration and validation of the final DEB model 

were made using these datasets. 

These approaches made it possible to improve the preliminary DEB model 

substantially. The final model is capable of simulating the growth of oysters. It could 

be used as the basis for quantitative simulation of oyster growth and condition in 

oyster farms in New Zealand and potentially as a basis for such models elsewhere. 
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CHAPTER 2 

PRELIMINARY DEB MODEL 

2.1 Introduction 

Since no energetic models are readily available to simulate the growth of the Pacific 

oyster in the shellfish culture systems of New Zealand, it is the ultimate goal of this 

study to develop such a model that can be integrated into a carrying capacity model. 

The step is to develop a preliminary energetic model of Crassostrea gigas based on 

existing ecophysiological knowledge of this species and other bivalves worldwide and 

to identify the parameters and functions that require further experimental work. 

2.2 The model 

The model generally describes and quantifies physiological processes that control the 

energy gain and loss, and result in individual growth. The structure and functional 

processes in the model are depicted in Figure 2.1 and described below. 

2.2.1 Structure 

Existing growth and feeding models of C. glgas III a varying environment (e.g. 

Rai1lard et a1. 1993, Barille et a1. 1997a) using total flesh weight to represent body 

size are too simple. Such a measure has the strong advantage of being easy to 

determine, and hence comparisons between model predictions and observed data are 

straightforward. However, the variability of flesh weight in relation to other structural 

estimates of body size such as length or volume can be considerable (see e.g. Iglesias 

et a1. 1996, Labarta et a1. 1997). In a few cases, this may be due to changes in other 

structural measures e.g. as a result of shell erosion, but such variability normally 

arises from biochemical changes in flesh content as a consequence of reserve 

utilisation or accumulation in response to environmental variability, or due to 

spawning. It therefore becomes difficult to devise functions relating rate processes 

such as clearance and maintenance to flesh weight because of variation in response, 

attributable to changes in condition (ratio of reserves to total weight). 
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Figure 2.1. Schematic diagram of processes in the dynamic energy budget model. 
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An alternati ve model structure is to consider size and reserves as separate components 

of body tissue (e.g. Kooijman 1993). The flesh weight is composed of structural 

materials (core weight) and stored materials (reserves). Physiologically these two 

components are well defined - the structural component is fixed, and once allocated 

cannot be re-utilised, whilst reserves, once allocated, may be subsequently utilised 

e.g. for gametogenesis. This type of model usually assumes that the stored reserves 

require no oxygen for maintenance (Kooijman 1993) and that the energy reserves 

contribute to weight and are sensitive to feeding conditions (Kooijman 1993). This is 

usually reflected by many measurements that show that the length follows the growth 

pattern closely when food is abundant, while weight usually shows much more 

scatter. Therefore, it is necessary to separate structural materials from storage and 

determine the relative abundance of the main elements for both categories on the basis 

of dry weight. I chose core weight and storage as state variables in the DEB model. 

The unit of state variables is mgc. 

The model is driven by forcing data of temperature, food concentration and total 

particulate concentration. Food matter consists of phytoplankton (units of carbon). For 

both the simplicity and avoiding violation of model dimension, the inorganic and 

organic materials are assumed to have equal density. 

2.2.2 Clearance 

There is a considerable amount of literature on the relationship between clearance rate 

and body weight in marine bivalves. The relationship is usually described as a simple 

allometric function (e.g. Bayne et al. 1976, Winter 1978, Bayne & Newell 1983 on 

Mytilus edulis, Doering & Oviatt 1986 on Crassostrea virginica and Bougrier et al. 

1995 on C. gigas) with the exponent typically in the range 0.4-0.8. On theoretical 

grounds, Kooijman & Metz (1984) have argued that uptake should be proportional to 

the surface area of the feeding apparatus. Assuming that structural tissue weight is 

proportional to volume, and that volume is proportional to length cubed, they assume 

uptake is proportional to W2/3, where W is body tissue weight. 

Both the filtration and ingestion rates are known to be size dependent (e.g. DeMott 

1982, Porter et al. 1982, Kooijman 1986a, Nisbet et al. 1996). However because 
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energy reserves do not contribute directly to the size of the feeding apparatus, weight 

is not the most appropriate variable to use in describing the relationship between food 

uptake and size (Kooijman 1993). Perhaps a more appropriate method is to use the 

surface area of the feeding apparatus to describe the size dependency of these rates 

(Kooijman 1993). Because it is difficult to measure the surface area of the feeding 

apparatus, it is necessary to assume that the surface area of the feeding apparatus is 

proportional to the whole surface area. 

It is therefore generally assumed that the clearance rate is proportional to the body 

surface area and is usually expressed as a function of length (Peters 1983). The 

maximum clearance rate (CRmax) is calculated by the equation 

(2.1) 

where L (cm) is length, a is the maximum clearance rate per unit surface area and Q 

is the immersion ratio (the fraction of the day for which oysters are actively 

pumping). 

The relationship between length and body weight is usually expressed as an allometric 

function (Peters 1983) 

b L=aWc (2.2) 

where We is defined as the core tissue weight, that is, the weight when all reserves 

have been utilised (Ross & Nisbet 1990). 

The effects of water temperature on bivalves are well documented (e.g. Walne 1972, 

Kusuki 1978, Malouf & Breese 1977, Mann 1979, Doering & Oviatt 1986). Many 

studies have been directed towards understanding the effects of temperature on 

bivalve clearance rates (e.g. Newell et al. 1977, Buxton et al. 1981, Le Gall & 

Raillard 1988, Soletchnik et al. 1991). Maximum clearance rates are usually achieved 

at a temperature around 20°C in marine bivalves (e.g. Crisp et al. 1985). Le Gall & 

Rail1ard (1988) found that C. gigas reach the maximum clearance rate at a 
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temperature of approximately 20 DC, which is close to the value of 19 DC found by 

Bougrier et al. (1995) for the same species. Therefore a in Equation 2.1 is 

temperature dependent, described by Bougrier et al. (1995) as: 

(2.3) 

where aA is surface area-specific clearance rate, aB is temperature-dependent 

clearance coefficient, T is temperature and T C is temperature at which the maximum 

clearance rate would be achieved. The equation is only valid with the temperature 

range of 0-40 DC. 

The effect of seston on the clearance rate has been reported in bivalves (e.g. Griffiths 

& King 1979, Higgins 1980, Barille et al 1997b). Some studies (e.g. Barille & Prou 

1993) have found the clearance rate of oysters to be independent of seston 

concentrations under 50 mg rl, while above this level, an oyster will reduce its 

pumping rate with increasing particulate concentration. Very high levels of particulate 

concentrations will result in the clogging of oyster's palleal organs (e.g. Barille & 

Prou 1993, Raillard et al. 1993). The clogging level was found to be 196 mg rl 
(Barille & Prou 1993), after which the clearance declined dramatically. These authors 

use a discontinuous function of suspended particulate matter. However, for the 

present purposes this relationship is described as a smooth function of seston 

concentration, because the physiological response of organisms to changes in the 

environment has usually been shown as a smooth function in many bivalves (eg. 

Navarro & Widdows 1997, Hawkins et al. 1999). A comparison of both calculations 

was shown in Fig. 2.2. Hence I approximate their equations by a single smooth 

function: 

CR = CRmax / {I + exp[(S-SCR)/ SpJ} (2.4) 

where S is the seston concentration, SCR is the clogging level and Sp is coefficient 

describing the change in clearance rate with increasing seston concentration. 
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Fig. 2.2. Influence of seston concentration on clearance rate (CR) in C. gigas. 

2.2.3 Ingestion 

There is very strong evidence that ingestion is a saturating function of seston 

concentration for marine bivalves (e.g. Thompson & Bayne 1974, Foster-Smith 1975, 

Widdows et al. 1979, Epifanio & Edwart 1977, Crisp et al. 1985, Deslous-Paoli et al. 

1992, Barille et a1. 1997b). At high seston concentrations, further increases in 

concentration result only in greater pseudofaeces production (see Foster-Smith 1975, 

Barille et al. 1997b). A simple type-2 Michaelis-Menten function has been used to 

represent the dependence of ingestion rate on seston concentration, and hence the 

food ingested (I) is given by: 

r=( S )CR.!:'.=( F )CR 
S +SHF S S +SHF 

(2.5) 

where SHF is the half-saturation seston concentration and F is the food concentration. 

2.2.4 Digestion and assimilation 

Some authors have observed a relationship between the digestion/absorption 

efficiency and the organic content of ingested seston (e.g. Bricelj & Malof 1984, 

15 



Chapter 2. Preliminary DEB model 

Bayne et al. 1987, Bayne et al. 1989, Navarro et al. 1994, Barille et al. 1997b) and so 

have incorporated a term which is dependent on the organic:inorganic ratio in the 

ingestion function. However, other studies have found the digestion efficiency to be 

independent of organic content (e.g. Romberger & Epifanio 1981, Valenti & Epifanio 

1981, Gerdes 1983a). 

There is a similar uncertainty in the relationship between digestion efficiency and 

temperature, with some finding a link with temperature (e.g. Raillard et al. 1993) as 

well as with other factors such as body size and food concentration (Winter 1978, 

Wilbur & Hilbish 1989). It appears that these relationships are either not consistently 

found, or may be attributed to experimental artefacts (Klepper et aL 1994). For 

simplicity, I therefore assume that the digestion efficiency is constant: 

(2.6) 

where D is the digestion rate and Ed is the digestion efficiency. 

Finally the assimilation rate is given by: 

A=pD (2.7) 

The parameter, p, incorporates the assimilation coefficient. It is discussed in more 

detail in Chapter 3. 

2.2.5 Gametogenesis 

Many studies on marine bivalves indicate that seasonal changes in body weight 

mainly reflect the change in carbohydrate or glycogen content (e.g. Alvarez 1968, 

Pavlovic et al. 1970, Dare 1973, Gabbott & Bayne 1973, Gabbott 1975, Deslous-Paoli 

& Heral 1988). Measures of energy reserves, such as the condition index, decrease 

with gonadal development (Whyte & Englar 1982), presumably as a consequence of 

utilisation of reserves for gametogenesis. The seasonal variation of storage and 

utilisation of glycogen reserves ret1ects the complex interactions, not only between 

food supply and temperature as described in the above models, but also between 
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growth and annual reproduction. The energy loss due to gametogenesis is probably 

underestimated in traditional models that assess reproductive effort as a loss of 

gametes (Raillard et al. 1993, Barille et al. 1997a). 

Barber and Blake (1981) have shown that the energy gain by the gonad is less than the 

energy loss from reserves during the gametogenic stage of the scallop Argopecten 

irradians concentricus. Therefore, the gonad development took place largely at the 

expense of glycogen reserves (Mori et al. 1966, Krebs 1970, Gabbott & Stephenson 

1974). Krebs (1970) estimated that approximately 7% of the stored energy are lost 

during gametogenesis in Mytilus edulis. I assume that the energy loss due to 

gametogenesis, Eg, is proportional to storage: 

(2.8) 

where Og is gametogenesis related energy loss coefficient and W s is storage tissue 

weight. 

2.2.6 Reproduction 

Reproductive effort can be calculated from the quantity of organic material or energy 

lost during spawning (Bayne & Worral 1980, Deslous-Paoli & Heral 1988). 

Reproductive effort may be substantial in marine bivalves (e.g. Griffith 1981, 

Thompson 1984a, Heral 1989). During the gametogenic stage, much of the 

accumulated energy reserves are utilised (e.g. Thompson 1984a). I assume that 

energetic demands of reproduction are entirely met from 'free storage', which is 

defined as the storage in excess of a core level (Sc), as in Ross and Nisbet (1990). The 

energy loss of spawning is estimated as proportional to free storage: 

(2.9) 

where Or is spawning effort coefficient. Core level of storage (Sc) varies with the size 

of animals and is therefore a function of core weight (W c): 

Se = a We (2.10) 
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where a is a size-dependent coefficient for core level of storage. 

2.2.7 Metabolism 

Metabolic requirements can be divided into two categories: 1) the basal metabolic rate 

which represents the metabolic rate of a non-feeding, non-growing animal; and 2) the 

routine metabolic rate, which includes both the basal rate and the additional metabolic 

requirements associated with e.g. feeding and digestion (Bayne et al. 1989). There are 

considerable difficulties in experimentally determining the basal component of the 

routine metabolic rate - in particular how the components vary with size. I therefore 

chose to represent the metabolic rate as a function of size only and neglect any 

variation associated with changes in feeding and digestion etc. The metabolic rate is 

clearly a function of size (e.g. Peters 1983) and is usually treated as an allometric 

function of dry flesh weight with an exponent of 0.75. 

For reasons discussed above, core weight (W c) instead of dry flesh weight was used 

as the state variable in calculating maintenance (M) according to the allometric 

function: 

(2.11) 

where ~ is weight-specific cost of maintenance and d is metabolic exponent 

The influence of temperature on oxygen consumption has extensively been studied, as 

temperature has a significant effect on metabolic parameters. Experiments have 

shown that oxygen consumption strongly responds to increasing temperature for a 

number of oyster species (e.g. Dame 1972, Newell et al. 1977, Shumway & Koehn 

1982, Le Gall & Raillard 1988), and for instance the oxygen consumption rate in C. 

gigas is an allometric function of temperature. From these data, the temperature effect 

on oxygen consumption is approximated by the equation: 

(2.12) 
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where ~ is metabolic coefficient, 1 is temperature effect of metabolic coefficient and 'Y 

is temperature-dependent metabolic coefficient. 

2.2.8 Energy allocation 

Extensive modelling studies on energy budgets of marine bivalves have described the 

rules of energy allocation and partitioning to growth, reproduction and metabolism 

(e.g. Bernard 1974, Dame 1976, Barber & Blake 1981, Kooijman 1986a, Ross & 

Nisbet 1990, DesIous-Paoli et al. 1990, van Haren & Kooijman 1990, Raillard et al. 

1993). In modelling how energy assimilation is utilised, I chose the simple 

assumption that the metabolic requirement (M) is first subtracted from the 

assimilation (A) to leave the energy available for gross production (P): 

P=A-M (2.13) 

When the assimilation rate is less than the metabolic requirement, P is negative and M 

therefore must be met from stored reserves. When P is positive I assume a fraction of 

the available energy is utilised for growth (of core weight) and the remainder is 

allocated to reserves. A state variable has not been explicitly included to represent 

reproductive products to avoid additional complexity. However to adequately 

represe~t the changes in flesh weight, it is still necessary to represent the loss of 

reserves as a consequence of both gametogenesis and spawning. Hence I define three 

periods of reproductive activity: 1) non-activity, 2) gametogenesis, and 3) spawning. 

These periods are explicitly represented in the model. During the first period, there is 

no utilisation of reserves for reproduction. During the second period, I assume that a 

fixed proportion of reserves is used per day for gametogenesis. During the final 

spawning stage, I assume that the rate of loss of reserves per day is an allometric 

function of the reserves. 

Based on these assumptions, the energy partitioning of an oyster is described in 

equations 2.14-2.15: 

dWc/dt = rp 

dWs/dt=(l-OP-E 
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The energy allocation coefficient to core weight, 1, is defined as: 

{
Iv: if P > 0 

1= 
o : otherwise 

The allocation rule of energy used for reproduction, E, is defined as: 

{

Eg :i.f Ws > Sc and tgb < t < tge 

E = E r : If Ws > Sc and t rb < t < tre 

0: otherwise 

(2.16) 

(2.17) 

where tgb and tge are, respectively, the beginning and end of the time period of 

gametogenesis; and trb and tre are, respectively, the beginning and end of the spawning 

period. 

As long as assimilation is greater than maintenance (A>M), core weight will increase 

and so will storage, provided energy allocation for storage is greater than the energy 

for gonad development. If assimilation is less than maintenance (A<M), the excess of 

M over A is met from reserves. Death occurs when Ws approaches O. 
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2.3 Discussion 

A preliminary dynamic energy budget (DEB) model has been developed on the basis 

of published information on energy acquisition and expenditure of the Pacific oyster. 

The purpose of the model is to simulate the growth and energetic responses of the 

Pacific oyster to varying environmental conditions including temperature, food 

quantity and quality; A further purpose of this preliminary modelling stage is to 

identify the parameters and functions that require further experimental work -

detailed discussion will be addressed in Chapter 3. Unlike traditional models, two 

state variables (storage and core weight) were used in the DEB model, to avoid 

confusion between the functional role of structural and reserve tissues. 

In designing the DEB model, the number of parameters was restricted in order to ease 

subsequent calibration problems: the greater the number of parameters the greater the 

probability of there being multiple parameter sets which can give rise to a similar 

calibrated solution (see for example Beck 1987). 

A noticeable difference between this model and traditional ones for this oyster is that 

the model is designed to distinguish storage from structural material (core weight). 

The clearance rate is modelled as a function of size and does not vary with storage. 

Similarly, the metabolic rate is also computed from core weight and is assumed to be 

independent of storage (Kooijman 1993). 

The present DEB model is designed so that the energy derived from food is first used 

for maintenance and any excess energy added to the storage pool and growth of 

structural materials. Although the time-scales involved in energy mobilisation for 

metabolism are not well established and are likely to be highly variable, this 

assumption follows the well-parameterised scope-for-growth models (e.g. Bayne & 

Widdows 1978, Bayne & Worrall 1980, Widdows et al. 1984) and hence makes 

parameterisation more straightforward. 

Energy loss during gametogenesis has often been ignored in the development of 

energetic models. Energy for reproductive activities is significantly greater than can 

be accounted for solely in terms of gonadal development in some bivalves (e.g. 

21 



Chapter 2. Preliminary DEB model 

Barber & Blake 1981). Utilisation of adductor muscle energy reserves for gonad 

growth in Argopecten irradians concentricus in the two months prior to spawning was 

evident as mean adductor muscle index fell by approximately 23%, whilst the mean 

gonad index increased by only 9% (Barber & Blake 1981). Consequently, part of the 

adductor muscle energy reserves appears to be utilised during the later gametogenic 

stages, apparently providing maintenance energy for the transfer of recently 

assimilated food from the digestive gland to the gonad. In Mytilus edulis, a 

conversion of carbohydrates into lipid has been observed during gametogenesis, 

associated with a loss of glycogen reserves - synchronous with Stage II - oogenesis 

and vitellogenesis (see Gabbott 1975). Decreases in glycogen contents were also 

observed to be closely associated with sexual maturation in a few bivalve species 

including C. gigas where the gonad development was found to take place at the 

expense of stored reserves (Mod et al. 1966, Krebs 1970). This suggests that the 

energy used for gametogenesis comprises both recently assimilated and longer term 

stored reserves. 

The assumption that energy is transferred through a reserve pool to reproductive 

output by describing a cost of gametogenesis, therefore seems reasonable, and is a 

convenient mechanism for keeping the model simple - i.e. avoiding having to 

represent reproductive tissue as a separate variable. In the absence of experimental 

data, I have assumed that the energy loss due to gametogenesis is proportional to 

storage. 

The period of gametogenesis of the Pacific oyster was observed to start a few months 

before spawning (Dinamani 1987). Therefore, I have represented the reproduction as 

two components: reproductive output - that is a sudden loss associated with 

spawning, and gametogenic cost which is the metabolic costs associated with the 

development of gametes. The published information relating to reproduction of this 

species is, at best, semi-quantitative. There is a strong need for quantitative 

investigation of energetics associated with reproduction. 
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CHAPTER 3 

MODEL PARAMERTERISATION AND APPLICATION 

3.1 Introduction 

In the previous chapter, a preliminary dynamic energy budget model was developed 

with the aim of simulating the growth and energetics of oysters under dynamically 

varying environmental conditions. In this chapter, I attempt to parameterise the model 

and test its applicability. 

There are 3 approaches for obtaining model parameters: 1) directly from literature 

values; 2) estimated from published datasets; and 3) 'free-fitting'. Not all the 

parameter values could be obtained or estimated from published information, so the 

remaining values were 'free-fitted' - that is, the values of those parameters used in 

model simulations are adjusted until an acceptable fit is achieved between simulations 

and calibration datasets - consisting of field data on the dynamics of the state 

variables. 

Due to a lack of comprehensive datasets from oyster farming systems in New 

Zealand, calibration and simulation were conducted using data from the Marennes

Oleron ecosystem, France (see Raillard et al. 1993, Barille et al. 1997a). 

3.2 Parameterisation 

The model (presented in Chapter 2) has two state variables: core weight to represent 

size and storage to represent the amount of reserves. Both are expressed in units of 

Carbon (mg C). Some experimental studies have used length as a measure of size and 

hence to utilise these studies I have assumed that core weight is an allometric function 

of length. 

Some of the model parameters are taken directly from the literature as published 

values and some are estimated from published data. Many of the physiological 

measurements that have been reported in the literature are standardised to total dry 
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flesh weight (DFW). For my use it is necessary to standardise them to core weight. 

For present purposes, it is assumed that core weight is proportional to DFW. For 

some parameters there are no data available from which to estimate values. These 

parameters are termed 'free-fit' parameters. The values, and sources where 

appropriate, of all of the parameters used are given in Table. 3.1 

The energy allocation for shell growth was estimated to be 20% of the total 

assimilated energy (Deslous-Paoli 1980). Due to lack of experimental information on 

energy allocation to core tissue weight, I have assumed a further 20% of the 

remaining energy is allocated to flesh growth giving a total energy allocation to core 

weight of 36%. Practically it is difficult to determine what the assimilation efficiency 

is. One method of estimating it is to calibrate the model by varying the value of this 

parameter until a good fit between predictions and observations of growth is achieved. 

However I cannot be confident that the parameter then relates solely to assimilation 

efficiency. It could also describe inaccuracy in our specification of the clearance, 

ingestion, or digestion rates. Hence I describe the proportionality constant between 

assimilation and digestion/absorption, p, as a free-fitting feeding parameter, which is 

implicitly assumed to include the assimilation efficiency. 

Estimation of the free fitting parameters (p, 8r and Cl) was based on a published dataset 

from Marennes-Oleron Bay, France (see Raillard et al. 1993, Barille et al. 1997a). The 

applicability of the model was judged by varying the values of these parameters and 

comparing the model results with observed data. The model was run over 18 months. 

Successive modifications were then made to the parameter values, until the model 

simulation was a reasonable representation of the entire dataset. 

In order to explore the applicability of the model to differing environments, I ran 

parameter sensitivity analysis using the method of Majkowski (1982). One parameter 

was changed for each nm of the model by either plus or minus a fixed percentage and 

the relative change of model output was used to calculate the sensitivity. This analysis 

was used to identify whether an input parameter, when changed by a fixed percentage, 

produces a strong or a weak effect on the model output. The difference between the 

unperturbed and perturbed results from the model is measured by 
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(3.1) 

where Di is an index of sensitivity of the model output to an input parameter changed 

by p( %), X~ refers to oyster dry flesh weight at the end of the integration period in the 

standard model - the model output with unperturbed parameters; x/efers to oyster 

dry flesh weight at the end of integration period with perturbed parameters; and i is 

the number of days for which the model is run. 

Two model runs were done for each parameter, varied by both plus and minus 10%. 

The percentage change in oyster dry flesh weight (from the calibrated model output) 

was used as the measure of sensitivity of the change in the parameter value. 
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Table 3.1. Model parameters (continued on next page). 

Symbol Value Unit Definition Sources* 

CiA 0.073 1 h- 1 cm-2 surface area-specific clearance rate El 

CiB 0.00016 1 h- 1 cm-2oC 2 temperature coefficient in clearance rate El 

Tc 18.9 °c temperature inducing the maximal clearance rate 1 

a 2.1 cmmtb C coefficient in length weight relationship E3 

b 0.3 allometric index in length weight relationship E3 

SCR 200 ma rl 
b clogging level of seston concentration in clearance 2 

S~ 18.6 mgrl seston related coefficient in clearance function E2 

SHF 5 mgr1 half saturation seston concentration E5 

Cd 0.75 digestion efficiency 4 

p 19.3 assimilation coefficient free 
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Table 3.1. Continued. 

Symbol Value Unit Definition Sources* 

8a 0.07 gametogenesis related energy loss coefficient 6 
" 

8r 0.85 spawning effort coefficient free 

d 0.1 size-dependent coefficient for core level of storage free 

d 0.75 metabolic exponent 9 

~ 0.0035 mg1-dC h-1 metabolic coefficient El 

l 0.0045 ma-d Ch-1 
b temperature effect of metabolic coefficient El 

1.04 l!°C temperature dependent metabolic coefficient y mg C 

A 0.36 energy allocation coefficient to core weight E7 

n 0.83 immersion ratio 8 

*E - estimated from data indicated in source number. 1 - Bougrier et al. 1995,2 - Barill6 and Prou 1993, 

3 - Kobayashi et al. 1997,4 - Gerdes 1983a, 5- Deslous-Paoli et al. 1992,6- Krebs 1970, 7- Deslous-Paoli 1980, 

8- Bacher 1989, 9-Peters 1983 
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3.3 Model calibration and simulation 

3.3.1 Calibration dataset 

During 1979-1980, the ecosystem of Marennes-Oleron Bay, France was characterised 

by high seston concentration (see Raillard et al. 1993, Barille et al. 1997a). The 

seasonal variation of seston varied considerably from 10 to 350 mg rl with peak 

values in January 1980 (Fig. 3.1a). 

The chlorophyll a concentration was used as a measure of phytoplankton biomass. 

There was considerable variability in chlorophyll levels with a late spring bloom 

evident in both years (Fig. 3.1 b). Particulate organic matter varied with seston, but it 

did not correspond with the variation of chlorophyll a concentration (Fig. 3.1c). 

Variation in temperature showed a regular sinusoid pattern (Fig. 3.2). More detailed 

discussion on environmental variations can be found elsewhere (Raillard et al. 1993, 

Galois et a1. 1996, Barille et a1. 1997a). In calibration and simulation processes, 

phytoplankton carbon was used as the measure of available food because a number of 

studies have shown that it is the phytoplankton component of the seston which affects 

the growth of oysters (e.g. Fujisawa et a1. 1987, Brown & Harteick 1988, Jones & 

Iwama 1991). Variation in the ratio of chlorophyll a (ChI) to phytoplankton carbon 

(C) is generally large due to changes of composition of algal species, but an average 

value of 50 (Chl:C=1:50) in the ecosystem was assumed based on range of field

derived values (Welschmeyer & Lorenzen 1984). The initial input of oyster dry flesh 

weight was 60 mg (assumed 48 mg reserves, 12 mg stlUctural tissue). For model 

simulations, conversion factors of 2.38 and 20.3 were used, respectively for carbon 

(mgC) to dry flesh weight (mg) and energy Uoule) to dry flesh weight of oysters 

according to measurements of Heral & Deslous-Paoli (1983) and Mann (1979). 
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Fig. 3.1. Particulate concentrations of a) seston, b) chlorophyll a (ChI) and c) organic 

matter (POM) in the Marennes-Oleron Bay, France. 
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Fig. 3.2. Seasonal variation of temperature in the Marennes-Oleron Bay, France. 

3.4.2. Calibration and simulation 

Sampling intervals for environmental and biological data varied from 3 to 24 days. 

For the purpose of model simulations (with a time-step of one day), linear 

interpolation was used to produce daily values of the field data for the period of May 

1979-December 1980. The calculations were conducted using S-plus3.2@ (StatSci, 

Seattle). The model implementations were done using XPPAUT2.6 (Ermentrout 

(996). The differential time step was 0.2, beyond which no considerable 

improvements in the resolution for model outcomes were obvious. During integration, 

min was set to 0 and max was set to automatic fit to data. The DEB model was run 

over a period of 18 months to compare simulated results with the observed data using 

the dataset in the Marennes-Oleron Bay ecosystem during May 1979-December 1980. 

The follow equation is used to adjust fitness of the model to observed data: 

f1 2 

6D = L (YI -l ) (3.2) 
1=1 

where Yi is simulated dry flesh weight at day i, l is observed dry flesh weight at day 

i and n is number of days for which the model is run. 
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Calibration of the preliminary model was made until the model could reproduce the 

observed system behaviour adequately, i.e. free fitting parameters were adjusted until 

the value of minimum W is achieved. Outcomes of the model are shown in Figure 

3.3. The simulated values matched reasonably well with the observed data. The 

growth of oysters corresponded closely with the variation of chlorophyll a 

concentrations. Spring blooms of phytoplankton resulted in fast growth of oyster 

flesh. However, reproduction and decrease of phytoplankton concentrations caused 

sharp declines of flesh weight after late June in both years. Moreover, depression of 

clearance frequently occurred due to high seston concentrations particularly during 

winter periods (Fig. 3.4), which limited pumping rates of oysters and hence reduced 

food uptake. The metabolism exceeded assimilation during these periods resulting in 

starvation conditions (negative growth of flesh - see Fig. 3.5). 

3.4.3. Sensitivity analysis 

The measure of sensitivity analysis, D, was averaged for plus and minus variation. 

The oyster growth is relatively insensitive to changes in most of the model parameters 

(Table 3.2), indicating that the model is reasonably robust in simulating the growth of 

oysters in the Marennes-Oleron ecosystem. However, the model was particularly 

sensitive to some parameters such as the maintenance coefficient (y), metabolic 

weight exponent (d) and allometric index in length-core weight relationship (b). The 

model is extremely sensitive to change in the maintenance coefficient (y) which 

describes the temperature effect on metabolism. Since metabolic rate is not a linear 

function of temperature, a 10% change of y would magnify the oyster growth by over 

5-fold over the period of the integration. 
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Fig. 3.3. Growth simulations of dry flesh weight (DFW) of the Pacific oyster in the 

Marennes-Oleron Bay, France. Dots are observed data and the line is simulated 

trajectory of DFW. 
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Fig. 3.4. Simulated clearance rates of the Pacific oyster in Marennes-Oleron Bay, 

France. 
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Fig. 3.5. Energy budget of the Pacific oyster. The thin line is the assimilated energy 

and the thick line is respired energy. 

Table 3.2. Sensitivity analysis for model parameters * . 

Parameters D Parameters D 

aA 0.412 P 0.621 

aB 0.016 Dr 0.069 

Tc 0.087 Dg 0.003 

a 0.734 d 1.760 

b 1.337 ~ 0.186 

SCR 0.054 1 0.356 

S~ 0.005 'Y 5.668 

SHF 0.035 'A 0.046 

a 0.004 Q 0.126 

Ed 0.410 

*The parameters and values highlighted III the bold font are highly sensitive 

parameters. 
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3.4 Discussion 

3.4.1 Applicability of the model 

Efforts were made to parameterise the preliminary DEB developed in Chapter 2. After 

calibration, a reasonable agreement between simulated and observed growth of the 

Pacific oyster in the Marennes-Oleron ecosystem was obtained. 

It would appear from the data that changes in oyster dry flesh weight in and around 

the spring bloom are a result of changes in phytoplankton abundance (Figs. 3.1 & 

3.3). Hence I have chosen to represent the food as chlorophyll a (ChI), converted to 

carbon (C) assuming a fixed C:Chl ratio. I have assumed in my model that other, 

detrital, sources of organic material (incorporated into the total seston concentration) 

have only a negative effect on feeding. It appears from the satisfactory fit obtained in 

this model that this is a reasonable assumption for the Marennes-Oleron Bay system. 

Although the quality of particulate organic matter (POM) changed seasonally, it did 

not follow the variation in chlorophyll whereas the changes in oyster dry flesh weight 

did. 

To further understand the direct contribution of POM to oyster growth, I ran the 

model using POM as an input of a food source (i.e. Fin eq. 2.5). For this purpose, the 

free-fit parameter-assimilation coefficient (p) was varied. However, I failed to obtain 

a good agreement between simulations and observed data using POM as a food source 

at any assimilation coefficients (Fig. 3.6). 

Phytoplankton availability appears to be the most important driving force for the 

growth of oysters. This is in agreement with field monitoring studies of oyster growth 

(e.g., Kusuki 1978, Fujisawa et al. 1987, Brown 1988, Brown & Hartwick 1988), 

which have shown that phytoplankton blooms result in accelerated growth, but no 

strong linkage was found between oyster growth and detritus biomass. This may be 

due to detritus being of low food quality as a consequence of it being refractory 

(Klepper et al. 1994), and only the labile part, which may be quite small, being able to 

be assimilated (Crosby et al. 1989, Williams 1981, Grant & Granford 1991, Klepper 
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et aJ. 1994, Navarro et a1. 1997, Campbell & Newell 1997). Although detritus may not 

be a significant food resource, it may improve digestion, which increases the 

assimilation efficiency of phytoplankton (Romberger & Epifanio 1981). However, 

there is insufficient quantitative information to incorporate such an effect into the 

model at present. 
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Fig. 3.6. Growth simulations of dry flesh weight (DFW) of the Pacific oyster in 

Marennes-Oleron Bay, France. Particulate organic matter (POM) was used as input of 

the food source using a conversion factor of 1 mg POM=10.4 J (Bayne & Widdows 

1978). Dots are observed DFW and lines represent simulated DFW corresponding 

with different assimilation coefficients - the numbers shown on the right-hand side. 

No reasonable agreements could be obtained between simulations and observations. 

Overall, the model could produce a satisfactory trajectory of oyster growth in the 

ecosystem of Marennes-Oleron Bay. However, the simulations did not match 

observed data at some periods, for example, during May-September 1980. Several 

factors might have contributed to the errors. One of these is uncertainty in some 

model functions and values of parameters (see below Section 3.4.2). 
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In further exploring the overall importance and impact of phytoplankton biomass on 

the growth of oysters, another simulation of growth was done. A further dataset 

consisting of chlorophyll a concentrations, temperature and dry flesh weight of 

oysters was obtained from the literature pertaining to two coastal oyster culture 

systems in western Canada: West Vancouver and Lemmons Inlet (Brown & Hartwick 

] 988, Brown 1988). These data were collected for a period of 13-14 months during 

]984-85 at 1-2 monthly intervals (total of 12 & 14 samplings). 

The dataset was not sufficiently comprehensive to provide a true test of the model. In 

particular, no seston data were available. Therefore, I have modified the model to 

remove the dependence on seston concentration, since my major interest in simulating 

this dataset was to investigate the effect of variation in phytoplankton abundance on 

oyster energetics. The functional response to seston concentration was replaced with a 

functional response to food concentration, that is, the parameter SHF is replaced by 

FHP. Two parameters: the ingestion coefficient, p, and the half-food saturation, FHP, 

were considered to be free-fitted for the purposes of simulating the dataset. After 

calibration, the estimated values were p = 0.36 and FHP = 0.31 mgC ri. Overall, the 

simulated trajectories of oyster growth matched reasonably well with observed data 

(Fig. 3.7). 

As with Marennes-Oleron Bay, fast growth periods of oysters corresponded closely 

with phytoplankton blooms (Fig. 3.8). The simulated growth did not match well with 

the observed growth in the last three months in 1995 in Lemmens Inlet, when 

simulated values were considerably lower than observed growth. This may have been 

due to the lack of information on seston, or food quality incorporated into this model. 

However, no depressions of clearance rate were likely to occur in the Canadian 

systems due to the low seston concentrations in both systems «32 mg rI, Brown, 

1988). The poor fit may also be due to the sparsity of data on phytoplankton 

abundance. Phytoplankton blooms, which cause large variations in chlorophyll a 

concentrations, may occur for short periods of time. Model outcomes are subject to 

the accuracy of model inputs. Inputs from such an incomprehensive dataset would 

lead to inaccurate estimates of growth. 
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It may not be possible to use consistent values of the feeding parameters, p and FHF 

(which I have treated as free-fitting). The variation in food and seston sources 

between ecosystems may be sufficiently complex as to confound any consistent 

parameter values. Overall it appears that phytoplankton is the dominant influence in 

controlling oyster energetics, although other factors such as high seston concentration 

may be important at times. For example, clearance rate appears to be depressed during 

some periods in the Marennes-Oleron study. 
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Fig. 3.7. Growth simulations of Pacific oysters in the ecosystems of a) West 

Vancouver and b) Lemmens Inlet, Canada. Dots are observed data and lines are 

model simulations. 
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Fig. 3.8. Chlorophyll a concentrations in the ecosystems of a) West Vancouver and b) 

Lemmens Inlet, Canada. 

3.4.2 Major knowledge gaps 

Feeding and energetics. A lack of comprehensive information from any single 

published study or collection of studies makes it difficult to develop or verify some 
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functions and some parameter values. There was some difficulty in parameterisation 

of the preliminary model due to the considerable variation in physiological rates 

between published studies on feeding and respiration of this species (e.g. Gerdes 

1983a & b, Deslous-Paoli et al. 1992, Barille et al. 1994, Bougrier et al. 1995, Barille 

et al. 1997b). For example, there is a considerable variation in the value of the 

exponent d in the metabolism-weight relationship (Eq. 2.11). It was determined to be 

0.77 and 0.96 by Gerdes (l983b) and 0.80 by Bougrier et al. (1995). Similarly, the 

clearance rate at 20 DC for C. gigas was found to be constant at 2.2 I h-I g-I by Barille 

et al. (1994), 4.8 1 h-I g-1 by Bougrier et al. (1995) and 2.75 I h-1 g-I by Gerdes 

(l983a). The oxygen consumption rate at the same temperature was determined to be 

0.65 ml O2 h-1 g-1 and 0.96 ml O2 h-1 g-1 by Gerdes (1983b) and Bougrier et al. (1995) 

respectively. This uncertainty is probably due to the sparsity of work done on oyster 

energetics and/or to genetic differences within the species. 

Physiological measurements are needed to investigate the identified knowledge gaps 

in the laboratory. These experiments should be designed to determine how filtration, 

ingestion, absorption and respiration of oysters are affected by different 

environmental conditions in New Zealand ecosystems (see Chapter 4). Appropriate 

functions and parameters would be obtained from these measurements for 

modification of the preliminary model. 

Body size. I assume that the dry flesh weight is composed of core weight (structural 

material) and storage (reserves). Structural material is an appropriate measure of body 

size for interpretation of physiological rates (e.g. Ross & Nisbett 1990, van Haren & 

Kooijman 1993). The difference between the two components is that the structural 

material cannot be remobilised, while reserves are dynamic and change in response to 

environmental conditions. It has been argued (Horstmann 1958, DeMott 1982, Porter 

et al. 1982, Kooijman 1986c, Ross & Nisbett 1990, van Haren & Kooijman 1993, 

Nisbett et al. 1996) that the amount of reserve tissue does not significantly affect 

either feeding or respiration rates. These authors suggest that structural material rather 

than storage is the main, if not the only, substance involved in physiological activity. 

Core weight is therefore used as one of the state variables in the DEB model. Since no 

core weight information is available, it needed to be specially measured (see Chapter 

5). 
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Reproduction and energy utilisation. Mature oysters may lose a large proportion of 

their body weight during reproduction and this proportion increases with size (Brown 

& Russel-Hunter 1978, Deslou-Paoli & Heral 1988). Although many studies on 

reproduction have been done (e.g. Dinamani 1987, Perdue et al. 1981, Whyte & 

Englar 1982, Heral & Deslous-Paoli 1983, Deslous-Paoli & Heral 1988, Whyte et al. 

1990, Robinson 1992, Ruiz et al. 1992, Robert et al. 1993), there is still a shortage of 

information for development and parameterisation of the preliminary DEB model 

functions. My initial efforts to develop functions related to reproduction were based 

on published knowledge of other related species (see Chapter 2). Values of the 

parameters were either derived from other species or 'free-fitting' because of lack of 

quantitative measurements in this oyster (see Chapter 3). It is necessary to quantify 

reproductive effort and energy utilisation in relation to reproductive activities in C. 

gigas. The reproductive cycle has also to be investigated in New Zealand ecosystems 

(see Chapter 6). 

Growth dynamics. The preliminary DEB model was calibrated using a dataset from 

the Marennes-Oleron ecosystem. It was anticipated to have limited applicability, 

because environmental effects on growth are generally large. Relationships between 

oyster growth and environmental factors have been documented in some ecosystems 

(e.g. Westley 1965, Askew 1972, Malouf & Breese 1977, Brown 1988, Brown & 

Hartwick 1988, Nell & Holiday 1988), but growth was highly area-specific (Wallace 

1980, Brown 1988). Growth of bivalves is influenced by environmental variables, but 

breeding stocks also affect growth rates (Newkirk & Haley 1983, Paynter & 

Dimichele 1990, Nell et al. 1996). Therefore, to apply the final DEB model in the 

oyster farming systems in New Zealand, the model calibration and validation have to 

be based on datasets relating to these systems. Little information is available, 

however, regarding the growth response of C. gigas to its culture environments in 

New Zealand (see Chapter 7). 

3.4.3 Parameter sensitivity 

Using parameter sensitivity analysis, several sensitive parameters have been detected 

including the maintenance coefficient (y); the metabolic weight exponent (d); and the 
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allometric index in length-core weight relationship (b). The model is extremely 

sensitive to the change in 'Y due to the oyster respiration being a nonlinear function of 

temperature (Table 3.2). High sensitivity of some parameters is partly due to the fact 

that much of this work has not been appropriately designed for the purpose of 

developing energetic models and partly due to the sparsity of work done on oyster 

energetics and/or genetic differences within the species. It is likely that the degree of 

sensitivity of some parameters might be reduced in alternative functions and 

parameterisations. The high sensitivity of this nonlinear system to small parameter 

changes suggests that alternative functions and parameterisations of the energetic 

model must be formulated, tested and refined in both laboratory and field situations. 

3.4.4 Conclusion 

There are several uncertainties in the development of functions and parameterisation 

of the preliminary DEB model. However, it was one of my objectives to detect major 

knowledge gaps which require experimental studies. The preliminary model does 

provide an appropriate framework for further investigations on physiological 

processes of C. gigas in aquaculture systems. Improvements of the model and its 

applicability to New Zealand ecosystems will rely on our further understanding of 

physiological processes. 
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CHAPTER 4 

FEEDING AND ENERGETICS 

4.1 Introduction 

Ecophysiological models, based on the physiological responses of animals to changes 

in environmental conditions, have been widely used as a tool for the management of 

shellfish culture (Klepper et al. 1994). Such models are used to simulate the processes 

of energy acquisition and expenditure as described in detail in Chapters 2 & 3. The 

quahty of these simulations is partly dependent on the accuracy and validity of the 

functional descriptions of processes such as filtration, ingestion and metabolic rates. 

Hence it is important to base these functional descriptions on consistent and 

systematic datasets collected over the range of biotic and abiotic conditions 

experienced by the farmed population. 

Many studies on the physiology of Pacific oysters have been carried out (e.g. Gerdes 

1983a & b, Deslou-Paoli et al. 1992, Barille et al. 1994, Bougrier et al. 1995, Barille 

et al. 1997b). However, the feeding and metabolic rates show large differences among 

the studies (see Section 3.4.2. in Chapter 3). This variation in physiological rates 

obtained by different authors may have been due to errors in standardisation of 

physiological rates caused by oyster condition and/or genetic differences between 

popUlations. 

Environmental conditions in New Zealand differ from those in many other oyster 

farming areas of the world. For example, there is a relative small variation in water 

temperature (typically 10 °C), chlorophyll a concentration varies from 0.2 to 6 f,lg rl 
(Gibbs & Vant 1997), and seston concentration from 5 to 15 mg rl (A. Ross Unpubl. 

data) over a year. However, the variation in the other oyster farming ecosystems could 

be large. For example, the water temperature ranges from 4-22 °c and chlorophyll a 

concentration ranges from 1 to 20 f,lg rl in Marennes-Oleron Bay of France (see 

Raillard et al. 1993, Barille et al. 1997a) and 0.1 to 50 f,lg rl in West Canada (e.g. 

Brown & Hartwick 1988, Brown 1988). Although the physiological response of C. 

gigas has been studied by a number of authors (e.g. Gerdes 1983a & b, Bougrier et al. 
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1995, Barille et al. 1997b) in other parts of the world, only one such study, limited to 

reproduction, has been done in New Zealand (Dinamani 1987). The physiology of the 

Pacific oyster in New Zealand waters is hence poorly understood, but is crucial to the 

prudent management of an expanding oyster-farming industry. 

This part of my study aims to detelmine how filtration, ingestion, absorption and 

respiration are affected in oysters held under different environmental conditions. The 

measurements provide a set of relationships for which the physiological rates can be 

expressed as functions of environmental variation. In the second and third chapters, a 

preliminary dynamic energy budget model has been developed to simulate the growth 

of C. gigas in varying environmental conditions. In providing important physiological 

functions and parameters for that model, in this chapter, the feeding behaviour and 

physiological processes in C. gigas have been measured over a wide range of food 

quantity and quality. Physiological measurements are described in terms of 

mathematical equations based on sound physiological principals. 

4.2 Materials and methods 

4.2.1 Treatments of oysters and experimental design 

Oysters ranging from 1.9 to 15.0 cm shell length (1.5-125 ml in volume) were 

collected from an oyster farm in the Marlborough Sounds, New Zealand (173°42'-

46'E, 41°02'-05'S) in April 1998. The oysters were cleaned of epibionts and 

immediately transported to University of Canterbury Field Station in Kaikoura (3 

hours by road), where they were kept in running seawater and acclimatised for 2 

months prior to experiments. Before each experiment, length, total wet weight and 

total body volume were measured to the nearest mm, g, and ml. After each set of 

experiments, the same oysters were kept in running seawater for the next 

measurements in the experiments unless otherwise specified. Once the physiological 

measurements were complete, the soft tissue from each oyster was excised, dried at 

60°C to a constant weight (-72 h) and weighed, ashed at 500°C for 4 h and weighed 

for ash-free dry weight. 
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Different sizes of oysters were used only for the purpose of measurements of size 

effect on physiological rates. For all other physiological measurements, 10 oysters 

with similar size (95±5 mm in length) were used and each was placed in one of the 

chambers as described below. 

Two trays of 6 perspex chambers were used for the feeding experiments. The first tray 

contained chambers of dimensions lOxlOx8 cm and the other tray contained larger 

chambers of size 20xlOxlO cm. Oysters were placed into 10 chambers whilst the 

other two chambers were left empty as controls. Oysters were left undisturbed for 1 

hour prior to the start of measurements and each measurement lasted for 3 hours. The 

flow rate through each chamber was adjusted in the range 150 to 300 m1 min-1 to 

ensure a significant difference of particle concentrations between outflow and inflow 

as represented by the control chambers, and also to avoid the possibility of re

circulation of water through the mantle cavity of the oysters. To minimise temporal 

variation in clearance rates of oysters, twelve tanks (one for each chamber) were used 

to collect outflow. Therefore, outflow from each chamber was all collected during a 

3-hour trial and well mixed at the end of a trial before water samples were taken. 

For the measurement of the temperature effect on clearance and oxygen consumption 

rates, a SOO-litre tank was designed with cooling and heating systems controlled by a 

thermostat for required temperatures. Oysters were acclimatised in the system to the 

following temperatures: 10, 12, 14, 15, 19, 20, 22, 25, 27 and 29°C. In addition to 50 

1 h- I of natural seawater passing through the temperature control tank, approximately 

1 xl 09 cells of the alga Pavlova lutherori were added each day per oyster to ensure a 

sufficient food supply. The animals were acclimatised for 12 to 15 days to each 

experimental temperature before each experiment was conducted. Particle and 

chlorophyll a consumption of 10 oysters was measured through the above feeding 

chambers to calculate clearance rates; three replicates were made for each 

temperature. There were no substantial variations in other environmental variables, 

since there was little variation in the natural seawater, e.g. in chlorophyll a (ChI: 

1.S±0.3 I-lg rl), particulate organic matter (POM: 0.8±0.3 mg rl) and total particulate 

matter (TPM: S.9±1.1 mg r\ 
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During measurements of SlZe effect on clearance rates, the temperature varied 

between 10 and 13°C and there was no great variation of other environmental 

variables throughout these experiments (ChI: 0.8±0.2 /lg rl, POM: 1.6±0.3 mg rl, 

TPM: 15.5±1.2 mg r\ One large oyster was placed into each of the large chambers 

and a number of small oysters were placed into each of the small chambers. Clearance 

rates, involving multiple small oysters, were calculated from total records. A wide 

size range of oysters (19-145 mm in length) was used in the experiment. The 

clearance rate of all size groups could not be measured for one trial due to limitation 

of chambers. Therefore, I conducted three trials and six replicates in each trial. The 

number of oysters in a feeding chamber used for these measurements is listed in Table 

4.1. 

Table 4.1. Oysters used for experiments of size effect on clearance rate 

Mean length (mm) Standard deviation Number of oysters 

19 0.9 7 

23 1.2 6 

33 1.4 6 

38 1.0 6 

43 1.2 6 

47 1.6 4 

55 2.3 2 

>60 1 

For measurements of the physiological response of oysters to a wide range of food 

quality and quantity, natural seawater was pumped into a 20 L header tank before 

passing through raceways into the 12 chambers to ensure a constant flow. A stock 

solution of algae and silt in another 20 L tank was pumped by a peristaltic pump at the 

required rate via 3 mm diameter tubing into a plastic buffer at the front of the 

chambers. This was done to ensure adequate mixing of the stock suspension with the 
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raw seawater before entering the chambers. Particle and chlorophyll a consumption 

were measured using 10 similarly sized oysters (95±5 mm in length) for each dietary 

condition at a water temperature of 12±1 DC. Different kinds of particle concentrations 

were passed to the feeding chambers. A range of different food quality and seston 

concentrations was produced by adding the alga Pavlova lutherori (4-6 11m) and 

surficial sediments (4-50 11m) to natural seawater. The stock solution was stored in a 

20 L tank and pumped to the chambers as mentioned above. Algae culture was 

obtained from the NIW A Aquaculture laboratory at Mahanga Bay. Surficial sediment 

was collected from a mudflat in Kaikoura and was sieved through a 50 11m Nitex 

screen. It was then combusted at 500 DC for 8 h to remove organic matter. For the low 

seston concentration treatment, natural seawater was diluted with 1 11m filtered 

seawater. The filtered seawater was stored in a storage tank. The ratio of natural and 

filtered seawater was worked out according to the required particle composition. The 

natural and filtered seawater was mixed in a 650 L tank before being pumped to the 

20 L header tank. Outflow from each chamber was individually collected and mixed 

during each 3-hour feeding trial (see above), which minimised temporal variation of 

clearance rates of oysters. Therefore, one trial was conducted for each dietary 

condition. 

Variation of physiological rates with the condition of animals has been reported for 

other marine bivalves (e.g. Iglesias et al. 1996, Labarta et al. 1997). To investigate 

whether this variation exists in Crassostrea gigas, I measured clearance rate (CR) in 

both spring when oysters had a high condition index and in winter when their 

condition index was low. Oysters were acclimatised to a water temperature of 17±0.5 

DC for two weeks in both seasons before experiments were conducted. ChI, POM and 

TPM were respectively, 1.5±0.2 Ilg rl, 0.7±0.3 mg rl and 5.6±0.4 mg rl in spring, 

and 1.2±0.4 mg rl, 0.6±0.3 mg rl and 7.0±0.6 mg rl in winter. I chose four-size 

groups of oysters (85±2, 95±2, 100±2 and 110±2 mm in length) in both seasons. 

Unlike for the other measurements, the oysters were excised immediately after these 

measurements in each season to obtain dry tissue weight of individuals. Condition 

index (CI) was calculated by 

CI = 100· DTW/DSW 
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where DTW is dry tissue weight (g) and DSW is dry shell weight (g). CI was higher 

in spring (CI=8.1±1.3, n=20) than that in winter (CI=5.0±1.1, n=20). CRs were 

standardised to both DTW and length in both seasons, following standardisation 

procedures. 

4.2.2 Water sampling and measurements 

Outflow collected in each tank representing each chamber was well mixed at the end 

of a trial. At least lL of water was sampled from each tank representing the outflow 

of each 'control' or 'oyster' chamber. Of each water sample, 500 ml was filtered onto 

ashed and pre-weighed 25 mm diameter GFIF filters (0.7 !-lm pore, Whatman). The 

filters were then dried in an oven at 105°C for 48 h, weighed and ashed in a muffle 

furnace at 500°C for 4 h. This method allowed both TPM (mg rl) and particulate 

inorganic matter (PIM: mg rl) to be measured. POM (mg rl) concentration was 

calculated by subtracting PIM from TPM. The organic content was computed 

(POM:TPM ratio) as an indicator of food quality. 

For the measurement of chlorophyll a, a further 500 ml of seawater from each sample 

was filtered through 25 mm Whatman GFIF filters. The filters were placed into plastic 

envelopes and stored in a dark box at -20°C until analysis. The chlorophyll a 

concentration was measured according to standard procedures using acetone 

extraction and fluorometric analysis (Strickland & Parsons 1968). In addition to 

estimating clearance rate from reduction in chlorophyll a, it was also calculated from 

reduction in particle numbers for the purpose of comparison. For some samples, 15 ml 

of the water sample was analysed using a Coulter Counter (Model ZM and tube with 

100 !-lm orifice diameter) to measure the total count of particles larger than 3 !-lm 

equivalent spherical diameter in both inflow and outflow. 

Since ten chambers each contained a similarly sized oyster, ten samples were obtained 

and therefore each trial was equivalent to ten replicates. 
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4.2.3 Clearance rate 

Clearance rates were estimated by measuring particle and chlorophyll a consumption: 

CR = (CcontrOl- Ci). V 
Ccontrol 

where CR=clearance rate (l h-1), Ci= particle (no. rl) or chlorophyll a (/-lg rl) 

concentration of outflow from chambers containing oysters, Ccontrol= particle or 

chlorophyll a concentration of outflow from control chambers, and V= water flow 

rate (1 h- 1
). 

4.2.4 Filtration, hiodeposition and ingestion 

Filtration rates of organic and total particulate matter were calculated as the products 

of clearance rates and organic and total particulate matter concentrations, as 

FRpOM/TPM = PPOM/TPM . CR 

where FRpOM/TPM is the filtration rate of organic matter (mg h-1
) and total particulate 

matter (mg h- 1
), respectively. PPOM/TPM is the particulate concentration of organic 

matter (mg rl) and total particulate matter (mg r\ respectively and CR is the 

clearance rate (l h- 1
). 

Pseudofaeces are ejected from the inhalant siphon and deposited in a separate stream 

from the faeces. Faeces and pseudofaeces produced by individual oysters were 

collected from each chamber at the end of the experiment using a micropipette. Each 

sample was then filtered through a GFIF filter and treated as described above for 

determination of seston concentration. 

Ingestion rate was estimated from the composition of the experimental diet and 

egestion rate of organic matter according to the formula 

IR = CR· PPOM - PFo 
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where IR (mg h-1
) is ingestion rate of particular organic matter, PPOM is particular 

organic matter concentration in control chambers, and PFo (mg h- 1
) is the rate of 

pseudofaeces production (organic component). 

4.2.S Absorption efficiency 

Absorption efficiency was calculated as the product of organic ingestion and egestion, 

as 

where AE is absorption efficiency, IR is the ingestion rate of POM (mg h-1
) and OF is 

the faecal production rate of POM (mg h-1
). 

4.2.6 Oxygen consumption rate 

The rate of oxygen consumption (V02 : ml O2 h-1
) was measured in closed glass 

bottles of SOO to 1000 ml capacity, depending on the size of oysters. Measurements of 

size effect on oxygen consumption rate were conducted using natural seawater (ChI: 

0.8±0.2 [lg rl, POM: 1.6±0.6 mg rl and TPM: 1S.S±1.2 mg rl) at a temperature of 

17±0.3 Dc. The size range of experimental oysters was 28 to 119 mm in length. 

Oxygen consumption rates were measured on fourteen sizes of oysters. One big oyster 

or a number of small oysters was placed into the bottle immersed in seawater (Table 

4.2). The average oxygen consumption rate of an individual was calculated from total 

records for multiple small oysters. However, measurements of temperature effect on 

oxygen consumption rate were conducted using eight similarly sized oysters (9S±5 

mm in length and one in each bottle) in each run. The effect of temperature on oxygen 

consumption was measured over a temperature range from 10 to 29 Dc. Bottles 

contained seawater (ChI: l.S±0.3 [lg rl, TPM=S.9±0.4 mg rl, POM=0.7±0.1 mg rl) 

without addition of seston and were immersed in the temperature control tank to keep 

temperature in the bottles the same as that in the tank. 

One bottle without oysters was used as a control in each run. The water in the bottles 

was manually mixed using a syringe before sampling. One ml of the water sample 
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was taken using a syringe at appropriate time intervals to obtain a representative rate. 

From each run, six to eight samples were taken depending on oxygen concentration in 

the bottle. Oxygen tension was not allowed to decrease below 70% of air saturation to 

avoid depressing effect on respiration rate (Prince 1995); two replicates were 

conducted for each measurement. Oxygen consumption rate was calculated as the rate 

of decrease of oxygen concentration inside the bottles as recorded by an oxygen metre 

(Radiometer, Model PHM 73). 

Table 4.2. Oysters used for experiments of size effect on oxygen consumption rate 

Mean length (mm) Standard deviation Number of oysters 

28 1.6 6 

34 1.5 6 

52 1.8 6 

61 1.4 2 

>70 1 

4.2.7 Size standardisation of physiological rates 

Physiological rates were standardised to those of an equivalent individual of 1 cm 

standard length or 1 g dry tissue weight, using the formula: 

where Ys represents the value for the standard individual, Ye is the' experimental 

value, and Le is the experimental length or dry tissue weight. The allometric exponent 

d= 1.46 and 2.36, respectively, was used for standardisation of clearance rates and 

oxygen consumption rates to 1 cm standard length (see 'Results'); d=0.44 for 

clearance rates to 1 g standard dry tissue weight (Bougrier et al. 1995). 
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4.2.8 Statistical analysis 

The data were analysed using ANOV A to detect significant differences of clearance 

rates calculated from: (1) chlorophyll versus particle concentrations and (2) high 

versus low condition oysters (using Systat 8: SPSS, Chicago, Illinois). Values of 

model parameters were estimated through regression analyses following standard 

least-squares procedures using S-plus 3.2® (StatSci, Seattle). 

4.3 Model functions 

The main purpose of this study was to quantitatively describe the physiological 

response of oysters to varying environmental conditions. In doing so, I hoped to 

provide functional descriptions of physiological processes that could be incorporated 

into a DEB model. It is imperative therefore that these functions be based on sound 

physiological principles. Hence, rather than simply choosing functions which best 

describe the data, I have chosen functions which are most appropriate to my 

understanding of the physiological process. 

4.3.1 Influence of seston concentration on clearance rate 

The clearance rate (CR) was measured, as the removal rate of particles per unit 

volume. The clearance rate is the product of the pumping rate of water (amount of 

water pumped per unit time) and the extraction efficiency of particles from the water 

(the particles extracted per unit time). It is difficult, in a practical sense, to disentangle 

the pumping rate from the extraction efficiency. It might be expected that the 

clearance rate saturates with increasing seston concentration. In fact, most published 

studies have observed a decline in clearance rate as seston increases (e.g. Barille & 

Prou 1993). This indicates that either there is a decline in the extraction efficiency 

with increasing seston concentration, or there is a decline in the pumping rate. The 

key to disentangling these mechanisms is determining what happens to the filtration 

rate (FR). If FR declines consistent with the decline in CR, then I argue that the 

observed decline in CR is a consequence of a decline in the efficiency of extraction of 

particles from the water. If, however, FR does not decrease as CR decreases, then I 

argue that the decline in CR is a consequence of a decline in the pumping rate, that is, 

the extraction efficiency appears to remain constant because the flux of particles 

passing through the filtering apparatus remains constant. Although most published 
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studies have found a decline in filtration rate with increasing seston concentrations 

(e.g. Deslous-Paoli et al. 1987, Barille et al. 1997b), the present study (see 'Results') 

has shown no such a decline. Hence I assume that the decline in CR over the range of 

seston concentrations I have measured, is a consequence of a decline in pumping rate. 

Hence a function with two components has been proposed. The first component is a 

saturating function of the seston concentration to represent the saturating effect of 

particles clogging the filtering apparatus. This term is described as a simple type-2 

hyperbolic functional response. I represent the feedback signal between seston 

concentration and pumping rate as discussed above, as a simple exponential decline in 

pumping rate as the seston concentration increases. Therefore: 

CR = CR . S . e -k·S 
max S+S 

HFC 

(4.1) 

where CR (l h- I cm- I
) is clearance rate of a standard 1 cm oyster, CRmax (l h- I cm- I

) is 

the maximum clearance rate of a standard 1 cm oyster, S (mg rI) is seston 

concentration, SHFC (mg rI) is the concentration at which half maximum CR occurs, 

and k is the coefficient describing the change in pumping rate with increasing seston 

concentration. 

4.3.2 Influence of temperature on clearance rate 

Based on previous information on various oyster species (e.g. Crisp et al. 1985, Le 

Gall & Raillard 1988, Bougrier et al. 1995), clearance rate was modelled as a 

hyperbolic function of temperature as: 

CRmHx = CRm[lxl - B . (T - T c)2 (4.2) 

where CRmaxl (l h- I cm-I
) is the maximal CR of a standard 1 cm oyster, B (l h -1 cm-I 

De2
) is a coefficient of temperature effect on CR, T (DC) is water temperature and T c 

(DC) is the optimum temperature, at which the maximum CR would be expected to 

occur. This model is only valid within normal temperature range, e.g. 5-37 DC (see 

'Results'). 
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4.3.3 Filtration rate 

The filtration rate is the product of the clearance rate and the seston concentration. As 

discussed above, if it is assumed that the pumping rate is regulated by the oyster in 

order to maintain a constant extraction rate of particles as the seston concentration 

increases, then the filtration rate saturates with increasing seston concentration. Hence 

the filtration rate is described as a Type-2 function of seston concentration: 

S 
FR =FRm'lx'--

S +SHFF 
(4_3) 

where FR(mg h- I cm- I
) is filtration rate for a standard 1 cm oyster, FRmax (mg h- I cm- I

) 

is the maximum filtration rate for a standard 1 cm oyster and SHFF (mg rl) is the half

saturation seston concentration (the concentration at which half maximum filtration 

occurs). 

4.3.4 Ingestion rate 

There is overwhelming evidence that ingestion is a saturating function of seston 

concentration for marine bivalves (e.g. Thompson & Bayne 1974, Epifanio & Edwart 

1977, Crisp et al. 1985, Deslous-Paoli et al. 1992). This is partly due to the saturating 

nature of the filtration rate as discussed above, but is also a consequence of increasing 

seston concentrations resulting only in greater pseudofaeces production (see e.g. 

Foster-Smith 1975, Barille et al. 1997b). Therefore ingestion rate is also described as 

a Type-2 hyperbolic function of seston concentration: S/(S+SHFI), with a different 

half-saturation constant from that used to describe the FR. 

This above function gives us the total seston concentration ingested. However, I am 

interested in the total ingestion rate of organic material. The ingestion rate of organic 

material also depends on a function of the organic content of the seston (POM:S). In a 

case where there is no selectivity of material at the palps the ingestion rate will simply 

be a function of the organic ratio times the ingested material. However, there is 

abundant evidence (e.g. Newell & Jordan 1983, Bayne & Hawkins 1990, Deslous

Paoli et al. 1992, Iglesias et al. 1992, Bat-ille et al. 1997b) that there is selection of 
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orgal11c material 1ll preference to inorganic material at the palps. The sorting of 

orgal11c material is efficient at low seston concentrations and inefficient or non

existent at high seston concentrations (e.g. Bayne & Hawkins 1990, Navarro & 

Widdows 1997). A simple function that describes this physiological behaviour is 

again a Type 2 functional response so that the ability of the oyster to sort material 

itself saturates with increasing seston. Hence the ingestion rate is described by the 

function: 

S 

S (POM ]S+SHFS IR=IR· . --
max S+S S 

HFl 

(4.4) 

where IR (mg h- l cm- l
) is ingestion rate for a standard 1 cm oyster, IRmax (mg h-1cm- l

) 

is the maximum ingestion rate of seston for a standard 1 cm oyster under the 

assumption that organic and inorganic material have identical density; POM (mg rl) 

and S (mg rl) are particulate organic matter and seston concentrations, respectively; 

SHFI (mg rl) is the seston concentration at which half maximum ingestion rate occurs 

(for a given POM:S ratio), and SHFS (mg rl) is the seston concentration at which half 

the optimal selection occurs. 

4.3.5 Absorption efficiency 

We might expect that the absorption efficiency depends on the organic content of the 

seston. A relationship between the absorption efficiency and the organic content of 

ingested seston has been widely observed in marine bivalves (e.g. Bricelj & Malof 

1984, Bayne et a1. 1987, Navarro & Widdows 1997, Barille et a1. 1997b) as the form: 

(4.5) 

where AEmax is the asymptote of absorption efficiency and f..1 is a coefficient 

describing the change in AE with increasing organic content in the seston. 
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4.3.6 Influence of temperature on oxygen consumption rate 

Experiments have shown that oxygen consumption rate strongly responds to 

increasing temperature for a number of oyster species (e.g. Shumway & Koehn 1982, 

Bougrier et al. 1995). Following these studies, I describe the oxygen consumption rate 

as an allometric function of temperature as: 

(4.6) 

where V02 is oxygen consumption rate of 1 cm standard length (ml O2 h- I cm-I
), T is 

water temperature (Oe), aA (ml O2 h- I cm- I
) is a constant, aB (ml O2 h- I cm- I °CI1) is a 

temperature coefficient, and fl is the temperature exponent which is expected to be 

greater than 1. 

4.4 Results 

4.4.1 Seston and organic content 

Seston concentration throughout the feeding experiments varied from 0.8 to 637mg rl 
and organic matter ranged from 0.07 to 8.3 mg rl. The organic content of the diets 

decreased exponentially from 71.9% to 0.7% with increasing seston concentration 

(Fig. 4.1). 
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Fig. 4.1. Variation in organic content over range of seston concentrations used. 

4.4.2 Morphormetrics of Crassostrea gigas 

The relationships between volume, dry tissue weight and length in experiments were 

fitted by the following allometric functions: 

V = ex·U (n=52, R2 = 0.95) 

DTW = a -Lb (n=52, R2 = 0.81) 

(4.7) 

(4.8) 

where V is volume in ml, L is length in cm, DTW is dry tissue weight in g, ex=O.38 ml 

cm-P, p=2.15, a=4.1 X 10-3 g cm-b and b=2.54. 

4.4.3 Clearance rate 

There was no significant difference between clearance rates (CR) calculated from the 

chlorophyll a and total particle consumption (p>0.9, n=130), and hence either method 

can be used for estimation of the clearance rate. The following results of CR were 

estimated from chlorophyll a consumption. 

Influence of condition. Clearance rates were measured for low- and high-condition 

oysters and standardised into both DTW and length. There was significant difference 

of CRs standardised into DTW between low and high condition oysters (p<O.003, 

n=60). However, CRs standardised to length showed no significant difference 

between the two conditions (p>0.7, n=60). Therefore I present all physiological 

measurements in terms of length in the following results. 

Influence of body size. Clearance rates were also measured for a wide range of body 

sizes (19-145 mm). The clearance rate increased with increasing body size following 

the allometric equation: 

(n=180, R2 = 0.89) (4.9) 

where <p=0.16 (l h-1 cm-e) and 8= 1.46. 
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Influence of seston concentration. The change of CR with seston concentration (S) 

is shown in Fig. 4.2. CR increased rapidly with increasing seston concentration below 

2 mg rl and then gradually reached a maximum level at a seston concentration of 

about 10 mg rl. Above this level, CR showed a pattern of consistent decline with 

increasing seston and no dramatic changes were observed. 

The function described in Eq. 4.1 was found to be a good fit to the data (Fig. 4.2). The 

best-fit values of model parameters obtained were: CRmax = 0.17 I h- I cm-I
; SHFC 

=0.39 mg rl; and k=3.78 X 10-3 (n=280, R2=0.79). 
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Fig. 4.2. Influence of seston concentration on clearance rate (CR). Data were 

standardised to an oyster of 1 cm body length (1 h- I cm- I
) and are presented in terms of 

average CR (+/- standard deviation). 

Influence of temperature. The clearance rate increased up to a temperature of 20.7 

°c and decreased beyond this temperature (Fig. 4.3). Eq. 4.2 was fitted to the data and 

best-fit parameter values were obtained as: CRmax]=0.24 (l h- I cm- I
), ~=8.97 X 10-4 

(1 h -I cm- I °e2
) and Tc=20.7 °c (n=280, R2 = 0.71). 
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Fig. 4.3. The relationship between clearance rate (CR) and temperature. Data were 

standardised to an oyster of 1 em body length (l h-I em-I) and are presented in terms of 

average CR (+/- standard deviation). 

4.4.4 Filtration rate 

Filtration rate increased with increasing seston concentration and no decline in 

filtration rate was observed within the range of experimental seston concentrations 

(Fig. 4.4). It is well described by a Type-2 hyperbolic function of seston concentration 

(Eq. 4.3). The best-fit parameters were estimated to be: FRmax =16.5 (mg h-I em-I) and 

SHFF =51.5 (mg h- I em-I) (n=280, R2 = 0.79). 

4.4.5 Ingestion rate 

Ingestion rate is a function of food quantity, quality and selective ingestion on organic 

particles (Fig. 4.5). Ingestion rate data were fitted by Eq. 4.4. This was found to be a 

good fit and best-fit parameters were obtained as: IRmax=5.8 (mg h- I cm-\ SHFI=64.1 

(mg rl), SHFS=3.7 (mg r\ A comparison of predictions versus observed data is 

shown in Fig. 4.6 (n=280, R2=0.78). 
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Fig. 4.4. The relationship between filtration rate and seston concentration. Data were 

standardised to an oyster of 1 cm body length (mg h-I cm- i
) and are presented in terms 

of average FR (±SD). 
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Fig. 4.5. 3-D representation of ingestion rate model. 
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Fig. 4.6. Predicted and observed ingestion rates (IR). The line represents observations 

= predictions. 

4.4.6 Absorption efficiency 

Absorption efficiency (AE) was generally high throughout the experiments, but varied 

between 3 and 93%. However, AE increased rapidly from low organic content of 

seston to a constant level of 86% above approximately 5% organic content (Fig. 4.7). 

The data was fitted by Eq. 4.5 and best-fit parameters were obtained as: AEmax = 86% 

and J1 = 61.3 (n=280, R2 = 0.75). 
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Fig. 4.7. Absorption efficiency (AE) in relation to organic content (%) of the seston. 

AE increased significantly with rising organic content, but reached the maximal level 

at the organic content of less than 5%. 

4.4.7 Oxygen consumption rates 

Influence of body size. Oxygen consumption rate was measured over a range of sizes 

of oysters. As expected, the oxygen consumption rate increased with increasing body 

size and can be well described by the allometric relationship: 

(n=193, R2 = 0.91); (4.10) 

where V02 is oxygen consumption rate (ml O2 h- I
), L is body length (cm), ce=1.98 x 

10-3 (m1 O2 h- I cm-a) and 0=2.36. 

Influence of temperature. The oxygen consumption rate increased consistently with 

increasing temperature (Fig. 4.8). The respiration response of oysters to temperature is 
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wen described by Eq. 4.6, and best-fit parameters were obtained as: uA=1.73 x 10-4 

(ml O2 h-l cm-l), uB=3.09 x 10-5 (ml O2 h-1 cm-l °ell) and /1=1.44 (n=532, R2 = 0.93). 
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Fig. 4.8. Relationship of oxygen consumption rate (V02) and temperature at natural 

seawater. Data were standardised to an oyster of 1 cm body length (mg h- I cm-I) and 

are presented in terms of average V02 (±SD). 
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4.5 Discussion 

Dynamic energy budget (DEB) models are a necessary component of oyster carrying 

capacity studies because of the need to quantify the feedback between oyster feeding 

and the food supply. An important stage in the development of a DEB model is to 

determine the functions and parameters that describe individual processes such as 

filtration and ingestion. In this part I have made an attempt to describe such 

relationships for the range of environmental conditions experienced by a population 

of farmed oysters Crassostrea gigas, in the Marlborough Sounds, New Zealand. 

Physiological rates were standardised to body length. This IS contrary to most 

previous studies on bivalve molluscs, which use dry tissue weight (DTW) as a 

measure of size (e.g. Bayne & Newell 1983, Bougrier et al. 1995, Barille et al. 

1997b). My data show that there was a high DTW-specific clearance rate (CR), whilst 

length-specific CR was not significant. This variation in CR was mainly caused by 

oyster condition which changes with the environment, for instance with food 

availability. This is in agreement with a number of studies on bivalves (e.g. Iglesias et 

al. 1996, Labarta et al. 1997). DTW consists of structural material and storage. 

Variation in animal condition is a consequence of increase or decrease of storage. It 

has been argued that storage is an accumulation of energy reserves from assimilation 

that are readily available for reproduction and maintenance but hardly participate in 

respiration and ingestion (e.g. Horstmann 1958, DeMott 1982, Porter et al. 1982, 

Kooijman 1986c, van Haren & Kooijman 1993, Nisbet et al. 1996). By studying the 

pond snail Lymnaea stagnalis, Horstmann (1958) further argued that a freshly 

produced egg consists of a relatively large amount of energy reserves and an 

infinitesimally small amount of structural body mass, but hardly respires. All these 

studies suggest that at non-gametogenic stages structural material rather than storage 

is the main, if not the only, substance involved in the physiological activity. 

The disadvantage in usmg length to represent body size IS that it conveys no 

information on the physiological state of the oyster during the experiment. It is 

possible, perhaps even likely, that the physiological state, e.g. during starvation 

conditions, may have a significant effect on physiological rates such as the clearance 

rate. However, any effect is likely to depend on the degree of reserves in a non-
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simplistic way, and is unlikely to be adequately represented by the simple addition of 

'structural' plus 'reserve' tissues as implied by the use of total dry tissue weight [in 

the relationship between rates and body size]. The separation of the effects of 

'structural' and 'reserve' tissue contributions to the rate processes needs to be 

determined by a set of carefully controlled experiments in which the physiological 

condition of genetically similar stock is varied (to avoid any genetics related 

variations) . 

The above variation in CR disappeared when standardised to length, because length is 

more closely related to structural biomass (see Chapter 5). There is considerable 

evidence that the effect of body size on clearance rate is primarily determined by the 

branchial area (Hughes 1969, M0hlenberg & Riisgard 1979). A close relationship 

between gill area and shell height has been found in Pinctada margaritijera, and CR 

was found to increase isometrically with gill size (Pouvreau et al. 1999). In my study, 

because of lack of information on gill area, length was used as a measure of body size 

in the clearance function. I have used length rather than the more traditional dry tissue 

weight, because, a priori, my expectation is that there will be considerably more 

variability in the relationship between weight and gill area between experiments 

(although not necessarily in anyone experiment) as opposed to the relationship 

between length and gill area. This hypothesis, however, needs to be examined. 

The value of the exponent in the relationship between CR and shell length in my 

experiment was 1.46, and between CR and dry tissue weight was 0.57. Over many 

previous studies, considerable variability has been observed in both inter- and intra

specific variability in the value of b (dry tissue weight) - typically within the range 

0.4-0.8 (see Bayne & Newell 1983). To my knowledge, the range of the b value (dry 

tissue weight) for Crassostrea gigas was 0.44-0.73 in some previous studies e.g. 0.44 

(Bougrier et al. 1995), 0.61 on average (Walne 1972), and 0.73 (Gerdes 1983a). 

Although the b value from my measurements was slightly lower than that found for 

some other bivalve studies, it is within the typical range. 

Many authors (e.g. Bougrier et al. 1995, Percy et al. 1971) have reported seasonal 

variation in oxygen consumption rates (V02) in marine bivalves. V02 in Mytilus 

edulis was higher in winter and spring and lower in summer (Bruce 1926, KrUger 
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1960, Bayne et al. 1973). Bruce (1926) and KrUger (1960) found that this seasonal 

variation in oxygen consumption correlated with the gametogenic cycle of the 

mussels, indicating that gametogenesis involved a high consumption rate. However, 

the total flesh usually consists of more reserves during gametogenic stages than non

gametogenic periods, which therefore, leads to lower metabolic rates in terms of 

DTW. 

However, oxygen consumption involves a complex interaction between 

gametogenesis and DTW. Gerdes (1983b) observed that the V02 of Crassostrea gigas 

was lower during the resting stage of gametogenesis in winter than during the active 

stage in summer, suggesting that gonad development needs additional energy. This is 

in agreement with the energy used during gametogenesis by the scallop Argopecten 

irradians concentricus observed by Barber & Blake (1981). These authors found that 

the decline in adductor muscle protein is greater than the gain in gonad protein, and 

concluded that the lost energy is likely used to meet maintenance requirements during 

the later stages of oogenesis and spawning. The reserve material and gametogenesis 

would contribute to the variation in the relationship between physiological rates and 

DTW. Studies on energy requirement of gametogenesis would help understand the 

variation in V02. 

The measurements of the temperature effect on CR and V02 displayed a similar trend 

to those of Bougrier et al. (1995). V02 increased with temperature over the range of 

experimental temperatures. CR increased with increasing temperature up to a 

maximum of 20.7 DC, and then declined with a further increase in temperature. This 

optimal temperature estimated for CR in this study was 1.7 DC higher than that (19 DC) 

found by Bougrier et al. (1995). Various oxygen consumption rates have been 

reported for C. gigas. Gerdes (1983b) found that the V02 was 0.65 ml O2 h-l g-l at 

20 DC, while Bougrier et al. (1995) recorded 0.96 ml O2 h-1 g-l at the same 

temperature. My measurement was 0.0025 ml O2 h- 1 cm-1 or 0.41 ml O2 h-1 g-l at the 

same temperature when converted to the same unit using the length-DTW 

relationship. Considerable variability in physiological energetic parameters has been 

recorded in many other studies of marine bivalves as well (e.g. Foltz et al. 1983~ 

Vo1ckaert & Zouros 1989). This large variation in oxygen consumption is possibly 
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again due to differences in the condition of experimental oysters, and/or the genetic 

differences among populations. Further studies on different populations in similar 

conditions are needed. 

The clearance rate of manne bivalves has usually been estimated from particle 

consumption. It is a consequence of an interaction between pumping rate of water and 

the extraction efficiency of particles from the water. I postulated that pumping rate 

declines with increasing seston concentration so that the flux of particles through the 

filtering apparatus saturates. Hence, it has been assumed that the extraction rate 

remains constant as seston concentration increases (for seston concentrations much 

greater than the half-saturation coefficient, SHFc). This assumption is similar to the 

postulation of Winter (1978) that decline in the clearance rate of Mytilus edulis is a 

consequence of regulation of the pumping rate in response to increasing seston. In this 

study, the lack of a decline in the filtration rate (Fig. 4.4) supports the view that the 

pumping rate is being regulated in response to increasing seston concentrations. 

Hence, although this study is generally in agreement with that of Barille & Prou 

(1993) at high seston concentrations, no sharp declines in CR were observed within 

the range of my experimental concentrations, as observed by Barille & Prou. 

Furthermore, the rate of decrease in CR was lower in the present study, particularly at 

high seston concentrations. For example, CR measured by Barille & Prou was 0.05 

1 h- I g-1 at about 250 mg rl, which is much lower than that estimated in this study 

(0.074 1 h-1 cm-1 or 1.72 1 h-1 g-1 at the same seston concentration). These differences 

may have arisen for reasons similar to those causing variation in CR and VOz as 

discussed above. In addition, different experimental diets may have played a role. 

Oysters were exposed to a wide range of seston and organic concentrations, with 

organic content decreasing with increasing seston concentration. This reflects 

conditions in the natural marine environment where re-suspension of sediments 

results in decreasing organic content with increasing seston concentration (e.g. 

Widdows et al. 1979, Navarro & Iglesias 1993). The relationship between filtration 

rate and seston concentration was found to be reasonably well described by a simple 

Type-2 hyperbolic function within the range of seston concentrations tested. 
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Some prevIOus studies have found that filtration rate (FR) in Crassostrea glgas 

declines with increasing seston concentration (Deslous-Paoli et al. 1987, Barille et al. 

1997b). In those studies, FR increased with increasing seston concentration up to 

about 100 mg rl and thereafter drastically decreased to a very low level at seston 

concentrations above 200 mg rl. The authors attributed this decrease of FR to an 

abrupt reduction in CR. FR has also been reported to decline at high seston 

concentrations in other species. Navarro & Widdows (1997) for example, found a 

decline in FR above 300 mg rl for the cockle Cerastodemw edule, and Hawkins et al. 

(1999) observed a decline in FR over 1000 mg rl in the mussel Perna canaliculus. I 

did not see this decline of FR for C. gigas within the range of seston concentrations 

tested, which suggests that the seston concentration above which FR declines is likely 

to be above 600 mg rl for the population of C. gigas in New Zealand. 

The ability of the oyster to sort organic and inorganic particulates has been assumed 

to saturate with increasing seston concentrations. It has also been assumed that the 

total flux of material passing through the filtering apparatus saturates (see above). For 

these assumptions to be consistent, the sorting term must saturate at a lower seston 

concentration i.e. the half-saturation coefficient for sorting term (SHFS) must be 

smaller than the half-saturation coefficient for filtration term (SHFI). Indeed, SHFI was 

found to be seventeen fold greater than SHFS in the least-squares best-fit procedure, 

which supports my assumption that particle sorting for organic content is a significant 

factor in ingestion rate. 

Absorption efficiency increased with increasing organic content of the seston. This 

trend is similar to the findings of Barille et al. (1997b); however, the absorption 

efficiency was higher and the rate of increase with organic content was greater in the 

present study. This is possibly a consequence of different food composition, since in 

this experimental diet phytoplankton contributed a significant fraction of organic 

matter, reflecting the environment in the Marlborough Sounds (James & Ross 1996, 

Ross & James unpubl. data); in contrast, the organic fraction was predominantly 

detritus in Marennes-Oleron Bay (e.g. Goulletquer 1989, Raillard et al. 1993). Oysters 

tend to respond differently to phytoplankton and detritus during the digestive process. 

Many authors (e.g. Williams 1981, Crosby et al. 1989, Klepper et al. 1994, Campbell 

& Newell 1998) observed higher absorption efficiency on phytoplankton than on 
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detritus in bivalves. Selective absorption for phytoplankton over detritus probably 

caused this difference of absorption efficiency measured in different environments. 

In this chapter, the physiological rates of C. gigas have been measured under a wide 

range of environmental conditions (temperature, food quantity and quality). A set of 

functions quantifying oyster feeding and energetics has been constructed, which 

provides the basis for refinement of the preliminary DEB model developed in 

Chapters 2 & 3. In general, the study contributes to the knowledge of the physiology 

of this species. 

- 68 -



Chapter 5. Core weight and basal metabolic rate 

CHAPTERS 

CORE WEIGHT AND BASAL METABOLIC RATE 

5.1 Introduction 

To simulate the growth of oysters in varying environmental conditions, a two-state 

variable model has been developed to separate structural material (core weight) from 

storage (see Chapters 2 & 3). The functions that describe physiological processes such 

as ingestion and respiration are size dependent. Several physiological studies on C. 

gigas have been conducted where feeding and respiration rates were standardised to 

dry tissue weight (e.g. Gerdes 1983a & b, Bougrier et al. 1995, Barille et al. 1997b). 

The dry tissue weight (DTW) is composed of structural material (core weight) and 

reserves (storage). The difference between these is that the structural material is 

permanent, while reserve material is dynamic and changes with the environment such 

as food availability. Since little maintenance cost is paid over dynamic reserves (see 

Kooijman 1986c & 1993, van Haren & Kooijman 1993), physiological rates may be 

biased if standardised to DTW. 

More appropriate estimates could therefore be obtained when these rates are 

standardised to some measure of the structural size such as the core weight. Because 

energy reserves contribute to weight and are sensitive to feeding conditions, measures 

of physiological activity in marine bivalves show much more scatter when expressed 

per unit dry tissue weight in comparison to length (e.g. Labarta et al. 1997). The rates 

of clearance and respiration in C. gigas have been standardised into body length (see 

Chapter 4), which has greatly improved the precision of physiological estimations 

over estimates per unit flesh weight. However, since maintenance is likely to be 

proportional to structural material (see e.g. Kooijman 1993), length or volume can 

only be used as alternative measure of body size when they are proportional to 

structural material. Therefore, it is important to measure relationships between 

structural material and length/volume, and estimate the physiological rates versus 

structural material. According to Kooijman (1993), structural material can be 

measured at extreme starvation when storage is depleted. To my knowledge, there are 
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not many alternatives by which core structure might be estimated. Therefore, I have 

made an attempt to obtain core weight information indirectly following Kooijman's 

assumption. 

Several studies on the change of biochemical compounds during starvation have been 

conducted in marine bivalves (e.g. Gillespie et al. 1964, Pora et al. 1969, Riley 1976). 

These provided useful information on the ability of bivalves to resist starvation and 

use biochemical compounds during starvation stress. Few physiological 

measurements under starvation conditions have been done. The purpose of this 

chapter is to 1) determine energy use by oysters during periods of starvation; 2) define 

the relationships between core weight and length/volume; and 3) estimate basal 

metabolic rate. 

5.2 Materials and methods 

Oysters were collected from a farm in the Marlborough Sounds in central New 

Zealand (173°42'-46'E, 41°02'-05'S) III April 1998. Specimens were cleaned of 

epibionts and transported to the University of Canterbury Field Station in Kaikoura (3 

hours by road) where they were kept in running seawater and acclimatised for 2 

months prior to the starvation experiment. Seven hundred oysters ranging from 25 to 

17 S mm shell length (-2-170 ml in volume) were placed into a SOO-litre tank 

containing 1 flm filtered seawater. Among these specimens, there were -300 oysters 

within the size range of 100 ± 10 mm, which were used for studying storage 

utilisation by animals and composition in body components. The water was re

circulated through a protein skimmer and cascaded to keep oxygen concentration at a 

high level. Ammonia was monitored daily as a check for water quality and the 

temperature was kept at 18±2 DC. Oysters were checked daily and any dead animals 

were removed immediately. 

For measurements of storage utilisation, a sample of 10-15 similarly sized oysters 

(100 ± 10 mm) was removed from the tank at intervals of 1-3 weeks depending on the 

decreased rate of oyster DTW. Length, wet weight and volume were measured to the 

nearest mm, g and m} respectively. The body of each oyster was carefully dissected 

into adductor muscle, mantle, gonad, digestive gland and gill, and stored in pre-
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weighed aluminium pans. The tissue was dried at 60°C for 72 h and weighed, ashed 

at 500°C for 4 h, and weighed again to obtain ash-free dry weight. 

The experiment was terminated at day 170, at which time there was little storage 

materials remaining in the animals. At the time, all remaining animals were harvested 

and processed as above. Storage is defined as the component of body weight that can 

be lost during starvation. In this study, storage was calculated as the difference 

between DTW at the beginning and end of the starvation period for the five body 

components. For each component this value was presented as a percentage of the total 

storage of all five components. The core weight is defined as the structural material 

that either increases (when assimilated energy from food exceeds the maintenance 

requirement) or remains constant during starvation. Since death may not actually 

occur immediately all reserves are depleted due to the utilisation of structural tissue 

(Kooijman 1993), the point at which reserves were used up was decided using the 

following criteria: 1) dry tissue weight remained constant (at the level of detection); 

2) oxygen consumption rate no longer decreased but remained constant (at the 

detection limitation); and 3) oysters progressively died daily. The 'core' weight was 

measured as DTW at the end of the starvation period. 

Oxygen consumption rates (V02 ml O2 h- I
) of oysters were measured at day 0 of 

starvation and thereafter monitored from day 90 at intervals of 1-2 weeks. V02 was 

measured in closed glass bottles of 500 or 1000 ml depending on the size of animals. 

The bottles were filled with the same seawater as in the starvation tank and immersed 

in the tank to keep the temperature constant. The water was manually mixed using a 

syringe before sampling. 1 ml of the water sample was taken using a syringe at an 

interval of 5-10 minutes depending on the rate of decrease in oxygen concentration in 

the bottles. 5-7 replicates were usually made. Oxygen consumption was calculated as 

the rate of decrease of oxygen concentration inside the bottles as recorded by an 

oxygen meter (Radiometer, model PHM 73). Averaged oxygen concentration rate 

from each of these replicate measurements was presented in this study. 
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5.3 Results 

5.3.1 Changes in body components 

There were considerable declines in DTW of the mantle, digestive gland and gonad 

during the first two weeks of starvation (Fig. 5.1). DTW of these three components 

dropped by over half of their initial values in this period to 50.1 %, 55.4% and 59.0% 

respectively. They continued to decline thereafter but at lower rates. The mantle 

reached a minimum at ~40 days. The DTW of adductor muscle and gill, however, 

showed no sharp decline over the first two weeks, rather a steady exponential decline 

over 110 days. Mantle reached a stable minimum after 30 days. In contrast, the 

remaining components approached their minimal levels after approximately 110 days 

of starvation, suggesting that the reserves were nearly depleted and the structural 

material was the only contribution to the DTW. At this time, the total DTW had 

decreased by 63% relative to the pre-starved value. 

Among the 5 body components, the gonad contained the most body reserves (storage) 

in terms of dry weight (51 % of the total storage), whilst each of the other components 

made up only 9-14% of total reserves (Fig. 5.2). 
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Fig. 5.1. Percentage of initial dry tissue weight (DTW) in the body components of C. 

gigas during the starvation experiment. 
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Fig. 5.2. The storage in five body components of C. gigas as a percentage of total 

body storage. AM-adductor muscle; DG-digestive gland. 

5.3.2 Core weight-length and -volume relationships 

The relationships between length, volume and total DTW were calculated at the 

beginning and end of the starvation period (Fig. 5.3). Since it was assumed that the 

storage was fully utilised during the later stages of starvation, DTW at these stages 

only consisted of the 'core' weight (structural material). The relationships were 

described by the following equations: 

DTW = 3.1 Ix 10-3 -L2
.
89 

DTW = 5.52xlO-3 ·V1.47 

(R2=0.87, n=89) 

(R2=0.90, n=108) 

for oysters at day 0 of starvation; 

Wc = 5.52xlO-3 -L2
.
23 

Wc = 1.85xlO-2 ·VO.97 

for starved oysters (day 170); 

(R2=0.83, n=89) 

(R2=0.88, n=108) 
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where DTW is total dry tissue weight (g), Wc is 'core' weight (g), L and V are length 

(cm) and volume (ml) respectively. 
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Fig. 5.3. Relationships between dry tissue weight (DTW) and a) shell length, b) 

volume in C. gigas. The dotted symbols and bold lines are for oysters at day 0 of 

starvation, whilst the circle symbols and dashed lines are for oysters at day 170 of the 

starvation experiment. 
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5.3.3 Changes in storage and dry tissue weight 

Throughout the experiment, as the storage declined, the total DTW approached the 

asymptotic value of the 'core' weight at about 110 days (Fig. 5.4). Total weight loss 

declined exponentially with the time of starvation till day 110, suggesting that the 

metabolic requirement decreased. 
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Fig. 5.4. The changes in total dry tissue weight and storage in C. gigas during the 

starvation experiment, relative to the 'core' weight. 

5.3.4 Ash free dry weight of dry tissue weight 

There was more ash free dry weight (AFDW) in oysters prior to starvation than in 

starved ones (Fig. 5.5), suggesting that the carbon content of the tissue decreased with 

declining reserves. AFDW of total DTW was 83.5% at the beginning and 58.7% at 

the end of the starvation experiment. 

5.3.5 Oxygen consumption rate 

Oxygen consumption rates (VOz) were measured at day ° and during the later stages 

of the experiment (from day 90) onward. Only the rate during the later stages 

(constituting 'core' weight) is presented in this study. This is assumed to be basal 

metabolic rate (BMR). The relationships between BMR and 'core' weight, length, and 

volume (Fig. 5.6) was described by the following equations: 
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(R2 = 0.88, n=138); 

(R2 = 0.90, n=149); 

(R2 = 0.91, n=143); 

where BMR is basal metabolic rate (ml O2 h- I
). 

The oxygen consumption rate for oysters prior to starvation was measured to be V02 

= 2.759 X 10 -3 L2
.
363 (R2 = 0.89). Over oysters of all sizes, the average BMR was 

estimated to be 44% of the pre-starved value. 
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Fig. 5.5. Relationships between ash free dry weight (AFDW) and dry tissue weight 

(DTW) at day 0 and 170 of the starvation experiment. The filled symbols and solid 

line are for fed oysters prior to starvation, whilst the open symbols and dashed line are 

for starved oysters. Lines fitted by least square are described by equations: 

AFDWu=0.835DTWu (R2=0.95) for oysters at day 0 of starvation and 

AFDWs=0.567DTWs (R2 =0.87) for oysters at day 170. 
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Fig. 5.6. Relationships between basal metabolic rate (V02) and a) 'core' weight, b) 

length and c) volume in C. gigas. 
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5.4 Discussion 

The ability of oysters to resist starvation depends mainly on the conditions of storage. 

This experiment lasted for 170 days, but it seemed that the storage was predominantly 

utilised and DTW had consisted primarily of the 'core' weight after day 110. The 

oysters remained alive after this, whilst DTW remained relatively constant and 

significant death due to starvation did not occur until day 150. A possible explanation 

for the survival of oysters under "zero" storage is that the core material might have 

been decomposed to provide energy for metabolism. This agrees with Kooijman 

(1993) who proposed that animals could decompose their structural material to some 

extent when storage levels become too low for maintenance. There may be no exact 

distinction between structural and storage materials, since the distinction will fade at 

extreme starvation (Kooijman 1993). Death occurs when energy from decomposition 

of the structural material drops below maintenance level. Therefore, the time of death 

can be estimated. In my experiment, this occurred approximately two months after the 

depletion of storage. However, the time of death also relies on environmental factors 

such as temperature. 

This study was designed to estimate core weight and basal metabolic rate under 

condition of starvation. It is difficult to define the exact time frame when storage was 

fully utilised as discussed above, but it could be extrapolated through monitoring the 

change of DTW. While DTW consistently declined before around day 110, after 

which time there was a little change in DTW. The final DTW (at day 170) was only 

0.2% less than that at day 113. This suggests that full utilisation of storage lay at 

around day 110. Similarly, oxygen consumption rate (V02) remained constant (at the 

detection limitation) from around day 110. Therefore, it is acceptable to assume DTW 

as the 'core' weight and V02 as basal metabolic rate at later stages of starvation. 

The core-weightlength relationship is useful for standardisation of physiological 

measurements. Most physiological rates are normalised to a unit of DTW due to lack 

of core weight information. However, it is doubtful that all the tissue components that 

constitute storage participate equally in those activities. It has been argued that 

storage is an accumulation of energy reserves from assimilation and is readily 

available for maintenance, growth and reproduction (Kooijman, 1986 & 1993), but 
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hardly participates in respiration (e.g. Horstmann 1958, DeMott 1982, Porter et al. 

1982, Kooijman 1986c, van Haren & Kooijman 1993, Nisbet et al. 1996). By studying 

the pond snail Lynmaea stagnalis, Horstmann (1958) argued that a freshly produced 

egg, which consists of a large amount of energy reserves and an infinitesimally small 

amount of structural body mass, respires very little. For a given length, oysters 

exhibited a great fluctuation in DTW during a year due to factors such as varying food 

availability (Deslous-Paoli & Heral 1988). This is probably why better relationships 

between physiological rates and body sizes could be obtained in terms of length rather 

than DTW (Iglesias et al. 1996, Labarta et al. 1997, this study in Chapter 4). 

However, the results suggest that good relationships between physiological rates and 

body sizes could still be obtained if standardised to core weight. This also suggests 

that at a given gametogenic stage, changes in metabolic rate with size are mainly or 

solely a consequence of changes in structural material. 

Dramatic loss of energy reserves during the first few weeks of starvation was 

probably due to active rather than basal metabolism. This suggests that rates 

normalised to DTW could not accurately reflect metabolism. Therefore, core weight 

is apparently better than DTW for standardisation of physiological rates. A study to 

determine the oxygen consumption rates associated with storage, feeding and growth 

would be warranted. 

The composition of energy reserves would depend on the condition of oysters. Based 

on changes in DTW, the gonad was the main location for energy storage in this 

experiment. The mantle and digestive gland also showed great proportional dry 

weight loss, but the gonad made up over half of the total storage. The weight of the 

gonad declined continuously during the first three months of starvation in the present 

study. In contrast, Riley (1976) found that the gonad showed relatively little weight 

loss and observed ripe gonads during the early stages of starvation. A possible 

explanation is that the experimental oysters were in better condition and that the water 

temperature was lower (l3±2 0c) in his experiment than in mine (l8±2 °C). However, 

it may simply reflect the developmental stage of the gametes at the initiation of this 

kind of experiments. At lower water temperature, oysters require less energy for 

metabolism, which resulted in a slower decline of storage. 
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In conclusion, this part of the study has been the first to document the relationships 

between 'core' weight and length/volume in C. gigas. The basal metabolic rate of the 

species was also measured for the first time, which was less than half of the total 

metabolism. The gonad is the major storage organ, making up 51 % of the total storage 

in terms of dry weight, whilst each of other components (mantle, digestive gland, 

adductor muscle and gill), contributes only 9-14% of the total storage respectively. 

Theory predicts an exponent of 1 in the allometric relationship between core weight 

and volume (Kooijman 1993). The observed value of 0.97 is very close to 1 and 

therefore is a clear vindication of the choice of core weight as a representation of 

structural size 
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CHAPTER 6 

GAMETOGENESIS, REPRODUCTION AND RESERVE 

UTILISATION 

6.1 Introduction 

Reproductive strategy is an important factor influencing the success of oyster culture 

(Paniagua-Chavez 1995), because it affects quality and quantity of oyster meat. 

Studying the storage composition in the various parts of the body tissue and substrate 

utilisation in relation to gametogenesis is essential to understanding the reproductive 

strategy. An understanding of reproductive strategy is considered essential for 

application of DEB models and planning large-scale oyster culture (e.g. Ruiz et al. 

1992). Reproductive effort is a useful index to describe the partitioning of energy into 

growth and reproduction. 

This part of the study is designed to investigate the energy storage utilisation in 

relation to gametogenesis and reproductive cycles, biochemical composition and to 

quantify the reproductive effort in Crassostrea gigas. 

Biochemical and reproductive studies of C. gigas have been done in many parts of the 

world. They provide useful information for understanding the reproductive regime of 

the species. To my knowledge, however, previous studies have either lacked detailed 

biochemical analyses of gonad and other parts of the body tissue, analysis of 

gametogenesis (e.g. Whyte & Englar 1982, Heral & Deslous-Paoli 1983, Deslous

Paoli & Heral. 1988, Whyte et al 1990, Ruiz et al. 1992, Robert et al. 1993); or did 

not attempt to quantify reproductive effort (e.g. Dinamani 1987, Perdue et al. 1981, 

Robinson 1992). Few studies have related energy substrates and utilisation to specific 

reproductive activities in this species. This chapter therefore addresses substrate 

utilisation in C. gigas in relation to gametogenesis and reproductive effort. It also 

aims to understand the reproductive cycle in local conditions. 
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The histological method was used to quantify the reproductive cycle. This study was 

performed over a 20-month period to examine the possibility of annual variation in 

the role of reserves related to gametogenesis in a single population of C. gigas. This 

study aims to provide basic ecological information on the reproductive cycle as well 

as parameters for the improvement of the DEB model. 

6.2 Materials and methods 

6.2.1 Study site and oysters 

Croisel1es Harbour is located in the Marlborough Sounds, on the north coast of the 

South Island of New Zealand (173°42' -46'E, 41 °02' -05'S). It is one of the intensive 

sites of suspended rope culture of the oyster (c. gigas) and the mussel (Perna 

canaliculus). Over sixty oysters were collected at bi-weekly to monthly intervals from 

one oyster farm in the area from 19 June 1998 to 18 January 2000, and transported 

live to the laboratory for weighing, biochemical and reproductive determinations. 

Fouling organisms were carefully removed from the oyster using a scalpel and the 

outer shell surface blotted dry with paper towels prior to weighing. Length, whole wet 

weight and volume were measured. Body tissue of 15-20 similarly-sized oysters 

(ll±l cm) was then separated from the shell and dissected into two components, 

namely gonad and 'other tissue', with each component being placed into a tared 

aluminium weighing pan, dried at 60°C to a constant weight (-72 h), then weighed. 

Shell valves were dried at 60°C for 72 h and weighed as well. The dry weight was 

used to monitor seasonal and annual variations of gonad and 'other tissue'. 

An additional group of 50 oysters (wide range of lengths) were collected in each of 

December 1998 and 1999, and January 1999 and 2000. The method to process these 

samples was the same as above. These specimens were used to calculate dry tissue 

weight and length relationships before and after spawning. This information was used 

to estimate reproductive effort. 
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6.2.2 Environmental measurements 

The water temperature (surface) and phytoplankton cell counts at the same area were 

provided by the Marlborough Sounds Shellfish Quality Programme. Phytoplankton 

counts were conducted by Cawthron Institute. The temperature was recorded at 

intervals that varied from 1 to 4 weeks. Four replicate measurements were taken. 

Water samples (2 m from surface) for phytoplankton cell counts were collected at 

weekly intervals. 250 ml of the water sample was immediately preserved in Lugol. 

The phytoplankton was allowed to settle in the laboratory and decanted to 25 ml, 

placed in an Utermohl chamber, and allowed to settle for a further 24 hours. The 

phytoplankton cells were identified. to species or genus level and enumerated under a 

Wild M40-82720 inverted microscope as described by Utermohl (1958). 

Phytoplankton cells were converted into carbon according to species and total carbon 

was calculated as the sum of all individual cells. 

6.2.3 Biochemical analysis 

Tissues of three to six oysters from each monthly sample were dissected into gonad 

and 'other tissue', freeze dried, and stored in a desiccator for analysis of biochemical 

composition (Giese 1967, Barnes & Blackstock 1973). Freeze dried tissues were 

ground into a powder with a mortar and pestle for biochemical measurements. 

Kjeldahl digestion of the dry powder was followed by phenol-hypochlorite 

determination of ammonia (Holland & Hannant 1973). Protein was measured from a 

known amount of freeze-dried tissue. A sample of 15 mg was catalytically digested 

with sulphuric acid, converting the total organic nitrogen into ammoniac nitrogen. 

The ammonia is released by the addition of sodium hydroxide, distilled and absorbed 

in boric acid, and then titrated. The protein content was estimated from the nitrogen 

content multiplied by 6.25 (Thompson 1984b). 

Lipid was determined using the gravimetric method of Barnes and Blackstock (1973). 

Assays were made on 500 mg of powder sample homogenised in 5 ml of re-distilled 

water and left overnight in the fridge (5 QC). For the gravimetric assay of lipids, 

aliquots of the homogenate were extracted in 5 ml of 2: I v/v chloroform:methanol 
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(Folch et al. 1957). The chloroform layer containing the lipid was purified using a 

0.7% NaCL solution. Aliquots were taken and the lipid residues were weighed using a 

Mettler AE200-S microbalance, after evaporation of the chloroform using liquid 

nitrogen. 

Glycogen was determined using the method of Hewitt (1958). A sample of 100 mg 

powder was homogenised in sulphuric acid reagent to make 5 ml homogenate solution 

and extracted overnight at 5 dc. The homogenate solution was thoroughly mixed 

using a vetax before being centrifuged and subdivided into two portions. While one 

portion was incubated in a water bath at 95°C for 4 h, the other was stored at 5°C. 

The optical density of both portions was determined at 340 nm using a 

Spectrophotometer (Kontron UVIKON 860). A calibration curve using D-glucose as a 

standard was determined. 

6.2.4 Reproduction 

Reproductive development was monitored histologically. I could not preserve oyster 

samples for histological study at every sampling time, but was able to preserve 

specimens at approximately monthly intervals from 31 July 1998 to 18 January 2000. 

On each occasion, ten to fifteen oysters were chosen and removed from their shells. 

Histological sections (approx. 5x5x5 mm) of gonadal material were made from the 

middle part of oyster gonads and fixed in Baker's formol calcium fixative with 2.5% 

sodium chloride for 24 hours. Oyster sections were trimmed and placed in cassettes. 

The cassettes were processed through six changes of dehydrate, one change of 

clearing agent, and three changes of liquid paraffin wax. Tissues were embedded in 

paraffin wax under vacuum and oriented so that transverse sections could be obtained. 

Sections of 7 flm thickness were cut using a microtome (Leica RM2165) and mounted 

on glass slides. The sections were stained with hematoxylin and eosin (Luna 1968). 

The stained slides were rendered permanent using a mounting medium and coverslips. 

The gametogenic stages and their frequency of occurrence were recorded. Gonad 

developmental stages were based on the classification of Dinamani (1987) to describe 

five stages: O=inactive/spent follicles; l=early active; 2=late active follicles; 3=mature 

gametes; 4=fully ripe/spawning phase. 
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Measurements were made on oocytes in sections of one ovary from each female using 

a microscope (Leica MPS 60). Since oocytes deviate strongly from a spherical shape, 

measurements were made of the longest and shortest axes of ~50 oocytes and each 

pair of measurements were added and then divided by two. 

6.2.5 Statistical analyses 

Mature oysters may lose a large proportion of their body weight during spawning 

(Brown & Russel-Hunter 1978, Deslou-Paoli & Heral 1988). Based on histological 

evidence of the timing and duration of spawning, reproductive effort can be estimated 

from weight loss of body as described in mussels by Bayne & Worrall 1980. If the 

reproductive cycle of oysters is well defined and spawning occurs in a short period 

(see below), feeding was assumed to have a negligible contribution to the change of 

tissue weight. Therefore, the fecundity (reproductive effort) was calculated as a 

difference in dry tissue weight before and after spawning. The dry tissue weights of 

pre- and post -spawning individuals were described by an allometric function of length 

as: 

DTW = aLb (6.1) 

where DTW is dry tissue weight (g), L is length (cm), a is the coefficient and b is the 

exponent. 

There is strong evidence that reproductive effort increases with increase of size or age 

in marine bivalves (Griffith & King 1979, Bayne & Worrall 1980, Griffiths 1981, 

Thompson 1984a). Following these studies, the reproductive effort is described as a 

function of dry tissue weight at pre-spawning as: 

R = R {l_e-k.
B

} E Emax (6.2) 

where RE is reproductive effort expressed as a percentage of spawning loss to dry 

tissue weight at pre-spawning. REmax is maximum reproductive effort. k is 
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reproductive coefficient describing the change in RE with increasing size of oyster 

above DTWo (see below). Coefficient B is defined as: 

{
wr: ifDTW~DTWo 

B= 
o : otherwise 

(6.3) 

where Wr (g) is dry tissue weight at pre-spawning and DTWo (g) is the theoretical 

minimum dry tissue weight at which spawning can occur. 

The data were analysed using ANOVA to detect a series of significant differences 

(using Systat, version 8). Regression analyses were conducted and values of 

parameters were estimated following standard least square procedures using S

plus3.2@ (StatSci, Seattle). 

6.3 Results 

6.3.1 Environmental variables 

The two measured environmental variables, temperature and phytoplankton carbon, 

recorded in Croiselles Harbour during the study, are presented in Fig. 6.1. Inter

annual variation (July to December) in temperature was not significant (P>O.39). The 

seasonal variation in temperature can be defined as a sinusoid with highest 

temperatures measured during the months of January-February and the lowest during 

July-August. 

Phytoplankton showed a strong intra- and inter-annual variation. In 1998, highest 

biomass was recorded in August during sampling period of oysters. During the rest of 

the year, however, the phytoplankton biomass was generally low. However, the 

phytoplankton biomass was general1y high throughout the year in 1999. Difference in 

seasonal variation of phytoplankton was observed between years. The phytoplankton 

bloom lasted considerably longer in 1999 than the corresponding bloom feature of the 

previous year. Overal1, the estimated phytoplankton biomass was considerably higher 

III 1999 (average 8.58 mgC rl) than in 1998 (4.95 mgC rl). The average biomass 
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during the gametogenic period July-December 1999 (see below) was over twice that 

during the same period in 1998. 
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Fig. 6.1. Seasonal variations of a) temperature and b) phytoplankton biomass. 
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6.3.2 Gametogenesis 

Based on visual staging of histological sections, the initial period of gamete 

development occurred in June (1999) when stem cells were first discernible in some 

oyster gonads (Stage 1). However, most oysters were at an inactive stage and 

gametogenesis did not start till late July or August. Thereafter, development 

proceeded rapidly throughout late winter and spring as temperature rose, and reached 

maturity by November and December (Fig. 6.2). Inter-annual variation of gonadal 

development was not obvious. The proliferative period of oogonia began in winter in 

both years. Although mature oocytes were found in October, spawning did not occur 

until January in both years. Proliferation of oogonia and their differentiation into 

small primary oocytes was followed by a growth, or vitello genic, period characterised 

by increasing oocyte size and yolk accumulation. Generally, the size of oocytes 

increased quickly throughout the period of gamete development in July-December 

(Fig. 6.3). There was a well-defined seasonal cycle of oocyte growth and no 

significant inter-annual variation of the growth rate was found (p>O.69). Linear 

regreSSIOn analysis showed that the oocyte diameter was highly correlated with 

temperature (R2=O.93) during the period of gametogenesis. Average oocyte size at 

maturity was 36.7±4.3 )..Lm. 

During the period after spawning (January-April), oocytes varied in size. At the time, 

they have composed of both mature and recently developed stages. No evidence of 

further spawning was observed but re-absorption of eggs was detected. This suggests 

that there was a single spawning event that took place over a short period. In April, 

the gonad entered the "resting" phase until gametogenesis restarted in June-August. 

- 88 -



Chapter 6. Gametogenesis and reproduction 

80 

~ 
~ 
>. 60 
() 
c: 
(l) 
~ 
e-
(l) 
~ 40 u.. 

ASONDJFMAMJJASONDJ 

1998 1999 

Fig. 6.2. Stages of gonadal development derived from the visual staging of the thin 

sections from July 1998 to January 2000. Observations of males and females are 

combined. 
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Fig. 6.3. Mean oocyte diameters of C. gigas between July 1998 and January 2000. 
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6.3.2 Dry weight 

Seasonal variation in gonad and 'other tissue' is shown in Fig. 6.4. The growth of 

gonad and 'other tissue' was at a similar rate during the period February-August. 

However, with the beginning of gametogenesis, the rate of gonad growth overtook 

that of 'other tissue' from August. Eventually growth of 'other tissue' became 

negative. Presumably stored reserves in 'other tissue' were used for the development 

of gonad. The gonad reached a maximum in December, by which time the dry weight 

had increased by 1.5 g and 2.1 g in 1998 and 1999 respectively (since August). 

Spawning in January was marked by a sharp decline in mean gonad dry weight. It fell 

from 2.7 g to 0.9 gin 1998 and from 3.8 g to 1.5 gin 1999. After reaching a maxima 

in October, the weight of 'other tissue' continued to decrease and reaching a 

minimum of 1.0 g and 2.0 g in January 1998 and 1999 respectively. 

The growth of both gonad and 'other tissue' generally showed a regular pattern of 

seasonal variation between 1998 and 1999. However, both maximum gonad and 

'other tissue' dry weights and also the growth of dry weight were higher in 1999 than 

these in 1998. This was possibly a result of the higher phytoplankton biomass during 

1999 (Section 6.3.1). 

A decrease of dry weight in both gonad and 'other tissue' was observed in August 

1998. This was probably primarily due to low food supply. Phytoplankton biomass 

was low during this period (0.25-1.07 mgC rl with an average 0.50 mgC rl). 

Maintenance and gametogenic cost might have been greater than assimilated energy 

from food. 
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Fig. 6.4. Mean dry weights of gonad (dashed line) and 'other tissue' (solid line). 

6.3.3 Biochemical composition 

The seasonal variation in biochemical contents of gonad and 'other tissue' is 

presented in Fig. 6.5. Variation in glycogen content of both gonad and 'other tissue' 

showed a strong seasonal cycle, corresponding with gonadal development. Before 

gametogenesis took place, glycogen content of both gonad and 'other tissue' 

increased rapidly. However, after reaching a maximum in August, it decreased 

continuously with further gonad development, and fell to a minimum following the 

release of gametes in January. The decrease in glycogen content was a synchronous 

with development of follicles, with oogenesis and the gametogenic cycle. The 'lost' 

glycogen was presumably utilised for the development of reproductive cells. Inter

annual variation in glycogen content was observed. Whilst glycogen content increased 

continuously from March to August in 1999, a decrease in glycogen content occurred 

from mid July to mid August in 1998, coinciding with low phytoplankton biomass 

(average 0.50 mgC r\ 

The variation of lipid content appeared to be associated with gametogenic cycle as 

well. Lipid contents in gonad and 'other tissue' generally showed a reverse 

relationship during the gametogenic stages. Whilst the lipid content decreased 
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continuously in 'other tissue', the lipid content in the gonad showed an increasing 

trend. 

The protein content of 'other tissue' was relatively stable and showed no marked 

seasonal variation. However, gonad protein showed a clear seasonal cycle coinciding 

with the gametogenic cycle. Lowest protein content occurred in winter between May 

and August, whilst content was highest in spring and summer months of October

February. Gonad protein content quickly increased during the spring after initiation of 

gametogenesis and reached a maximum before spawning. After release of gametes, 

gonad protein continuously declined to a minimum level in June. The variation of 

protein content in the gonad showed a regular seasonal pattern over both years. 
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Fig. 6.5. Biochemical contents of gonad (dashed lines) and 'other tissue' (solid lines). 

The biochemical contents were expressed as percentage of dry tissue weight. 
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6.3.4 Reproductive effort 

The weight-length allometric function defined in equation 6.1 was found to be a good 

fit to the data (Fig. 6.6). The best-fit values of model parameters obtained were: a = 
4.22xlO-4 and b = 3.74 (n=56, R2=0.94) for pre-spawning oysters, and a = 1.65xlO-3 

and b = 2.86 (n=36, R2=89) for post-spawning oysters. 

Reproductive effort expressed as difference in dry tissue weight between pre- and 

post-spawning was estimated by fitting equations 6.2 and 6.3 to the data. Best-fit 

parameter values obtained were REmax = 0.78, DTWo= 0.50 g and k=0.40 g-l. 
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Fig. 6.6. Relationships between dry tissue weight (DTW) and length at times of pre

and post-spawning of C. gigas. Closed symbols and the thick line are observed and 

fitted DTW at pre-spawning respectively. Open symbols and thin line are observed 

and fitted DTW at post-spawning respectively. 
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6.4 Discussion 

Histological evidence indicates that there is a regular seasonal cycle of gonad growth 

and maturation in the Pacific oyster Crassostrea gigas in Croiselles Harbour. 

Gametogenesis began in the winter months of June-August and continued into spring. 

By November, most oysters had mature gonads and all were ripe by December. 

Spawning occurred in January. Oysters (total DTW) underwent a period of slow 

growth from February to July, and rapid growth from August to December. 

The timing of the reproductive cycle of C. gigas, from activation of the gonad through 

growth and gametogenesis, to spawning, is controlled by an interaction of 

environmental factors and endogenous factors within the organism (Sastry 1979). In 

this study, temperature appears to have had a strong influence on the timing of both 

gonadal development and spawning in oyster populations in New Zealand. During the 

study period, water temperature exhibited a well-defined annual cycle with little inter

annual variation. Perhaps as a consequence of this, the timing of reproductive cycle in 

1998 was identical with that in 1999 (within the resolution of sampling). Gamete 

proliferation was initiated at the minimum water temperature of 12-13 DC and 

spawning occurred at 19 DC. This reproductive pattern was similar to many oyster 

populations in different regions of the world, e.g. Gulf of Eilat of Israel (Shpigel 

1989) and El Grove of Galica (Ruiz et al. 1992). The apparent close dependence on 

temperature suggests a degree of predictability on the timing of the reproductive cycle 

from a knowledge of temperature variation. 

Seasonal variations of body tissue weight resulted from the time-varying 

accumulation and utilisation ofreserves. Before gametogenesis, both gonad and 'other 

tissue' grew at a similar rate. After initiation of gametogenesis (from August), 

however, the gonad growth continued but at a higher rate, whilst the 'other tissue' 

showed a negative growth rate. The release of gametes in summer resulted in a sharp 

drop in gonad weight and the size of oocytes. The 'other tissue', however, after 

reaching its maximum value in the early stages of gametogenesis, decreased 

continuously to its minimum weight after spawning in January. The decrease in the 

'other tissue' weight varied between years, whlch was consistent with food supply. 

Phytoplankton biomass was higher in 1999 than in 1998 (see Fig. 6.1). As a 
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consequence, the weight loss in the 'other tissue' was much less in 1999 than that in 

1998. 

Reproductive events are highly dependent on both temperature and food availability 

in oysters species (Wilson & Simons 1985, Shpigel 1989). A threshold temperature is 

needed for initiation of gametogenesis. After initiation, the rate at which 

gametogenesis proceeds is dependent on temperature, stored reserves and food 

availability (Sastry 1979, Shpigel et al. 1992). Although there is perhaps insufficient 

evidence to make any firm conclusions, there did not appear to be a close relationship 

between gametogenesis and food availability in the present study. It may be that 

gonadal development is more dependent on a threshold level of reserves and in both 

years studies there were sufficient reserves for comparable gonadal development. In 

some species, the growth of the gonad was associated with food availability (Ebert 

1968, Gonor 1973). These authors found that good food conditions permitted gonad 

growth to continue at a constant increasing rate, while poor food conditions resulted 

in a slow and varying growth rate. In present study, histological measurements 

showed the growth of oocytes continued at a similar rate throughout periods of 

gametogenesis and no inter-annual variations were apparent. However, the absolute 

growth rate of gonad in 1999 was higher than in 1998. Lower gonadal growth rate 

was probably a consequence of lower food supply in 1998. In addition, a short period 

of food scarcity occurred at the beginning of gametogenesis in 1998. During this 

period, gonad continued to develop, but energy reserves (body tissue weight) dropped. 

This suggests that gametogenesis and reproduction of oysters depend on amount of 

'free storage' (energy reserves), as long as 'free storage' exceeds a core level, the 

development of gonad would continue. This finding is consistent with the assumption 

of the model of Ross & Nisbet (1990) and my assumption in Chapter 2. However 

further experimentation is required to investigate whether gametogenesis is initiated 

and continues at lower levels of reserves than found during this study. 

The greatest seasonal variation was recorded in glycogen content which is consistent 

with known importance on energy reserve in bivalve species (Gabbott 1975). Like 

seasonal variation of dry tissue weight, the seasonal changes in storage and utilisation 

of these biochemical components were associated with the annual reproductive cycle. 

In winter when abundant food was available, there was a considerable increase of the 

- 96 -



Chapter 6. Gametogenesis and reproduction 

glycogen content. Subsequently, gametogenesis was associated with a loss of 

glycogen in body tissue. The lipid content appeared to be associated with 

gametogenesis, but the change of lipid content was not as clear as that of glycogen. 

Whilst glycogen content declined continuously during the later stages of 

gametogenesis, the lipid content in gonad was more variable, although generally 

declined during later stages of gametogenesis. Lipid content in the 'other tissue' 

mostly declined throughout the study even while lipid content of the gonad increased. 

The decline was most marked during gametogenesis. 

The increases in gonadal lipid during October-December 1998 and September

November 1999 might be explained by a pattern, common in bivalves, of 

transformation of glycogen reserves into lipid for formation of gametes (Gabbot 

1975). It appears that glycogen content may be utilised primarily for gonadal 

development and oogenesis. Utilisation of storage reflects a complex interaction of 

food availability and gametogenesis. When food supply is low, stored reserves must 

meet energy maintenance demands as well as reproductive demands (Bayne 1976). 

This may have been the case in July-August 1998. When food is abundant, there is 

more energy, including stored energy, available to be utilised for gametogenesis 

(Barber & Blake 1981). In such circumstances, gonadal development and the 

accumulation of energy reserves can both progress simultaneously. The weight loss in 

'other tissue' depends on food availability in the period of gametogenesis. 

Phytoplankton biomass was generally more abundant in 1999 than 1998 (Fig. 6.1). As 

a consequence, the weight loss of 'other tissue' in 1999 was less than in 1998. 

Presumably the more abundant food supply also explains higher gonad weight in 

1999. 

Vitelli genesis normally takes place at the expense of stored glycogen reserves and 

there is significant conversion of pre-stored glycogen into lipid reserves in developing 

eggs (Gabbott 1975). In addition to a transition from glycogen reserves to lipids, there 

are additional 'overhead' costs associated with gametogenesis that could contribute to 

the decline in glycogen. The biochemical pathways by which glycogen is converted 

into lipid are complex (Krebs 1970). Therefore, energy loss for gametogenesis would 

be expected greater than energy gain in gonad. It has been estimated that less than 7% 

of the stored energy is lost during the conversion of carbohydrate to lipid in Mytilus 
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edulis (Krebs 1970). It is difficult however to quantitatively estimate the energy cost 

in conversion of glycogen to lipid in the present study, because energy assimilation 

from food may vary during the conversion process. Measurements in the laboratory 

using a controlled food supply would be warranted. 

There was a well-defined cycle of protein content in the gonad. Lowest protein 

content occurred in winter months and the highest occurred in early summer. It 

quickly increased during the spring as gametogenesis began. After spawning, protein 

content continuously declined to a minimum level in winter. During this period, 

gonad protein was possibly utilised for metabolic energy. Histological evidence 

indicates that unspent eggs have been re-absorbed after February. Since no release of 

gametes occurred during this period, the energy absorbed from eggs was likely to 

meet the maintenance requil"ement and possibly even tissue growth. 

This study shows that reproductive effort was high in oysters and was correlated to 

the size of animals. This is in agreement with previous studies (e.g. Brown & Russel

Hunter 1978). The proportion of total production expended on gamete output in C. 

gigas increased from I-year old to older adults (Heral 1989). In older individuals, 

most of the stored energy is utilised for reproductive processes (Dame 1976, Griffith 

& King 1979, Griffith 1981, Thompson 1984a, Heral 1989, Thompson et al. 1996), so 

differences in body tissue weight are mainly related to the reproductive cycle. A 

possible explanation is that somatic tissue growth rate reaches a maximum at 

intermediate age before declining in older individuals; whereas gamete production 

continues to increase as observed in other bivalves (Bayne & Worra111980, Rodhouse 

1978). The extent to which an organism invests reserves in reproduction may vary 

both with inter-annual state of the organism, e.g. size and reserves, and the external 

state of the environment, e.g. food availability and temperature (Calow 1979). The 

present study shows evidence of annual variation in reproductive effort. Given oysters 

of the same size, the reproductive effort was higher in 1999 than in 1998. I did not 

detect significant inter-annual differences in temperature, but overall phytoplankton 

biomass was higher in 1999 than in 1998 (see Fig. 6.1). It is likely that the 

reproductive effort depended on the food availability. Some evidence to support this 

explanation can be found from studies on other bivalves. For example, scallops from 

shallow water exhibit a greater reproductive effort than those found in deeper water 
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where the food was considerably poorer (MacDonald & Thompson 1985b). The 

reproductive effort was found to be correlated with the food availability in blue 

mussel Mytilus edulis as well (Bayne et al. 1983). Therefore, reproductive effort relies 

on energy accumulation and food availability before and during gametogenesis. 

In conclusion, this study has shown a strong seasonal reproductive cycle in C. gigas. 

Gametogenesis started in winter months (June-August) and took place at the expense 

of stored reserves during the later stages of gametogenesis. Glycogen content of the 

body (i.e. both gonad and 'other tissue') and lipid content of the 'other tissue' were 

converted and utilised for the gonadal development. Some reverse relationships were 

found during later stages of gametogenesis between gonad and 'other tissue' dry 

weight; glycogen content of the body and lipid content of the gonad; and lipid 

contents of gonad and 'other tissue'. Reproductive effort increased with the size of 

oysters. 
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Chapter 7. Growth dynamics 

CHAPTER 7 

GROWTH DYNAMICS 

7.1 Introduction 

The influence of environmental conditions such as food availability and temperature 

on oyster growth is an important feature of several recent studies on Pacific oysters 

(e.g. Brown 1988, Spencer 1988, Roland & Brown 1990, Sara & Mazzola 1997). 

Growth rate is a good indicator of environmental suitability for marine bivalves. 

Physiological and ecological evidence indicates that food availability may be the most 

important factor regulating oyster growth and an important secondary effect of 

temperature is that it may control food supply (Brown 1988). Although it is worth 

noting that water temperature does affect both feeding and metabolic rates (Le Gall & 

Raillard 1988, Bougrier et al. 1995, this study in Chapter 4) as well as a weak effect 

on energy allocation (Deslous-Paoli & Heral 1988, Shpigel 1992, Hofmann et al. 

1994, Dame 1972, Newell 1979). The growth rate is therefore a consequence of 

interactions among environmental factors. Any single environmental factor alone 

cannot fully explain observed growth patterns. 

Several authors have documented the relationships between oyster growth and 

environmental factors (e.g. Westley 1965, Askew 1972, Malouf & Breese 1977, 

Brown 1988, Brown & Hartwick 1988, Nell & Holiday 1988). Such relationships, 

however, were highly area-specific (Brown 1988, Wallace 1980). Although growth of 

bivalves is influenced by environmental variables, there are also genetic influences 

(Newkirk & Haley 1983, Paynter & Dimichele 1990, Nell et al. 1996). For several 

species of bivalve molluscs, varying degrees of genetic heterozygosity are correlated 

with differences in growth rates (Zouros et al. 1980, Koehn 1990, Gosling 1992). 

More heterozygous mussels showed high growth rates because they had low 

maintenance metabolic rates than less heterozygous ones (Diehl et al. 1986). Lower 

metabolic rate was also recorded in oyster populations in New Zealand (see Chapter 

4), which may have a potential effect on the growth rate. Little information IS~ 
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however, available regarding relationships between environmental factors and oyster 

growth in New Zealand. 

To calibrate and test the applicability of the DEB model, I have conducted growth 

experiments. Ideally I would like to conduct experiments over several months in 

conditions in a controlled environment. That was not a practical proposition for this 

study and therefore I chose the next best option which was to use naturally differing 

environmental conditions but the same genetic stock. In the Marlborough Sounds 

during winter, the upper water column is much more productive, and phytoplankton 

biomass is generally higher, compared to the lower water column. I used this feature 

to provide a contrasting food environment for the oysters. In using this method, I am 

assuming that no other systematic differences between the upper and lower water 

column affects oyster growth. 

7.2 Materials and methods 

A site was chosen in the centre of Beatrix Bay in the Marlborough Sounds due to 1) 

the availability of a suitable mooring, and 2) the presence of a well-defined upper and 

lower water column layers. Two age groups of oysters were used for the growth 

experiment: 3 months and 15 months. Experimental oysters were collected from an 

oyster-farm in East Bay, Pelorus Sound (approximately lOkm from the experimental 

site). They were initially attached to scallop shells. Due to size differences amongst 

1 + year oysters, they were sorted into two size groups based on their total length and 

placed into 25 (height) x30 (radius) cm cages with a mesh size 1.8x1.8 cm. Each cage 

contained 20 oysters. The 3 month-old oysters were left on the scallop shells. Each 

shell held 20-30 oysters. Several hours after removal from the farm, the oysters were 

transplanted to Beatrix Bay where they were suspended in the water column. Animals 

were attached to a nylon rope and suspended in two depths (8 m and 32 m below the 

surface). The depth of water at the site was about 37m so that the lower 5m was free 

of oysters. The initial mean size of oysters was: 78.7 mm in length (±7.3SD, n=25), 

1.25 g in dry tissue weight (±0.47SD, n=25) for large oysters; 64.8 mm (±9.0 SD, 

n=25), 0.75 g (±0.57 SD, n=25) for medium oysters; and 10.9 mm (±4.7 SD, n=78), 

0.012 g (±0.009 SD, n=78) for small oysters. 
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Approximately 20 large, 20 medium and 60 small oysters from each depth were 

sampled at monthly intervals. After sampling, the live oysters were transferred to the 

laboratory where measurements were taken. Fouling organisms were carefully 

removed from the oysters with a scalpel. After measurements of wet weight (g) and 

length (mm), soft tissues were then separated from the shell and placed into a tared 

aluminium weighing pan, dried at 60°C to a constant weight (-72 h), and weighed. 

Shell valves were weighed after drying at 60°C for 72 h. Means and standard 

deviations were calculated for each sampling date. 

At each depth, three duplicate water samples were taken at the same time as the oyster 

samples to measure chlorophyll a (ChI: llg r\ particulate organic matter (POM: 

mg rl) and total particulate matter (TPM: mg rl). The water samples were filtered 

onto 2S-mm GFIF filters (Whatman) for chlorophyll a analyses. The filters were 

introduced into plastic bags and stored in a dark box at -20°C until analysis. 

Chlorophyll a was measured according to standard procedures for acetone extraction 

and fluorometric analysis (excitation: 431 nm, emission: 670 nm, Strickland & 

Parsons 1968). 

Similarly for the measurement of POM and TPM, three duplicate SOOm1 water 

samples, were filtered on to ashed and pre-weighed, 2S-mm GFIF filters. The filters 

were dried at 100°C to a constant weight (48 h), weighed, and ashed at SOO °c for 4 h 

before being weighed for the calculation of organic content. 

Water temperature was measured at the time of sampling using a CTD (Aquapack, 

Chelsea Instruments, UK) 

Daily instantaneous growth rate (G) was estimated using the following equation: 

G = (LW(+l -LWt)1D 

where LWI+! is the mean shell length (mm) or dry tissue weight (mg) of the current 

month, LW t is the mean shell length (mm) or dry tissue weight (mg) of the previous 

month and D is the time between measurements of t+ 1 and t (days). 
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Condition index was calculated using the formula: 

1 11 W. 
CI=-I-I xlOO 

n ;=1 S; 

where Wi is individual dry tissue weight (g), Sj is individual dry shell weight (g) and n 

is number of individuals. 

Relationships between the growth rates of length or dry tissue weight in a month and 

chlorophyll a concentrations in the previous month were calculated monthly 

following least square procedures using Splus3.2® (StatSci, Seattle). The data were 

analysed using ANOV A to detect a series of significant differences using Systat8. 

7.3 Results 

7.3.1 Environmental variables 

The mean monthly chlorophyll a, particulate orgamc matter and total particulate 

matter concentrations for each sampling time between May and October 1999 are 

illustrated in Fig. 7.1. Chlorophyll a concentrations were considerably higher at 8 m 

than at 32 m for the first 3 months of the experiments, while it remained low at all 

times at 32 m. The pattern of variation in POM was similar to chlorophyll although 

less marked. There was not much variation in TPM, with slightly higher levels in 

bottom water during August and September. The temperature was similar at both 

depths at the start and end of the experiment and slightly warmer in bottom waters 

during the experiment (June-August). 
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Fig. 7.1. Time-series of: a) chlorophyll, b) particulate organic matter, c) total 

particulate matter and d) temperature at depths of 8 m (solid lines) and 32 m (dashed 

lines). 
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7.3.2 Comparisons of growth rates 

Both length and dry tissue weight (DTW) increased substantially in all sizes of 

oysters at both depths after 5 months of growth (Fig. 7.2). Small oysters showed the 

largest gains in shell length, but smallest gains in DTW. Mean daily growth rates of 

both length and DTW were calculated separately according to the size of oysters and 

depth (Fig. 7.3). The rates were significantly higher at 8 m depth than at 32 m (p<0.05 

for length and p<O.OOl for DTW). The growth rate in length was highest for small 

oysters. Considerable temporal variations in growth rates were also recorded, 

particularly at the surface (Fig. 7.4). Fast growth occurred during the period of May

August at 8 m depth, followed by a period of much slower growth. The condition 

index was significantly higher at 8 m compared to 32 m (P<0.002, Fig. 7.5). 

Difference in chlorophyll a concentrations between depths may be the main factor for 

the differences of growth rate and condition. There was no significant difference of 

the growth rates between medium and large oysters in both length (p>0.6) and DTW 

(p>0.9). However, growth was significantly higher in length (p<0.03) and lower in 

DTW (p<0.02) in small oysters compared to medium and large ones. This suggests 

that more energy might be invested into shell growth over DTW in small oysters than 

big ones. 
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Fig. 7.3. Growth rates of mean a) shell length and b) dry tissue weight at depths of 8 

m and 32 m. 
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(dashed lines). Data is averaged over the three size classes. 
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7.3.3 Environmental effect on growth 

Amongst environmental variables, only chlorophyll a concentration was found to 

closely correlate with the growth rate of DTW (p<O.OOOl). The growth was not 

correlated with temperature (p>0.9), POM (p>0.3) and TPM (p>0.9) at the significant 

level. 

Daily instantaneous growth rate at depths 8 m and 32 m was not separately calculated 

due to too few data points. 

The daily instantaneous growth rate of length (GDd in small oysters was found to be a 

logarithmic function of chlorophyll a concentration in the previous month (Fig. 7.6a). 

GDL = 0.145·ln(Ch1)+0.250, n=lO, R2=0.72 

The minimum level of chlorophyll a concentration for shell growth was estimated at 

0.18 I-lg rl, below which the growth of length would be expected to cease. 

The growth rate of DTW correlated with the chlorophyll a concentration in the 

previous month, but no functions could be found to appropriately describe the 

relationship between the daily instantaneous growth rate of DTW and chlorophyll a 

concentration (Fig. 7.6b). 
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Overall, both length and DTW of medium and large oysters were strongly influenced 

by chlorophyll a concentrations in the previous month, but only the growth rate of 

DTW (GDW) could appropriately be described by a logarithmic function GDW = 

9.70·1n(Chl)+ 10.55, R2=0.45, n=19 (Fig. 7.7). 
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Fig. 7.7. Relationship between the daily growth rates of a) length and b) dry tissue 

weight in medium and large oysters and chlorophyll a concentration in the previous 

month. 
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7.4 Discussion 

The growth of oysters was closely related to environmental variables, particularly the 

food availability. The results showed that high chlorophyll a concentrations at the 

upper water column (8 m from surface) resulted in faster growth of oysters of all sizes 

in terms of both length and dry weight (although dry tissue weight of large sized 

oysters at 32 m showed negative growth at the end of the growth experiment -

Fig.7.2f). Lower growth rates were observed at the lower water column (32 m from 

surface). The relation between growth and food availability found in this study is in 

agreement with previous findings (Malouf & Breese 1977, Brown 1988, Jones & 

Iwama 1991). 

Condition index was significantly higher at the upper depth compared to the bottom 

depth throughout the experiment (Fig. 7.4). This can be explained by the difference in 

food availability. A logarithmic function was used to describe the relationship 

between oyster DTW growth (medium and large classes) and chlorophyll a 

concentration in the previous month. However, it could only explain less than two 

thirds of total variance. Nevertheless, it was the main factor influencing growth. No 

close relationship between the growth of oysters and POM was found. The presence 

of high concentrations of nonphytoplankton particulate material (e.g. detritus) would 

not support rapid growth of oysters. This is in agreement with other studies on Mytilus 

edulis (Winter 1975, Williams 1981), who observed mussels had poor growth when 

supplied only with nonphytoplankton food sources in laboratory experiments. The 

ratio of chlorophyll a to phytoplankton carbon might affect the interpretation of the 

relationship between chlorophyll and growth rate between depths. However, I have no 

information on chlorophyll a:phytoplankton carbon ratio. Phytoplankton cell 

number/biomass data should be collected in future studies. 

Although growth may reflect a complex interaction of the external state of the 

environment including food quantity and quality, temperature and depth, and internal 

state of organism such as size/age and reproductive process, it is the quantity of 

phytoplankton that appears to be the major influence. 
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The study found that small oysters grew faster than big ones (Fig. 7.8). Faster growth 

rates were also found in the early stages of the life cycle in mussels (Hickman 1979). 

Net growth efficiencies were inversely correlated with size in cockles Cerastoderma 

edule (Navarro et al. 1989). The larger the animal, or the closer it is to its asymptotic 

size, the lower daily growth rate will be (Roman et al. 1999). This is probably 

common in marine bivalves. Since metabolic rate increases hyperbolically with size, 

less energy is available for growth with increase of body size, so that younger 

individuals would be expected to exhibit higher growth rates when food is abundant 

(Bayne & Newell 1983). Furthermore, energy consumption on the reproductive 

process might also have contributed to this difference, because gametogenesis needs 

additional energy. Energy requirement for gametogenesis has been confirmed by 

Jiang et al (1993), who found that the growth rates of triploid pearl oysters were 

higher than those of diploid oysters and suggested that triploid oysters which cannot 

reproduce do not consume a lot of energy to produce sexual cells. Gametogenesis 

requires the mobilisation of the reserves accumulated in the somatic tissues for 

transport to the gonad (see Chapter 6). Young oysters do not bear the cost, and so 

have more energy available to fuel growth. 
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Fig. 7.8. Biomass-specific growth rates of the three oyster size classes at the two 

depths. 
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Faster growth rates and better conditions reflected more favourable environmental 

conditions at the upper water column than in the lower water column. The deeper 

water may be considered less favourable for oyster growth because light intensity is 

lower and therefore there is less food availability for oysters. In addition to lower food 

availability in the lower water column, depth may have some effect on oyster growth. 

Several authors (e.g. Toro et al. 1995, Leighton 1979, Mason 1957, MacDonald & 

Thompson 1985a) have reported depth effect on growth rates of bivalves. Most of 

these authors attributed growth differences to food and temperature conditions 

between depths. However, slower growth rates could not always be explained through 

environmental variables. Grown at similar environmental conditions between depths 

including temperature, salinity and chlorophyll a concentrations, pearl oysters showed 

significantly slower growth rates at greater depths (Toro et al. 1995). The authors 

attributed the growth differences between depths to higher concentrations of inorganic 

particulate matter. However, this finding is not supported by my study, because the 

amount of inorganic particulate matter showed no significant difference between 

depths (p>0.2). A possibility that cannot be ruled out is that the pressure might have 

negative effect on growth of oysters. The experimental oysters were collected from 

stocks that were cultivated generally at depth of 0-10 m from surface. These oysters 

have been living at low pressures and growth might have been retarded when the 

animals were transferred to high-pressure environments. Further study on pressure 

effect would be warranted. 

This study has demonstrated that food availability represented by chlorophyll a 

concentration is the most important factor influencing the growth rate of oysters. The 

growth rates were significantly higher at a depth of 8 m compared to 32 m, consistent 

with differences in the chlorophyll concentration. 
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CHAPTERS 

FINAL DEB MODEL 

8.1 Introduction 

Declines of growth rates and decreases of survival rates have been observed in many 

intensive culture areas of the Pacific oyster following increases in the culture density 

(e.g. Heral & Deslous-Paoli 1991, Anon. 1993, Quayle 1988, Curtin 1989, Grizel & 

Heral 1991). To obtain the maximum economic benefit, oyster growers need to know 

the optimal densities in oyster cultural areas. For this reason, the prediction of oyster 

growth r~tes through ecophysiological modelling is becoming an increasingly 

important tool in the management of oyster farming industries. 

A preliminary dynamic energy budget (DEB) model has been developed to simulate 

the growth of the Pacific oyster under varying environmental conditions (Chapters 2 

& 3). Like traditional energetic models of other bivalves, the functions and 

parameterisation of the model were based on existing knowledge of oyster 

ecophysiology. The accuracy of the ecophysiological information directly affects the 

model outcomes. 

There are therefore considerable uncertainties in parameter values and model 

functions. This is partly due to the sparsity of measurements, and partly due to the fact 

that many of these studies have not been appropriately designed for the purpose of 

developing energetic models and/or due to genetic difference (see Chapters 3 & 4). 

There is a strong physiological response of C. gigas to its environment, which may 

also differ between stocks (see Chapter 4). The applicability of the preliminary model 

to local conditions in the Marlborough Sounds is questionable. 

Since bioenergetic analysis strongly depends on estimates of three primary 

components: consumption, metabolic activity and growth (Kerr 1982), the variables 

and constants describing these components need to be tested against independent data 

(Rice & Cochran 1984). Physiological measurements appropriately designed for the 
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model development in this study provided important information for the improvement 

of the model. Through a cooperative effort of mathematical modelling, laboratory and 

field researches, I have attempted to improve the preliminary DEB model. I followed 

the criteria: sufficiently complex to adequately represent the major mechanisms 

influencing oyster growth; yet sufficiently simple that it can be applied to a novel 

system (oyster farm), without requiring substantial additional experiments to identify 

oyster-specific parameters. 

In this Chapter, the DEB model of Chapters 2 and 3 is revised in the light of 

experimental findings (Chapters 4, 5 & 6). The revised model is calibrated against 

growth data (see Chapter 7) from Marlborough Sounds, and subsequently tested 

against a second dataset. 

8.2 The model 

The structure and external forcing of the model remains the same as the preliminary 

model discussed in Chapters 2 & 3. The ordinary differential equations (ODEs) 

therefore remain the same. However, some of the functions and many of the 

parameters have changed. These functions together with the ODEs are presented in 

Table 8.1. The model parameters were directly obtained or estimated from my own 

experimental results and from literature, and free-fitting (Table 8.2). The datasets on 

oyster growth and environmental variation presented in Chapter 7 (temperature, 

chlorophyll, and the oyster growth of three size classes - large, medium and small) 

were used for calibration and validation. 

8.2.1 Clearance rate 

Consumption rate of particulate matter depends on clearance rate and seston 

concentration. Clearance rate (CR) is a function of body size and temperature (see 

Eqs. 4.2 & 4.9, Fig. 4.3). CR increases exponentially with body size, while it is a 

hyperbolic function of temperature. The maximal temperature for clearance rate is 19 

°c (Bougrier et al 1995), but it was found to be slightly higher from this study (20.7 

0c). In describing temperature effect on CR, the same equation (Table 8.1A) was used 

as in the preliminary model, but model parameters were obtained from this study. 
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Table 8.1. Model equations. 

A) Length-core weight relationship 

b We = a-L 

B) Clearance rate 

a 
CRmax = a· L 

a = CRmaxl + UcR . (T - T maxl)2 

CR CR S -k·S = max ·----·e 
S + SHFCR 

C) Ingestion rate 

S 

IR = !-! . CR . ---S . (FS JS+SHFS 
S +SHFI 

D) Absorption efficiency 

AE = AEmax . [l - exp( -kD . Ro)] 

E) Absorption (AR) and assimilation (A) 

AR=AE·IR 

A=p·AR 

F) Gametogenesis 

Eo = 80 , Ws 
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Table 8.1. Continued. 

G) Reproduction 

EE =EEmax . [l-exp(-kR"B)] 

{
L: if L:::: Lr 

B= o : otherwise 

ER ={(Ws-sct : ifWs>Sc 
o : otherwise 

Sc = <p ·Wc 

E =EE' ER 

H) Metabolism 

M = ce· WeD 

ce = ~ + 1:' T
Y 

I) Energy allocation 

P=A-M 

dWcldt = r· P 

dWs/dt = (l-r) . P - E 

{
Iv: if P > 0 r= o : otherwise 

l
EG: if t = gametogenesis period 

E = E R : if t = spawning period 

o : otherwise 
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Table 8.2. Model parameters 

Symbol value Units Sensitivity!· Definition References * 

a 0.685 mgC cm-b M coefficient in length weight relationships 2 

b 0.449 H allometric index in length weight relationship 2 

a 1.46 H allometric index in length-clearance rate relationship 1 

CRmaxl 0.24 1 h-!·cm-P H surface area-specific clearance rate 1 

OlCR 8.97xlO-4 0c -2 M temperature coefficient in clearance rate 1 

Tmaxl 20.7 °C M temperature inducing the maximal clearance rate 1 

SHFCR 0.39 mgr! L half saturation for clearance rate 1 

k 3.78xlO-3 L coefficient of pumping rate 1 

l.l 5.8 mgr! M ingestion coefficient 1 

SHFI 64.1 mgr! M half saturation of particle concentration for ingestion 1 

SHFS 3.7 mgr! M half saturation of particle concentration for selection 1 

AEmax 86 % M maximal absorption efficiency 1 

kD 61.3 M coefficient in absorption efficiency 1 

p 6.6 M assimilation coefficient free 

8G 7 % L gametogenic coefficient 5 
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Table 8.2. Continued 

Symbol value Units Sensitivityl Definition References * 

EEmax 78 % M maximum reproductive effort 3 

kR 0.19 M coefficient in reproductive effort 3 

Lr 6.7 cm M size at first spawning 3 

cp 0.12 M coefficient for core level of storage 3 

() 1.03 H allometric index of reproduction 3 

~ 1.73xlO-4 ml 0 2
1-8 h- I L metabolic coefficient 1,2 

1: 3.09xlO-5 ml O
2

-8 h- I DC -y L temperature dependent metabolic coefficient 1,2 

y 1.44 H temperature dependent metabolic coefficient 1 

8 0.82 H metabolic exponent 1,2 

Ie 35 % L allocation coefficient to core weight 4 

* 1- Chapter 4 (feeding), 2 - Chapter 5 (starvation), 3 - Chapter 6 (reproduction), 4 - Krebs 1970. 

t H - highly sensitive parameters, M - moderate sensitive parameters, L -low sensitive parameters. 
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Since the clearance rate was usually measured as the removal rate of particles per unit 

volume, it is the product of the pumping rate of water and the extraction efficiency of 

particles from water. The decline in CR is a consequence of a decline in the pumping 

rate. The extraction efficiency appears to remain constant at high seston 

concentrations because the flux of particles passing through the filtering apparatus 

remains constant (see Chapter 4). Following these concepts, the effect of seston 

concentration on CR was modelled as a function of two components. The first 

component is a saturating function of the seston concentration used to represent the 

saturating effect of particles clogging the filtering apparatus. This term was described 

as a simple Type-2 hyperbolic functional response. The pumping rate was described 

as a simple exponential decline in pumping rate as the seston concentration increases 

(Table 8.1B), and is designed to represent a control mechanism by which the oyster 

reduces feeding in response to high seston loads. 

8.2.2 Ingestion rate and selection 

Ingestion rate (IR) is determined by seston (S) and particulate organic matter (POM) 

concentrations. Overwhelming evidence shows that at a given POM content, ingestion 

is a saturating function of seston concentration for marine bivalves (e.g. Epifanio & 

Edwart 1977, Thompson & Bayne 1974, Crisp et al. 1985, Deslous-Paoli et al. 1992). 

Although ingestion of organic particles depends upon the total seston concentration, 

the oyster has some ability to ingest organic material in preference to inorganic 

material by selection at the palps (Barille et al. 1997b, Chapter 4 in this study). In 

mussels, it has been observed that sorting of organic material is efficient at low seston 

concentrations and inefficient or non-existent at high seston concentrations (e.g. 

Bayne & Hawkins 1990, Navarro & Widdows 1997). This physiological behaviour 

was described as a Type-2 functional response in which the ability of an oyster to sort 

material itself saturates with increasing seston concentration (see Chapter 4). The 

ingestion rate of organic material was estimated as a function of seston concentration, 

organic content in seston and selective ingestion of organic particles (Table 8.1C). 

8.2.3 Absorption and assimilation 

Many studies have shown that the absorption efficiency (AE) depends on organic 

content in the seston in bivalves (e.g. Bayne et al. 1987, Navarro et al. 1997, Barille 
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1997b). This is likely to be most important in coastal areas where both suspended 

sediment and organic seston are abundant. Maximum AE has been measured by a 

number of authors, e.g. 59% (Barille et al. 1997b), 75% (Gerdes 1983a) and 86% (see 

Chapter 4). Recent experiments showed that the effect of organic content on AE could 

only be found at low organic to total seston ratio «5%), above which, maximum 

absorption efficiency was observed. This is in agreement with Gerdes (1983a) who 

observed that absorption efficiency was independent of food concentration. The 

estimation proposed in Chapter 4 was therefore used in the model (Table 8.1 D). The 

assimilation was modelled to be proportional to absorption (Table 8.1E). 

8.2.4 Gametogenesis 

The energy requirement for gametogenesis (Eo) has been observed in bivalves (e.g. 

Gabbott 1975, Barber & Blake 1981). Considerable energy loss due to gametogenesis 

was also observed in C. gigas (Mod et al. 1966, Krebs 1970, this study - Chapter 6). It 

was therefore estimated to be proportional to reserves (Table 8.1F). It was observed 

that gametogenesis started in June-August and spawning occurred in January in 

Marlborough Sounds. Due to the low sampling frequency, I do not know the 

gametogenic period exactly. For the purposes of model simulations, I use a period of 

15 July-31 December. 

8.2.5 Reproduction and reproductive effort 

Total reproduction can be modelled as two components: 1) the reproductive effort 

(EE); and 2) reproductive rate (ER). Reproductive effort, expressed as a ratio of 

gamete to total dry flesh weight, may vary with the age/size of an animal (e.g. 

Thompson 1984a, Heral & Deslous-Paoli 1991). Reproductive effort may be 

substantial in bivalves (e.g. Griffiths & King 1979, Griffiths 1981, Thompson 1984a, 

Heral 1989). During the gametogenic stage, much of the accumulated energy reserves 

are utilised. Following the findings in Chapter 6, the reproductive effort was estimated 

as a function of length. 

When an oyster reaches the reproductive SIze (Lr - cm), I assume energy for 

reproduction comes entirely from free storage which is defined as storage in excess of 

a core level (Sc). The core weight is assumed to be proportional to core dry weight 
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(Ross & Nisbet 1990). These authors also postulated that spawning occurs when the 

total dry weight of eggs attains a specified fraction of the core level. Storage and core 

weight of an oyster was estimated using core weight-length information obtained 

from this study (Chapter 5). However, due to the uncertainty in the relationship 

between reserves and spawning, I prefer to specify the spawning time explicitly. The 

total dry tissue weight before and after spawning was calculated from allometric 

equations derived in Chapter 6. Total reproduction (E) is estimated as a result of 

reproductive effort and reproduction rate (Table 8.1G). The spawning occurs in 

January in Marlborough Sounds, New Zealand (see Chapter 6). For the purpose of 

model simulations, I set the spawning period as 1-15 January. 

8.2.6 Metabolism 

Metabolic rate (M) was estimated from oxygen consumption. As discussed in Chapter 

2, it was assumed to depend on structural materials of the tissue (We), because storage 

hardly participates in respiration (e.g. Horstmann 1958, DeMott 1982, Porter et al. 

1982, Kooijman 1986c, Nisbet et al. 1996, van Haren & Kooijman 1993). Since the 

measurements were standardised to length in this study (see Chapter 4), the 

respiration rate was modelled as a function of core weight using the length-core 

weight relationship obtained in Chapter 5. 

Temperature effect on respiration rate was calculated from the function developed in 

Chapter 4, (Eq. 4.6, Table 8.1H). 

8.2.7 Energy allocation 

It is assumed that the assimilated energy was first used for maintenance. The growth 

of core weight is estimated from the energy density of the oyster and what is left of 

assimilated food energy after metabolic needs have been accounted for. Surplus 

energy was partitioned into growth of storage, core tissue weight and organic shell. 

Energy requirement of reproductive activities (gametogenesis + reproductive effort) 

are drawn directly from storage. When assimilation is insufficient to meet metabolic 

demands, the storage is used to cover this deficit (Table 8.lI). 
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8.3 Calibration and validation procedures 

8.3.1 Datasets for calibration and validation 

Oyster growth and environmental data were used to verify the model concept and test 

predictions of the bioenergetic model. In obtaining information of oyster growth 

under varying environmental conditions (e.g. temperature, quantity and quality of 

food), oyster growth of three size classes in two depths (8 and 32 m) was monitored 

for a period of five months (May-October 1999) in the Marlborough Sounds, New 

Zealand. Biological and environmental sampling was carried out at an approximately 

monthly interval. Detailed descriptions on experimental design and sampling can be 

found elsewhere (Chapter 7). Since chlorophyll a concentration is a suitable index of 

available food (e.g. Fujisawa et al. 1987), it was used as an input of food in the model. 

The variation in the ratio of chlorophyll a to phytoplankton carbon is generally large 

and ranges between 1 :25-1: 500 due to changes of composition of algal species (A. 

Ross, pers. comm.). An estimated typical ratio of 1:50 was used. Energy conversion 

factors of oxygen (ml O2) to carbon (mg C) and carbon to dry tissue weight (mg) were 

calculated according to measurements of Heral and Deslous-Paoli (1983) and Bayne 

(1985), as 0.435 mg Clml O2 and 2.32 mglmgC respectively. 

8.3.2 Calibration and validation 

Model parameterisation was based on information from this study, previous 

experiments, and free fitting. Most of the model parameters were directly obtained or 

estimated from these physiological and biological studies (see above). However, some 

parameters could not be obtained directly in this study due to limitations of both time 

and experimental facilities. Such parameters (e.g. gametogenic coefficient - 00 and 

energy allocation coefficient to core weight - A.) were obtained from published 

studies. Information on the assimilation coefficient (p) was not available from 

published studies. As I have done for several parameters in the preliminary model 

(Chapter 3), the value was adjusted until a good fit of model simulation with observed 

data (see Eq. 3.2). I did this calibration procedure using the measured growth and 

environmental data for medium size oysters at 8 m depth (Chapter 7). 
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Model validation was carried out by comparison of simulated growth of all size

oysters grown at 8 m against corresponding experimental data. A similar exercise was 

conducted using all 3 oyster size classes at 32 m (Chapter 7). 

8.3.3 Sensitivity analysis 

A sensitivity analysis of individual parameters was determined by the degree of 

influence on model outcomes. The same procedure and method as in preliminary 

model were used (Chapter 3, Eq. 3.1). One parameter was varied at each run until the 

model output changed by ±10% from the best fit at the final simulation (day 150). The 

degree (%) by which the parameter had to be changed from its best-fit value was 

recorded. The parameters were then classified into three categories according to their 

percentage change. These categories were: 0-5%, 5-15% and >15%, corresponding to 

highly, moderate and low sensitive parameters respectively. 

8.4 Validation and parameter sensitivity 

8.4.1 Validation 

Growth simulations of oysters usmg the calibrated model for three different size 

groups at both 8 and 32 m depths are shown in Fig. 8.1. The model simulations for 

different sized oysters at both depths matched reasonably well with observed data, 

confirming that the model does provide a reasonable prediction of oyster growth for 

this population. 

There were great differences in the growth of oysters between the two depths. These 

largely reflect the difference in phytoplankton abundance. The chlorophyll a 

concentration as an index of phytoplankton biomass was significantly higher at 8 m 

depth than that at 32 m depth, particularly during the first three months during the 

simulations. There were no significant differences of other environmental variables 

between the two depths, such as seston concentration and temperature (see Chapter 7). 

Therefore, the main contribution to the variation of oyster growth between the two 

depths was food availability represented by chlorophyll a concentrations. No 

depression of clearance could have occurred at either depth due to low seston 
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concentrations. The assimilation efficiency remained at a maximum value during the 

period of the simulation, because the ratio of organic to seston particles, which ranged 

from 14% to 34%, was well above the threshold of assimilation depression (see 

Chapter 4). 

8.4.2 Parameter sensitivity 

Six, thirteen and six parameters were classified as highly sensitive, moderate sensitive 

and low sensitivity categories respectively (Tables 8.2). The high sensitivity group 

includes the exponent governing temperature dependence of metabolism (y) and the 

length-dependence of clearance (d). A small change in these parameters may generate 

relatively large differences in the model outcomes. However, the sensitivity is likely 

to be real rather than an artefact of the model, since these parameters reflect the non

linear physiological response of oysters to their environment (see Chapter 4). In 

general, it is clear that the more sensitive a parameter is, the higher degree of accuracy 

is required for modelling purposes. 
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Fig. 8.1. Comparison of measured data and model outcomes for a) large, b) medium 

and c) small size groups of oysters. Triangles and dots are measured dry flesh weight 

(DFW) at depths of 8 m and 32 m respectively. Thick and thin lines represent model 

simulations of DFW at depths of 8 m and 32 m respectively. 
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8.5 Application 

The calibrated model was used to simulate the growth of oysters in Beatrix Bay in the 

Marlborough Sounds for the period 1994-1997 where there were available data on 

phytoplankton abundance and temperature (Unpublished NIW A data). For the 

purpose of the model simulations, linear interpolation was used to produce daily 

values of the field data. The intra-annual variation of temperature conforms to the 

typical seasonal cycle (data not shown) and inter-annual variation was not significant 

(ANOVA, p>0.43). Phytoplankton biomass, however, showed a great seasonal and 

annual variation (Fig. 8.2). The phytoplankton sampling was conducted at intervals of 

6-15 days. For the purpose of model simulations, linear interpolation was used to 

produce daily values of the data. Due to lack of comprehensive data sets on 

particulate organic and total particulate concentrations, average values of 1.5 mg rl 
and 7 mg rl were assumed respectively, guided by the study reported in Chapter 7. 

The growth simulations were made for a period of 29 months from October 1994 to 

February 1997. An initial oyster dry flesh weight (DFW) of 500 mg was assumed. Of 

this, 400 mg was assumed to be reserves (Ws - see Section 3.3 in Chapter 3). The 

simulated growth trajectory for individual oyster flesh weight is shown in Figure 8.3. 

The most notable feature of the simulation is the dramatic weight loss caused by 

reproduction at the beginning of the year. Predicted growth patterns also changed 

from year to year. DFW increased rapidly through the later spring and winter in 1994-

1995, whilst fast growth only occurred from the later winter through spring in 1996. 

The variation in growth rates was linked to seasonal and annual variations of 

phytoplankton abundance. 
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Fig. 8.2. Phytoplankton biomass in Beatrix Bay of the Marlborough Sounds. 
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Fig. 8.3. Growth simulations of dry flesh weight (DFW) of the Pacific oyster in the 

Beatrix Bay of the Marlborough Sounds. 
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8.6 Discussion 

A final dynamic energy budget (DEB) model, a revised form of the preliminary DEB 

model has been developed to simulate the growth response of the Pacific oyster 

Crrassostrea gigas to varying environmental conditions. The growth simulations 

proved reasonably successful, as the model is capable of generating the observed 

system behaviour on oyster energetics and responds reasonably to varying inputs (e.g. 

quantity and quality of food and temperature). It meets the goal of my study: that the 

calibrated model can be used as the basis for quantitative estimates of oyster growth 

and condition in a larger carrying capacity model in the oyster farming systems in 

New Zealand. 

The final DEB model was developed on the basis of revisions to the preliminary 

model (Chapters 2 & 3) from experimental work undertaken during this study 

(Chapters 4-7). The model has proven to be adequate in simulating the growth and 

condition of oysters for a wide range of sizes, e.g. immature individuals from juvenile 

stages to small oysters and adults undergoing processes of gametogenesis. A 

considerably improved fit can be demonstrated as a result of the revision. 

The preliminary DEB model, as anticipated, could not give satisfactory results and 

overestimated the oyster growth by nearly one and a half times the observed value in 

5-month simulations (Fig. 8.4) when applied to the data from the Beatrix Bay study 

(Chapter 7). This is due to inappropriate functions and parameters of the preliminary 

model and possibly variation in physiological rates between populations (see Chapters 

3 &4). 

Although the model is kept as simple as possible, it is still sufficiently complete to 

include most of the major mechanisms influencing the energetics and growth of 

oysters. The sensitivity analysis of individual parameters provided useful information 

on feedback mechanisms in oyster physiology, and a number of highly sensitive 

parameters in the model have been detected. For example, it was demonstrated that 

the model predictions of oyster growth are highly sensitive to small changes in the 

parameters governmg clearance and metabolic rates. The underlying 

behavioural/physiological processes are likely to be complex, and their net result is 
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non-linear. It is the non-linearity of the response which is responsible for sensitivity of 

the model. 

12 

.. "" ............ co .. "" .... .. 

10 " 

, 
I 

8 

2! 
5 6 
LL. 
0 

,-

4 

2 

0 

A M J J A s o 

Fig. 8.4. Comparison of model simulations between the preliminary DEB model 

(dashed line) and the final DEB model (solid line). Dots represents the observed dry 

flesh weight (DFW) of the large oyster at 8 m depth in the Beatrix Bay of the 

Marlborough Sounds during May-October 1999. 

The most notable improvement of the final model compared to the preliminary one is 

the clearance function associated with seston concentration. Clearance rate was 

modelled as a simple declining function of seston concentration in the preliminary 

model. This did not appropriately represent the physiological response of the 

organism to varying quantity and quality of food. According to findings in this study 

(Chapter 4), the effective clearance rate is a result of interactions between two 

components: pumping rate of water (being a declining function of seston 

concentration) and extraction efficiency of particles (being a saturating function of 

seston concentration). Interactions of pumping rate and extraction efficiency result in 
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clearance being a rising function of particle density when particle concentration is 

low, but declining at higher concentrations. The preliminary model, however, 

overestimated the clearance rate at low seston concentration and underestimated 

clearance rate at high concentrations. 

Another significant change of the model is in the ingestion function. Ingestion is 

largely determined by food and seston dynamics, but involves complex interactions of 

environmental factors including quantity and quality of food. In the preliminary 

model, the ingestion rate was modelled as a simple function of seston concentration 

and was assumed proportional to the ratio of food to seston. This was due to limitation 

of selection information in the literature. Although the selection was considered in 

some previous energetic models (e.g. Barille et at. 1997a), it was regarded as an 

independent component of ingestion. Because the effects of seston and food and the 

effects of selection on ingestion are intertwined in a complex way, the previous 

models could not appropriately describe selection processes. The function of ingestion 

in the final model seems more appropriate in interpretation of the ingestion process in 

the oyster. 

Reproduction was over-simplified in the preliminary model, because it was assumed 

to be proportional to free storage and reproductive effort was treated as a constant. In 

reality, evidence shows that the reproductive effort is a size-dependent variable (e.g. 

Heral 1989). As an oyster grows, more of the energy derived from assimilation is 

partitioned to reproductive processes (Dame 1976, Heral 1989). The extent to which 

an organism invests organic matter in reproduction is not fixed, but may vary with 

both physiological state of the organism such as age/length (Griffiths & King 1979, 

Bayne & Worrall 1980, Griffiths 1981, Thompson 1984a), and the external state of 

the environment, e.g. food availability (Calow 1979). Based on measurements from 

the study in Chapter 6, the reproductive effort was shown to be a function of size and 

these findings were incorporated into the model. The reproductive rate was modified 

as an allometric function of free storage according to the concept proposed in the 

preliminary model (Table 8.1 G). 
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CHAPTER 9 

CONCLUSION 

9.1 The model 

In the first part of the thesis (Chapters 2-3), a preliminary dynamic energy budget 

(DEB) model was developed from published information relating to Crassostrea 

gigas and other bivalves. Much of this knowledge was from physiological studies on 

an oyster population in the Marennes-Oleron Bay ecosystem in France (see Chapters 

2 & 3). The model was designed to simulate the growth and energetic responses of the 

oyster in an environment with varying temperature, food quantity and quality. 

The model was applied to and calibrated using a published dataset from Marennes

Okron Bay in France. Using phytoplankton as the food source resulted in a good 

calibration between model and data (see Fig. 3.3). Using particulate organic matter as 

a food source resulted in a poorly calibrated model (see Fig. 3.6). The major 

conclusion therefore was that phytoplankton biomass was the main environmental 

variable affecting oyster energetics. The model is different from existing published 

models of oyster energetics. These models have used only a single variable to 

represent both size and reserves (e.g. Powell et al. 1992,Raillard et al. 1993, Barille et 

al. 1997a), whereas my model separated weight into storage and core weight, thus 

avoiding confusion of the functional roles of structural and reserve tissues. 

Although the model did reasonably well in simulating the Marennes-Oleron Bay 

dataset, several aspects of the model were identified which required further work 

before the model could be applied in the context intended - . to simulate oyster 

energetics in the Marlborough Sounds (see Chapter 8, Fig. 8.4). The second stage of 

the thesis therefore addressed these knowledge gaps. In Chapters 4, 5 & 6, I 

conducted quantitative studies on the feeding, size and reproduction of C. gigas. This 

information was used to revise the model functions and parameters. It was not 

possible to determine reasonable estimates of all the parameter values in the 

laboratory. The assimilation coefficient was instead determined by calibrating the 
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model to a field dataset (Chapter 7). Model simulations were compared with time

series of oyster dry weight for oysters of different size classes located at two different 

depths (to achieve different food concentrations). The model was capable of 

simulating the observed growth patterns in the field data (Chapter 8). 

The model is the first DEB model to be used for simulating C. gigas growth and 

energetics in New Zealand conditions. One reason for developing such a model is that 

that simulations of oyster growth and condition are a critical part of developing a 

carrying capacity model. Carrying capacity models are used to estimate the influence 

of different stock levels of oysters on the productive capacity of the environment. 

Thus the production carrying capacity for an oyster farm can be defined as the 

maximum level of stock that will not significantly affect the productivity of the stock. 

Although it is also necessary to simulate the environment (e.g. the phytoplankton and 

nutrient dynamics), a key component of carrying capacity model development is 

being able to simulate the effect of a varying environment on oyster energetics. 

Reasonable matches between observed and simulated growth of oysters (Chapter 8) 

suggest that it can be readily integrated into a carrying capacity model which can in 

turn be used as a tool for management of coastal waters which are used for intensive 

oyster culture. 

The development of the model was based on the principle that the model be as simple 

as possible, yet still adequately represent the major physiological responses of oysters 

in a dynamically varying environment. Simplicity is desirable because where there are 

numerous, ill-defined parameters there is more chance that incorrect elements in the 

model may compensate for one another and lead to erroneous conclusions (see Beck 

1987). The final model therefore was one which was moderately simple yet still gave 

good. agreement between simulated and observed growth of oysters. The model is 

capable of simulating the growth and condition of a wide range of sizes of oysters, 

including immature individuals from juvenile stages to small oysters, and adults 

undergoing processes of gametogenesis. The functions and parameters are more 

appropriate in the final model than in the preliminary one. My study was designed to 

specifically address the issue of quantitative oyster energetics in a variable 

environment. The experiments therefore were designed to provide functions and 

parameters for a mechanistic dynamic model. Many of the published studies on which 
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the functions and parameters for the preliminary model were based, were not designed 

with that purpose. 

9.2 Physiological findings 

My study not only provides essential information and a set of functions for the DEB 

model, it also contributes to the knowledge of ecophysiology of C. gigas. In 

investigating gaps in our knowledge of oyster physiology and biology (detected in the 

development of preliminary model), a series of laboratory and field experiments were 

conducted to obtain appropriate functions and parameters of the model. Feeding and 

energetic studies make it possible to quantitatively describe the growth and energetic 

response of oysters to varying environmental conditions. The experiments in this 

study have also improved our understanding of oyster physiology and biology, and 

enabled several physiological characteristics to be more appropriately described. For 

example, there was a greater variation of size-specific clearance rate standardised to 

dry flesh weight than to length (Chapter 4). Unlike previous studies, the function 

describing clearance rate used separate components, to be a function of both pumping 

rate of water and the extraction efficiency of particles from water. This is 

mechanistically appropriate, based on bivalve feeding biology (e.g. Bayne & Newell 

1983). Ingestion was a result of interaction of food quantity, quality and selective 

ingestion on organic particles. Oxygen consumption rate of C. gigas during this study 

was lower than previously reported (see Chapter 4). This may be caused by 

inappropriate standardisation of physiological rates in the previous studies due to 

differences in the condition of experimental oysters or genetic differences or both (see 

Chapter 4 for detailed discussion). 

Studies of reproductive strategies in Chapter 6 showed the timing of gametogenesis 

and reproductive cycle in the local stock. In addition, monitoring the changes in 

different body tissues and biochemical analyses have improved our understanding of 

the dynamics of energy reserves and their utilisation in relation to gametogenesis. 

Strong evidence from this study indicated that gametogenesis took place at the 

expense of stored glycogen reserves. Based on measurements of dry flesh weights of 

pre- and post-spawning individuals, reproductive effort was also quantified. 

- 135 -



Chapter 9. Conclusion 

9.3 Further work 

Although much of the basic quantitative knowledge required to underpin the 

development of an energetic model has been addressed during this study, there is 

much that can still be done. There are still uncertainties in some functions and 

parameter values. Better understanding of oyster physiology would further improve 

the accuracy of the model predictions. For example, the energy cost for 

gametogenesis was confirmed in this study (see Chapter 6), but it could not be 

quantitatively measured owing to limitations of time and research facilities during my 

study. Rather, it was assumed to be the same value as it is in mussels (Mytilus edulis). 

Further studies on this would be useful. 

Other uncertainties in parameter values and functions also need to be addressed such 

as assimilation and energy allocation coefficients and functions for metabolic rate (see 

Chapter 8). In the model, parameters associated with these functions were either 

derived from expert knowledge or free-fitted (see Chapter 8). A fixed ratio of energy 

allocation to shell and core tissue and storage growth was used in both the preliminary 

model and the final model. The growth experiments (Chapter 7) suggested that the 

energy allocation coefficient probably varies at different life stages: length growth 

rate was higher and flesh growth rate was lower in small oysters than in large ones. 

However, further studies are needed to verify this hypothesis. The metabolic rate was 

modelled as a simple allometric function of body size and parameters were estimated 

at normal feeding conditions (see Chapters 4 & 8). This part of the model was 

somewhat oversimplified, because the metabolic rate is composed of two 

components: basal and active metabolic rates. The first comprises costs for 

maintenance, while the latter are metabolic costs associated with processes such as 

feeding, ingestion, assimilation and growth (Bayne et al. 1989, Widdows & Hawkins 

1989). An attempt was made to estimate the basal metabolic rate in C. gigas under 

starvation (see Chapter 5), but functions could not be developed to describe the active 

metabolic rate appropriately due to a lack of comprehensive experimental data. 

Therefore, the active metabolic rate needs to be determined by a set of carefully 

controlled experiments in which the quantity and quality of food are varied. 
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Data on oyster growth in different environments were obtained, but this study was 

restricted to a period of five months - again limited by available time and resources. 

The model has been calibrated and verified using these data but it would be beneficial 

to verify the model further using longer time-series datasets andlor data from different 

locations. 

Deterioration of mussel (e.g. James & Ross 1996, Ross et al. 1997) and oyster (Dr. 

Osborne, Sealords Shellfish Ltd., pers. Comm.) conditions has been found in culture 

farms in the Marlborough Sounds. Since oysters are susceptible to changes of 

environmental conditions (see Chapters 2, 3, 7 & 8), the issue of carrying capacity is 

increasingly of concern in the management of oyster culture. Therefore, correctly 

modelling the growth of oysters in response to dynamically varying environments is 

essential for further carrying capacity studies and management of oyster culture 

industries. This final DEB model makes good predictions with sufficient precision to 

be useful for this purpose in the oyster farming systems of New Zealand. 
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APPENDIX 1 

MODEL PROGRAMME 

The model program is stored in Centre of Excellence in Aquaculture 
and Marine Ecology, University of Canterbury/National Institute of 
Water and Atmospheric Research Ltd., PO Box 8602 Christchurch, New 
Zealand. 

The program code can be obtained by contacting the following people: 

Dr. Jeffrey Ren 
National Institute of Water and Atmospheric Research Ltd. 
PO Box 8602 
Christchurch 
New Zealand 
Email: j.ren@niwa.cri.nz 

Associate Prof. David R. Schiel 
Department of Zoology 
University of Canterbury 
Private Bag 4800 
Christchurch 
New Zealand 
Email: d.schiel@zool.canterbury.ac.nz 

Dr. Clive Howard-Williams 
National Institute of Water and Atmospheric Research Ltd. 
PO Box 8602 
Christchurch 
New Zealand 
Email: C.Howard-Williams@niwa.cri.nz 

#*******************************************************************# 
# 
# 
# 
# 
# 
# 
# 
# 
# 
# 
# 
# 
# 
# 

A DYNAMIC ENERGY BUDGET MODEL OF THE PACIFIC OYSTER 

By Dr. Jeffrey S. Ren 

# 
# 
# 
# 

Centre of Excellence in Aquaculture and Marine Ecology # 
University of Canterbury / # 

National Institute of Water & Atmospheric Research Ltd. # 

Email: 

Christchurch 
PO Box 8602 
NEW ZEALAND 

j.ren@niwa.cri.nz 

2001 

# 
# 
# 
# 
# 
# 
# 

#*******************************************************************# 
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#*******************************************************************# 
# 
# 
# 
# 
# 

The model is written in the XPPAUT language 

All rights reserved 

# 
# 
# 
# 
# 

#*******************************************************************# 

# Declare the parameters 
p R[1]=0.6851,R[2]=0.4494,R[3]=1.455,R[4]=0.2398,R[5]=0.0008973 
p R[6]=20.66,R[7]=2,R[8]=4.5,R[9]=0.39, R[10]=0.00378,R[11]=2.38 
P R[12]=5.78,R[13]=64.1,R[14]=3.69,R[15]=0.86,R[16]=61.3,R[17]=3.5 
p R[18]=24,R[19]=0.07,R[20]=0.78,R[21]=0.19,R[22]=6.7,R[23]=0.12 
p R[24]=1.03,R[25]=6, R[26]=0.0193, R[27]=0.00344, R[28]=1.44 
P R[29]=0.00238,R[30]=0.82, R[31]=0.435,R[32]=0.35,R[33]=0.444 
P R[34]=100,R[35]=180,R[36]=0,R[37]=89,R[38]=0,R[39]=301,R[40]=455 
p R[41]=668,R[42]=820,R[43]=89,R[44]=107,R[45]=0,R[46]=454,R[47]=470 
R[48]=820,R[49]=836,R[50]=0 

# Data inputs 
table TOC Temperature.txt 
table Food Food. txt 
table POM POM.txt 
table TPM TPM.txt 

# Initial variables 
Wctot(0)=281.5 
Ws(0)=85.1 

# Length and core weight 
Wc=Wctot*R[33] 
Wcsh=Wctot-Wc 
L=R[1]*Wc"R[2] 

# Clearance 
# Temperature effect 

alpha=R[4]-R[5]*( TOC(t)-R[6])"R[7] 

# Size effect 
CRmax=alpha*L"R[3] 

# seston effect 
CR=CRmax*(TPM(T)/(TPM(T)+R[9]))*(exp(R[10]*TPM(T))) 

# Ingestion 

IR=(R[12]*CR*(TPM(T)/(TPM(T)+R[13]) )*(F(t)*R[ll]/TPM{T))"{TPM(T 
)/(TPM(T)+R [14])))/R[1l] 

# Digestion efficiency 
Ratio=R[34]*(FOOD(T)/TPM(T) ) 
ED=R[15]*(l-exp(-R[16]*Ratio)) 

# Digestion 
D=ED*IR 

# Assimilation 
Ad=R[17]*D 
A=Ad*R[18] 
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# Gametogenesis 
EEtmp=R[19]*Ws/R[35] 
EG1=if (t>R[36] & t<R[37]) then (EEtmp) else (R[38]) 
EG2=if (t>R[39] & t<R[40]) then (EEtmp) else (R[38]) 
EG3=if (t>R[41] & t<R[42]) then (EEtmp) else (R[38]) 
EG=EG1+EG2+EG3 

# Reproduction 
# Reproduction effort 

Eetmpl=R[20]*(1-exp(-R[21]*(L-R[22)))) 
EE=if (L>R[21)) then (Eetmp1) else (R[50)) 

# Reproductive rate 
Sc=R [23] *Wc 
ER=if (Ws>Sc) then ((Ws-Sc)AR[24)) else (R[50)) 

# Total reproduction 
EEE=EE*ER/R[25) 
E1=lf (t>R[43) & t<R[44)) then (EEE) else (R[45)) 
E2=lf (t>R[46) & t<R[47)) then (EEE) else (R[45)) 
E3=lf (t>R[48) & t<R[49)) then (EEE) else (R[45)) 
EER=E1+E2+E3 

# Total reproduction related cost 
TER=EG+EER 

# Metabolic energy 
Mml=(R[26)+R[27)*TOC(t)AR[28))*(R[29)*Wc)AR[30) 
Mmgc=Mml*R[31) 
M=Mmgc*R [18) 

# Production 
P=A-M 

# Energy allocation 
dWctot/dt=if (P<=O) then (0) else (R[32)*P) 
dWs/dt=if(P<=O) then (P) else ((1-R[32))*P-TER) 
W=(Wc+Ws)*R[29) 

# Output 
aux DFW=W 

# differential step 
@ dt=0.2, total=850, xmin=O, xmax=fit 

# bounds 
@ bounds=1500 

# Plot 
@ xplot=t, yplot=DFW, ymin=O, ymax=fit, xHi=850, yLo=O, xLo=O, yHi=4, 
axes=2d 

done 
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APPENDIX 2 

PUBLICATIONS 

The following paper, which is based on Chapter 4, was published in Marine Ecology 

Progress Series. 

Ren, lS., A.H. Ross, D.R. Schiel. 2000. Functional descriptions of feeding and 

energetics of the Pacific oyster Crassostrea gigas in New Zealand. Mar. 

Ecol. Prog. Ser. 208: 119-130. 

The following paper, which is based on Chapters 2 and 3, was published in 

Ecological Modelling. 

Ren, J.S., A.H. Ross. 2001. A dynamic energy budget model of the Pacific oyster 

Crassostrea gigas. Ecological Modelling. Ecol. Model. 142: 105-120. 
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Functional descriptions of feeding and energetics 
of the Pacific oyster Crassostrea gigas in 

New Zealand 

Jeffrey S. Rent,. r Alex H. Ross2 r David R. Schiel3 

lCenlre of Excellence in Marine Ecology and Aquaculture, PO Box 8602, Christchurch, New Zealand 
2Nationallnstitute of Water and Atmospheric Research, PO Box 8602, Christchurch, New Zealand 
JDepartment of Zoology, University of Canterbury, Private Bag 4800, Christchurch, New Zealand 

ABSTRACT: Pacific oysters Crassostrea gigas were fed a mixed diet of algae and silt over a range of 
concentrations from 0.8 to 637 mg 1-1, and an organic content ranging from 0.7 to 72 %. These data 
were used to parameterise a set of functions describing the physiological response of oysters to vary
ing environmental conditions. All parameters were standardised to body length. There was greater 
variation of size-specific clearance rate (CR) standardised to dry tissue weight than to length. CR 
increased hyperbolically with temperature with a maximum rate (0.24 1 h-1 cm-1) at 20.7°C. Most 
feeding experiments were carried out at 10 to 13°C, except for the measurements of temperature 
effect. CR increased rapidly with increasing seston concentration, peaked at about 10 mg 1-1, above 
which it consistently decreased. It was modelled as a function of pumping rate of water and extrac
tion efficiency of particles from water. The filtration rate was found to be a Type 2 hyperbolic func
tion of seston concentration within the range tested. Ingestion rate was described as a function of food 
quantity, quality and selective ingestion of organic particles. A positive effect of organic content on 
absorption efficiency was found only at a very low organiC content of less than 5 %, while above this 
level, absorption efficiency was constant at 86%. Oxygen consumption rate had an allometric rela
tionship to body size and increased over the range of experimental temperatures. 

KEY WORDS: Pacific oyster· Clearance· Ingestion' Absorption' Oxygen consumption 

-----------ResaJe or republication not permitted without written consent of the publisher----------

INTRODUCTION 

The Pacific oyster Crassostrea gigas was introduced 
accidentally into New Zealand around the late 1960s 
(Dinamani 1971). The subsequent success of the spe
cies has resulted in its gradual replacement of the 
native rock oyster Saccostrea commercialis as the 
preferred-farmed species (Dinamani 1987). There is a 
perception amongst oyster farmers that growth rates 
have declined and mortality rates increased as a con
sequence of the increasing intensity of farming. Such 
declines have been observed elsewhere as a conse

-E-mail: j.ren@niwa.cri.nz 

quence of increased stock density (Heral 1993). Man
agement plans have been proposed to regulate the cul
tivated biomass to fit within the carrying capacity of 
the different ecosystems (Heral & Drinkward 1990, 
Heral & Deslous-Paoli 1991). Ecophysiological models, 
based on the physiological responses of animals to 
changes in environmental conditions, have been widely 
used as a tool for the management of sheIHish culture 
(Klepper et al. 1994). Such models are used to simulate 
the processes of energy acquisition and expenditure. 
The quality of these simulations is partly dependent on 
the accuracy and validity of the functional descriptions 
of processes such as filtration, ingestion and metabolic 
rates. Hence it is important to base these functional 
descriptions on consistent and systematic datasets col

© Inter-Research 2000 
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lected over the range of biotic and abiotic conditions 
experienced by the farmed population. 

Many studies on the physiology of Pacific oysters 
have been carried out (e.g. Neudecker 1981, Gerdes 
1983a,b, Deslous-Paoli et al. 1992, Barille et al. 1994, 
1997, Bougrier et al. 1995). However, the feeding and 
metabolic rates show large differences among the 
studies. For example, the clearance rate for Cras
sostrea gigas was found to be constant at 2.2 1 h-1 g-1 
by Barille et al. (1994), 4.8 1 h- 1 g-1 by Bougrier et al. 
(1995) and 2.75 1 h-1 g-1 by Gerdes (1983a). Oxygen 
consumption rates at 20°C were determined to be 0.65 
and 0.96 ml O2 h-1 g-1 by Gerdes (1983b) and Bougrier 
et al. (1995), respectively. This variation in physiologi
cal rates obtained by different authors may have been 
due to experimental artefacts or to genetic differences 
within the species. 

Environmental conditions in New Zealand differ 
from those in many other oysters farming areas of the 
world. For example, the water temperature is relatively 
low (approx. 8 to 25°C) with a small range of variation 
(typically 10°C), chlorophyll a concentration varies 
from 0.2 to 6 llg 1-1 (Gibbs & Vant 1997), and seston 
concentration from 5 to 15 mg 1-1 (Ross unpubl. data) 
over a year. Although the physiological response of C. 
gigas has been studied by a number of authors (e.g. 
Neudecker 1981, Gerdes 1983a,b, Barille et al. 1997) 
in other parts of the world, only 1 such study, limited to 
reproduction, has been carried out in New Zealand 
(Dinamani 1987). The physiology of Pacific oysters in 
New Zealand waters is hence poorly understood, but is 
crucial to the prudent management of an expanding 
oyster-farming industry. 

The present study aimed to determine how filtration, 
ingestion, absorption and respiration are affected in 
oysters held under different environmental conditions. 
The measurements provide a set of relationships for 
which the physiological rates can be expressed as 
functions of environmental variation. We first devel
oped a dynamic energy budget (DEB) model to simu
late the growth of Crassostrea gigas in varying envi
ronmental conditions (Ren & Ross unpubl. data). In 
order to provide important physiological information 
and accurate parameters for that model, here we 
measured the feeding behaviour and physiological 
processes in C. gigas over a wide range of food quan
tity and quality. Physiological measurements are de
scribed in terms of mathematical equations based on 
sound physiological principles. 

MATERIALS AND METHODS 

Treatments of oysters and experimental design. 
Oysters ranging from 1.9 to 15.0 cm shell length (1.5 

to 125 ml in volume) were collected from an oyster 
farm in the Marlborough Sounds, New Zealand 
(173° 42'-46' E, 41° 02'-05' S), in April 1998. The 
oysters were cleaned of epibionts and immediately 
transported to University of Canterbury Field Station 
in Kaikoura (3 h by road) where they were kept in run
ning seawater and acclimatised for 2 mo prior to exper
iments. Before each experiment, length, total wet 
weight and total body volume were measured to the 
nearest mm, g, and ml. After each set of experiments, 
the same oysters were kept in running seawater for the 
next measurements in the experiments unless other
wise specified. Once the physiological measurements 
were complete, the soft tissue from each oyster was 
excised, dried at 60°C for 72 h and weighed, ashed at 
500°C for 4 h and weighed for ash-free dry weight. 

Different sizes of oysters were used only for the pur
pose of measurements of size effect on physiological 
rates. For all other physiological measurements, 10 
oysters with similar size (95 ± 5 mm in length) were 
used and each was placed in one of the chambers 
described below. 

Two rigid trays each containing 6 perspex chambers 
were used for the feeding experiments. The first tray 
contained chambers of dimensions 10 x 10 x 8 cm and 
the other tray contained larger chambers of size 20 x 
10 x 10 cm. Oysters were placed into 10 chambers 
whilst the other i chambers were left empty as con
trols. Oysters were left undisturbed for 1 h prior to the 
start of measurements and each measurement lasted 
for 3 h. The flow rate through each chamber was 
adjusted in the range 150 to 300 ml min-I (calculated 
over the duration of the experiment) to ensure a sig
nificant difference of particle concentrations between 
outflow and inflow, as represented by the control 
chambers, and to avoid the possibility of re-circulation 
of water through the mantle cavity of the oysters. To 
minimise temporal variation in clearance rates of oys
ters, 12 tanks (1 for each chamber) were used to collect 
outflow. Therefore, outflow from each chamber was 
all collected during a 3 h trial and well mixed at the 
end of a trial before water samples were taken. 

For the measurement of the temperature effect on 
clearance and oxygen consumption rates, a 500 1 tank 
was designed with cooling and heating systems con
trolled by a thermostat for required temperatures. Oys
ters were acclimatised in the system to the following 
temperatures: 10, 12, 15, 19, 22, 25, 27 and 29°C. In 
addition to 50 1 h-I of natural seawater passing through 
the temperature control tank, approximately 1 x 109 

cells of the alga Pavlova luthori were added each day 
per oyster to ensure a sufficient food supply. The oys
ters were thus acclimatised for 12 to 15 d to each 
experimental temperature before each experiment 
was conducted. Particle and chlorophyll a consump
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tion of 10 oysters was measured through the above 
feeding chambers to calculate clearance rates; 3 repli
cates were made for each temperature. There were 
no considerable variations in other environmental vari
ables, since there was little variation in the natural 
seawater, e.g. in chlorophyll a (chI, 1.5 ± 0.3 pg 1,1), 

particulate organic matter (paM, 0.8 ± 0.3 mg 1-1) and 
total particulate matter (TPM, 5.9 ± 1.1 mg 1-1). 

During measurements of size effect on clearance 
rates, the temperature varied between 10 and 13°C 
and there was no great variation of other environmen
tal variables throughout these experiments (chI: 0.8 ± 

0.2 pg 1-1, paM: 1.6 ± 0.3 mg 1-1, TPM: 15.5 ± 1.2 mg 
1-1). One large oyster was placed into each of the large 
chambers and a number of small oysters were placed 
into each of the small chambers. Clearance rates, 
involving multiple small oysters, were calculated from 
total records. A wide size range of oysters (19 to 
145 mm in length) was used in the experiment. The 
clearance rate of all size groups could not be measured 
for 1 trial due to limitation of chambers. Therefore, we 
conducted 3 trials and 6 replicates in each trial. The 
number of oysters in a feeding chamber used for these 
measurements are listed in Table 1. 

For measurements of physiological response of oys
ters to a wide range of food quality and quantity, nat
ural seawater was pumped into a 20 1 header tank 
before passing through raceways into the 12 chambers 
to ensure a constant flow. A stock solution of algae and 
silt in another 20 I tank was pumped by a peristaltic 
pump at the required rate via 3 mm diameter tubing 
into a plastic buffer at the front of the chambers. This 
was done to ensure adequate mixing of the stock 
suspension with the raw seawater before entering 
the chambers. Particle and chlorophyll a consumption 
were measured using 10 similarly sized oysters (95 ± 

5 mm in length) for each dietary condition at a water 
temperature of 12 ± 1°C. Different kinds of particle 
concentrations were passed to the feeding chambers. 
A range of different food quality and seston concentra
tions was produced by adding the alga Pavlova luthori 
(4 to 6 pm) and surficial sediments (4 to 50 pm) to 

Table 1. Crassostrea gigas. Oysters used for experiments of 
size effect on clearance rate 

Mean length (mm) SD No. of oysters 

19 0.9 7 
23 1.2 6 
33 1.4 6 
38 1.0 6 
43 1.2 6 
47 1.6 4 
55 2.3 2 

>60 1 

natural seawater. The stock solution was stored in a 
20 1 tank and pumped to the chambers as mentioned 
above. Algae culture was obtained from the NIWA 
Aquaculture laboratory at Mahanga Bay. Surficial sed
iment was collected from a mudflat in Kaikoura and 
was sieved through a 50 pm Nitex screen. It was then 
combusted at 500°C for 8 h to remove organic matter. 
For the low seston concentration treatment, natural 
seawater was diluted with 1 pm filtered seawater. The 
filtered seawater was stored in a storage tank. The 
ratio of natural and filtered seawater was worked out 
according to the required particle composition. The 
natural and filtered seawater was mixed in a 650 I tank 
before being pumped to the 20 I header tank. Outflow 
from each chamber was individually collected and 
mixed during each 3 h feeding trial (see above), which 
minimised temporal variation of clearance rates of oys
ters. Therefore, 1 trial was conducted for each dietary 
condition. 

Variation of physiological rates with the condition of 
animals has been reported for other marine bivalves 
(e.g. Iglesias et al. 1996, Labarta et al. 1997). To in
vestigate whether this variation exists in Crassostrea 
gigas, we measured clearance rate in both spring, 
when oysters had a high condition index, and in win
ter, when their condition index was low. Oysters were 
acclimatised to a water temperature of 17 ± 0.5°C for 
2 wk in both seasons before experiments were con
ducted. Chi, paM and TPM, were respectively: 1.5 ± 

0.2 pg I-I, 0.7 ± 0.3 and 5.6 ± 0.4 mg 1-1 in spring, and 
1.2 ± 0.4 pg 1-\ 0.6 ± 0.3 and 7.0 ± 0.6 mg 1-1 in winter. 
We chose 4 size groups of oysters (85 ± 2, 95 ± 2, 100 ± 

2 and 110 ± 2 mm in length) in both seasons. Unlike for 
the other measurements, the oysters were excised im
mediately after these measurements in each season 
to obtain dry tissue weight of individuals. Condition 
index (CI) was calculated by 

CI = 100 x DTW/DSW 

where DTW is dry tissue weight (g) and DSW is dry 
shell weight (g). CI was higher in spring (CI 8.1 ± 1.3, 
n "" 20) than in winter (CI = 5.0 ± 1.1, n = 20). Clearance 
rates were standardised to both DTW and length in 
both seasons, following standardisation procedures. 

Water sampling and measurements: Outflow col
lected in each tank, representing each chamber was 
well mixed at the end of a trial. At least 1 1 of water was 
sampled from each tank representing the outflow of 
each 'control' or 'oyster' chamber. Of each water sam
ple, 500 ml was filtered onto ashed and pre-weighed 
25 mm diameter GF/F filters (0.7 pm pore, Whatman). 
The filters were then dried in an oven at 105°C for 48 h, 
weighed and ashed in a muffle furnace at 500°C for 
4 h. This method allowed both TPM (mg 1-1) and partic
ulate inorganic matter (PIM) (mg 1-1) to be measured. 
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POM (mg I-I) concentration was calculated by sub
tracting PIM from TPM. The organic content was com
puted (pOM:TPM ratio) as an indicator of food quality. 

For the measurement of chlorophyll a, a further 
500 ml of seawater from each sample was filtered 
through 25 mm Whatman GF/F filters. The filters were 
placed into plastic envelopes and stored in a dark box 
at -20°C until analysis. The chlorophyll a concentration 
was measured according to standard procedures using 
acetone extraction and Uuorometric analysis (Strick
land & Parson 1968). In addition to estimating CR from 
reduction in chlorophyll ii, it was also calculated from 
reduction in particle numbers for the purpose of com
parison. For some samples, 15 ml of the water sample 
was analysed using a Coulter Counter (Model ZM and 
tube with 100}lm orifice diameter) to measure the total 
count of particles larger than 3 }lffi equivalent spherical 
diameter in both inflow and outflow. 

Since 10 chambers each contained a similarly sized 
oyster, 10 samples were obtained and therefore each 
trial was equivalent to 10 replicates. 

Clearance rate: Clearance rate (CR; I h- I) was esti
mated by measuring particle and chlorophyll a con
sumptions 

Ccontrol -Cj ) X VCR ( 
Ccontrol 

where C j = particle (no.1- I ) or chlorophyll a (}lg 1-1) 
concentration of outflow from chambers containing 
oysters, Ccontrol particle or chlorophyll a concentration 
of outflow from control chambers, and V =water flow 
rate (l h- 1). 

Filtration, biodeposition, and ingestion: Filtration 
rates of POM and TPM were calculated as the prodUcts 
of CR and POM and TPM concentrations, as 

FRpOM/TPM = PPOMffPM x CR 

where FRpoM/TPM is the filtration rate of POM (mg h- 1
) 

and TPM (mg h-1), respectively, and PPOMITPM is the 
particulate concentration of POM (mg 1-1) and TPM 
(mg I-I). respectively. 

Pseudofaeces were ejected from the inhalant siphon 
and deposited in a separab~ stream from the faeces. Fae
ces and pseudofaeces produced by individual oysters 
were collected from each chamber at the end of the ex
periment using a micro-pipette. Each sample was then 
filtered through a GF/F filter and treated as described 
above for determination of seston concentration. 

Ingestion rate was estimated from the composition of 
the experimental diet and egestion rate of organic mat
ter according to the formula 

IR CR x PrOM PFo 

where IR (mg h-1) is ingestion rate of POM, PPOM is 
POM concentration in control chambers, and PFo (mg 

h-1
) is the rate of pseudofaeces production (organic 

component). 
Absorption efficiency: Absorption efficiency (AE) 

was calculated as the product of organic ingestion and 
egestion,as 

AE = IR
IR 

where q, is the faecal production rate of POM (mg 
h- I ). 

Oxygen consumption rate: The rate of oxygen con
sumption (VOl: ml O2 h-I) was measured in closed 
glass bottles of 500 to 1000 ml capacity, depending on 
the size of oysters. Measurements of size effect on oxy
gen consumption rate were conducted using natural 
seawater (chI: 0.8 ± 0.2 }lg 1-\ POM: 1.6 ± 0.6 mg ]-1 

and TPM: 15.5 ± 1.2 }lg I-I) at a temperature of 17 ± 
0.3°C. The size range of experimental oysters was 28 
to 119 mm in length. Oxygen consumption rates were 
measured on 14 sizes of oysters. One large oyster or a 
number of small oysters was placed into the bottle 
immersed in seawater (Table 2). The average oxygen 
consumption rate of an individual was calculated from 
total records for multiple small oysters. However, mea
surements of temperature effect on oxygen consump
tion rate were conducted using 8 similarly sized oysters 
(95 ± 5 mm in length, 1 in each bottle) in each run. The 
effect of temperature on oxygen consumption was 
measured over a temperature range from 10 to 29°C. 
Bottles contained seawater (chI: 1.5 ± 0.3 }lg I-I, TPM = 
5.9 ± 0.4 mg I-I, POM = 0.7 ± 0.1 mg I-I) without addi
tion of seston and were immersed in the temperature 
control tank to keep temperature in the bottles the 
same as that in the tank. 

One bottle without oysters was used as a control in 
each run. The water in the bottles was manually mixed 
using a syringe before sampling. One ml of the water 
sample was taken using a syringe at appropriate time 
intervals to obtain a representative rate. From each 
run, 6 to 8 samples were taken depending on oxygen 
concentration in the bottle. Oxygen tension was not 
allowed to decrease below 70 % of air saturation to 
avoid depressing the effect on respiration rate (Prince 
1995); 2 replicates were conducted for each measure
ment. Oxygen consumption rate was calculated as the 

Table 2. Crassostrea gigas. Oysters used for experiments of 
size effect on oxygen consumption rate 

Mean length (mrn) SD No. of oysters 

28 1.6 6 
34 1.5 6 
52 1.8 6 
61 1.4 2 

>70 1 
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rate of decrease of oxygen concentration inside the 
bottles as recorded by an oxygen meter (Radiometer. 
Model PHM 73). 

Size standardisation of physiological rates. Physio
logical rates were standardised to those of an equiva
lent individual of 1 cm standard length or 1 g dry tissue 
weight, using the formula 

Ys = (l/Le)d x Ye 

where Y, represents the value for the standard individ
ual, Y is the experimental value, and Le is the experie 
mental length or dry tissue weight. The allometric 
exponent d = 1.46 and 2.36, respectively, was used for 
standardisation of CR and oxygen consumption rates 
to 1 em standard length (see 'Results'); d 0.44 was 
used for CR to 1 g standard dry tissue weight (Bougrier 
et al. 1995). 

Model structure. The main purpose of this study was 
to quantitatively describe the physiological response of 
oysters to varying environmental conditions. In doing 
so, we hoped to provide functional descriptions of 
physiological processes that could be incorporated 
into a DEB model. It is imperative therefore that these 
functions be based on sound physiological principles. 
Hence, rather than simply choosing functions which 
best describe the data, we have chosen functions 
which are most appropriate to the accepted under
standing of the physiological process. 

Influence of seston concentraUon on CR: The CR 
was measured as the removal rate of particles per unit 
volume. The CR is the product of the pumping rate of 
water and the extraction efficiency of particles from 
the water. It is difficult. in a practical sense, to disen
tangle the pumping rate from the extraction efficiency. 
We might expect that the CR saturates with increasing 
seston concentration. In fact, most published studies 
have observed a decline in CR as seston increases. 
This indicates that either there is a decline in the 
extraction efficiency with increasing seston concentra
tion, or there is a decline in the pumping rate. The key 
to disentangling these mechanisms is determining 
what happens to the filtration rate (FR). If FR declines 
consistently with the decline in CR, then we argue 
that the observed decline in CR is a consequence of a 
decline in the efficiency of extraction of particles from 
the water. If however, FR does not decrease as CR 
decreases, then we argue that the decline in CR is a 
consequence of a decline in the pumping rate, i.e. 
the extraction efficiency appears to remain constant 
because the flux of particles passing through the filter
ing apparatus remains constant. Although most pub
lished studies have found a decline in FR with in
creasing seston concentrations (e.g. Deslous-Paoli et 
al. 1987, Barille et al. 1997), our studies (see 'Results') 
show no such decline. Hence we assume that the de

cline in CR over the range of seston concentrations we 
have measured is a consequence of a decline in pump
ing rate. 

Hence we propose a function that has 2 components. 
The first component is a saturating function of the ses
ton concentration to represent the saturating effect of 
particles dogging the filtering apparatus. This term we 
describe as a simple Type 2 hyperbolic functional 
response. We represent the feedback signal between 
seston concentration and pumping rate as discussed 
above, as a simple exponential decline in pumping rate 
as the seston concentration increases. Therefore: 

CR == CRmax x 
S 

x e-kxS (1)
S+SHFC 

where CR (l h- 1 cm- I 
) is CR of a standard 1 cm oyster, 

CRmax (l h- J cm- I ) is the maximum CR for standard 1 cm 
oyster. S (mg I-I) is seston concentration, SHFC (mg I-I) 
is half the concentration at which maximum CR occurs, 
and k is the coefficient deSCribing the change in pump
ing rate with increasing S. 

Influence of temperature on CR: Based on previous 
information on various oyster species (e.g. Crisp et al. 
1985. Le Gall & Raillard 1988, Bougrier et al. 1995), 
CR was modelled as a hyperbolic function of tempera
ture as: 

CR = CRmaxl f3 x (T - Tel2 (2) 

where CRmaxl (1 h- I cm- I ) is the maximal CR of a stan
dard 1 cm oyster, f3 (l h- I cm-! °C-2) is a coefficient of 
temperature effect on CR, T(°C) is water temperature. 
and Tc (0C) is the optimum pumping temperature, at 
which the maximum CR would be expected to occur. 

Filtration rate. The FR is the product of the CR and 
the S. As discussed above, if it is assumed that the 
pumping rate is regulated by the oyster in order to 
maintain a constant extraction rate of particles as the S 
increases, then the FR saturates with increasing S. 
Hence we describe FR as a Type 2 function of S: 

S
FR = FRmax x --- (3)S+SHFF 

where FR (mg h- I cm- I ) is for a standard 1 cm oyster, 
FRmax (mg h- I cm- I

) is the maximum FR and 5rJFF 

(mg l-l) is the half-saturation S (half the concentration 
at which maximum filtration occurs). 

Ingestion rate: There is overwhelming evidence that 
ingestion is a saturating function of S for marine 
bivalves (e.g. Thompson & Bayne 1974, Epifanio & 
Edwart 1977, Crisp et al. 1985. Deslous-Paoli et al. 
1992). This is partly due to the saturating nature of the 
FR as discussed above. but is also a consequence of 
increasing S resulting only in greater pseudofaeces 
production (see Foster-Smith 1975. Barille et al. 1997). 
Therefore we also describe IR as a Type 2 hyperbolic 
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function of S: S/(S+SHFd, with a different half-satura
tion constant to that used to describe the FR. 

This above function gives us the total S ingested. 
However, we are interested in the total IR of organic 
material; hence the IR of organics also depends on a 
function of the organic content of the seston (POM:S). 
In a case where there is no selectivity of material at the 
palps, the IR will simply be a function of the Or!:JaIlic 
ratio times the ingested material. However, there is 
abundant evidence (e.g. Bayne & Hawkins 1990, 
Deslous-Paoli et aL 1992, Iglesias et al. 1992, Barille et 
aL 1997) that there is selection of organic material in 
preference to inorganic material at the palps. The sort
ing of organic material is efficient at low S and ineffi
cient or non-existent at high S (e.g. Bayne & Hawkins 
1990, Navarro & Widdows 1997). A simple function 
that describes this physiological behaviour is again a 
Type 2 functional response so that the ability of the 
oyster to sort material itself saturates with increasing S. 
Hence we describe the IR by the function: 

S 

IR = IRmax x S x (POM )S+SHFS 
S +SHFI S (4) 

where IR (mg h- I cm- I ) is for a standard 1 cm oyster; 
IRmax (mg h- I cm- I

) is the maximum IR for a standard 
1 cm oyster under the assumption that organic and 
inorganic material have identical density; POM (mg 
1-1) and S (mg I-I) are particulate organic matter and 
seston concentrations, respectively, SHFI (mg I-I) is half 
the seston concentration at which maximum ingestion 
rate occurs (for a given POM:S ratio); and SHFS (mg 1-1) 

is half the seston concentration at which no selection 
occurs. 

Absorption efficiency: We might expect that the 
absorption efficiency depends on the organic content 
of the seston. A relationship between the absorption 
efficiency and the organic content of ingested seston 
has been widely observed in marine bivalves (e.g. 
Bricelj & Malof 1984, Bayne et aI. 1987, Navarro & 

Widdows 1997, Barille et al. 1997) as the form: 

(5)AE 

where is the asymptote of AE and m is a co
efficient describing the change in AE with increasing 
organic content in the seston. 

Influence of temperature on V02: Experiments have 
shown that V0 2 strongly responds to increasing tem
perature for a number of oyster species (e.g. Shumway 
& Koehn 1982, Bougrier et al. 1995). Following these 
studies, we describe V01 as an allometric function of 
temperature as: 

(6) 

where V02 is for a standard 1 cm oyster (ml O2 h- l 

cm- 1), Tis water temperature (0C), aA (ml O2 h- 1 cm- I ) 

is a constant, aB (ml O2 h-1 cm-1 °C-Il) is a temperature 
coefficient, and p is the temperature exponent. 

Statistieal analysis. The data were analysed using 
ANOVA to detect significant differences of CR calcu
lated from: (1) chlorophyll versus particle concentra
tions and (2) high- versus low-condition oysters (using 
Systat 8: SPSS, Chicago, Illinois). Values of model 
parameters were estimated through regression analy
ses following standard least-squares procedures using 
S-plus 3.2® (StatSd, Seattle). 

RESULTS 

Seston and organic content 

Seston concentration throughout the feeding experi
ments varied from 0.8 to 637 mg 1-1 and organic matter 
ranged from 0.07 to 8.3 mg 1-1. The organic content of 
the diets decreased exponentially from 71.9 to 0.7 % 
with increasing seston concentration (Fig. 1). 

Morphometries of Crassostrea gigas 

The relationships between volume, dry tissue weight 
and length in experiments were fitted by the following 
allometric functions: 

V ax£P (n =52, R2 = 0.95) (7) 
DTW =: axLb (n 52, R2 = 0.81) (8) 

where V is volume in m!. L is length in cm, DTW is dry 
tissue weight in g, a =0.38 ml cm-P, p =2.15, a = 4.1 x 
10-3 g cm-b and b = 2.54. 
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Fig. 1. Variation in organic content over range of seston con
centrations used 
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Clearance rate 

There was no significant difference between CR cal
culated from the chlorophyll a and total particle con
sumption (p >0.9, n =: 130), and hence either method 
can be used for estimation of the CR. The following 
results of CR were estimated from chlorophyll a con
sumption. 

Influence of condition on CR. CR was measured 
for low- and high-condition oysters and standardised 
into both D1W and length. There was significant 
difference of CR standardised to D1W between 
Iow- and high-condition oysters (p < 0.003, n =: 60). 
However, CR standardised to length showed no 
significant difference between the 2 conditions (p 
> 0.7, n = 60). Therefore, we present all physiological 
measurements in terms of length in the following 
results. 

Influence of body size on CR. CR was measured for 
a wide range of body sizes (19 to 145 mm). The CR 
increased with increasing body size following the allo
metric equation: 

(n = 180, R2 = 0.89) (9) 

where III = 0.16 (I h- I cm-e) and e =: 1.46. 
Influence of seston concentration on CR. The change 

of CR with S is shown in Fig. 2. CR increased rapidly 
with increasing S below 2 mg I-I and then gradually 
reached a maximum level at an S of about 10 mg J- I. 
Above this level, CR showed a pattern of consistent 
decline with increasing S and no dramatic changes 
were observed. 

0.3 

0.2 

J:: 
~ 

a: 
0 0.1 

o 	 100 200 300 400 500 600 700 
Seston concentration (mg 1'1) 

Fig. 2. Crassostrea gigas. Influence of seston concentration on 
clearance rate (CR). Data were standardised to an oyster of 
1 cm body length (1 h- I em-I) and are presented in terms of 

average CR (±SD) 

The function described in Eq. (1) was found to be 
a good fit to the data (Fig. 2). The best-fit values of 
model parameters obtained were: CRmax = 0.17 I h- I 

cm- I; SriFC = 0.39 mg I-I; and k 3.78 xlO-3 (n 280, 
R2 =: 0.79). 

Influence of temperature on CR. CR increased up to 
a temperature of 20.7°C and then decreased beyond 
this temperature (Fig. 3). Eq. (2) was fitted to the data 
and the best-fit parameter values were obtained as: 
CRmaxl = 0.24 (\ h- I cm-I), ~ =: 8.97 X 10-4 (l h- I cm- I "C-2) 
and Tc = 20.7°C (n =: 280, R2 0.71). 

Filtration rate 

FR increased with increasing S and no decline in 
FR was observed within the range of experimental S 
(Fig. 4). It is well described by a Type 2 hyperbolic 
function of S (Eq. 3). The best-fit parameters were 
estimated to be: FRmax= 16.5 (mg h- I cm-I) and SHFP 

51.5 (mg h-I cm-I) (n = 280, R2 =0.79). 

Ingestion rate 

IR is a function of food quantity, quality and selective 
ingestion on organic particles. IR data were fitted by 
Eq. (4). This was found to be a good fit and best-fit 
parameters were obtained as: IR max = 5.8 (mg h- I cm- I ), 

SHFl =: 64.1 (mg I-I), SHFS =: 3.7 (mg I-I). A comparison 
of predictions versus observed data is shown in Fig. 5 
(n 280, R2 == 0.78). 
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Fig. 3. Crassostrea gigas. Relationship between clearance rate 
(CR) and temperature. Data were standardised to an oyster of 
1 cm body length (I h- I em-I) and are presented in terms of 

average CR (±SD) 
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Fig. 4. Crassostrea gigas, Relationship between filtration rate 
(FR) and seston concentration. Data were standardised to an 
oyster of 1 em body length (mg h-I em-I) and are presented 

in terms of average FR (±SD) 

Absorption efficiency 

AE was generally high throughout the experiments, 
but varied between 3 and 93 %. However, AE in
creased rapidly from low organic content of seston to 
a constant level of 86 % above approximately 5 % 
organic content (Fig. 6). The data were fitted by Eq. (5) 
and best-fit parameters were obtained as: AEmax 
86% and m = 61.3 (n =: 280, R2 = 0.75). 

Oxygen consumption rates 

Influence of body size on V0 2 • V0 2 was measured 
over a range of sizes of oysters, As expected, the V02 

increased with increasin9 body size and can be well 
described by the allometric relationship: 
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Fig, 5. Crassostrea gigas, Predicted and observed ingestion 
rates OR), Line indicates where observations predictions 
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Fig, 6. Crassostrea gigas. Absorption efficiency (AE) in rela
tion to organic content (%) of seston. Means ± SD 

(n = 193, R2 = 0.91) (10) 

where V02 is oxygen consumption rate (ml O 2 h- 1), Lis 
body length (cm), e 1.98 x 10-3 (ml O 2 h- I cm-O) and 
() = 2.36. 

Influence of temperature on V02• V0 2 increased 
consistently with increasing temperature (Fig, 7). The 
respiration response of oysters to temperature is well 
described by Eq, (6), and best-fit parameters were 
obtained as follows: aA = 1.73 x 10-4 (ml O2 h- 1 cm- I ), 

aB = 3.09 x 10-5 (ml O 2 h- I cm- 1 °Cll) and p 1.44 
(n =532, R2 =0.93). 

DISCUSSION 

Dynamic energy budget (DEB) models are a neces
sary component of oyster carrying capacity studies 
because of the need to quantify the feedback between 
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Fig. 7, Crassostrea gigas, Relationship between oxygen con· 
sumption rate (V02 ) and temperature. Means ± SD 
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oyster feeding and the food supply. An important stage 
in the development of a DEB model is to determine the 
functions and parameters that describe individual pro
cesses such as filtration and ingestion. In this paper we 
have made the first attempt to describe such relation
ships for the range of environmental conditions experi
enced by a population of farmed oysters Crassostrea 
gigas, in the Marlborough Sounds, New Zealand. 

In our study, physiological rates were standardised 
to body length. This is contrary to most previous stud
ies on bivalve molluscs, which use dry tissue weight 
(D1W) as a measure of size (e.g. Bayne & Newell 1983, 
Bougrier et a1. 1995, Barille et ai. 1991). Our data show 
that there was a high DTW-specific clearance rate 
(CR), whilst length-specific CR was not significant. 
This variation in CR was mainly caused by oyster con
dition, which changes with the environment, for in
stance with food availability. This is in agreement with 
a nwnber of studies on bivalves (e.g. Iglesias et al. 
1996, Labarta et a1. 1991). DTW consists of structural 
material and storage. Variation in animal condition is a 
consequence of increase or decrease in storage. It has 
been argued that storage is an accumulation of energy 
reserves from assimilation that are readily available for 
reproduction and maintenance but hardly participate 
in respiration and ingestion (e.g. Horstmann 1958, 
DeMott 1982, Porter et a1. 1982, Kooijman 1986, van 
Haren & Kooijman 1993, Nisbet et al. 1996). By study
ing the pond snail Lymnaea stagnalis, Horstmann 
(1958) further argued that a freshly produced egg con
sists of a relatively large amount of energy reserves 
and an infinitesimally small amount of structural body 
mass, but hardly respires. All these studies suggest 
that structural material rather than storage is the main, 
if not the only, substance involved in physiological 
activity. 

The above variation in CR disappeared when stan
dardised to length, because length is more closely 
related to structural biomass (Ren et a1. unpubl. data). 
There is considerable evidence that the effect of body 
size on CR is primarily determined by the branchial 
area (Hughes 1969, M9hlenberg & Riisgard 1919). A 
close relationship between gill area and shell height 
has been found in Pinctada margariti/era, and CR was 
found to increase isometrically with gill size (Pouvreau 
et al. 1999). In our study, because of a lack of informa
tion on gill area, length was used as a measure of body 
size in the clearance function. We have used length 
rather than the more traditional DTW, because, a pri
ori, our expectation is that there will be considerably 
more variability in the relationship between DTW and 
gill area between experiments (although not necessar
ily in anyone experiment) as opposed to the relation
ship between length and gill area. This hypothesis, 
however, needs to be examined. 

The disadvantage in using length to represent body 
size is that it conveys no information on the physiolog
ical state of the oyster during the experiment. It is pos
sible, perhaps even likely, that the physiological state, 
e.g. during starvation conditions, may have a signifi
cant effect on physiological rates such as the CR. How
ever, any effect is likely to depend on the degree of 
reserves in a non-simplistic way, and is unlikely to 
be adequately represented by the simple addition of 
'structural' plus 'reserve' tissues as implied by the use 
of total DTW (in the relationship between rates and 
body size). The separation of the effects of structural 
and reserve tissue contributions to the rate processes 
needs to be determined by a set of carefully controlled 
experiments in which the physiological condition of 
genetically similar stock is varied. 

The value of the exponent in the relationship be
tween CR and shell length in our experiment was 1.46, 
and between CR and DTW was 0.51. Over many previ
ous studies, considerable variability has been observed 
in both inter- and intra-specific variability in the value 
of b (DTW)-typically within the range 0.4 to 0.8 (see 
Bayne & Newell 1983). To our knowledge, the range of 
the b value (DTW) for Crassostrea gigas was 0.44 to 
0.13 in some previous studies, e.g. 0.44 (Bougrier et at 
1995),0.61 on average (Walne 1912) and 0.13 (Gerdes 
1983a). Although the b value from our measurements 
was slightly lower than that found for some other 
bivalve studies, it is within the typical range. 

Many authors (e.g. Percy et aI. 1911, Bougrier et al. 
1995) have reported seasonal variation in oxygen con
sumption rates (V02 ) in marine bivalves. VO z in 
Mytilus edulis was higher in winter and spring and 
lower in summer (Bruce 1926. KrUger 1960, Bayne et 
a!. 1913). Bruce (1926) and Kruger (1960) found that 
this seasonal variation in V02 correlated with the 
gametogenic cycle of the mussels, indicating that 
gametogenesis involved a high V02• Production of 
reserve material requires little energy and, therefore, 
leads to lower metabolic rates in terms of DTW. 

However, V02 involves a complex interaction be
tween gametogenesis and DTW. Gerdes (1983b) ob
served that the V02 of Crassostrea gigas was lower dur
ing the resting stage of gametogenesis in winter than 
during the active stage in summer, suggesting that 
gonad development needs additional energy. This is in 
agreement with the energy llsed during gametogenesis 
by the scallop Argopecten irradians concentricus ob
served by Barber & Blake (1981). These authors found 
that the decline in adductor muscle protein is greater 
than can be accounted for solely in terms of gonad de
velopment, and concluded that the lost energy is likely 
used to meet maintenance requirements during the later 
stages of oogenesis and spawning. The reserve material 
and gametogenesis would contribute to the variation in 
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the relationship between physiological rates and DTW. 
Studies on energy requirement of gametogenesis would 
help understand the variation in V02• 

Our measurements of the temperature effect on CR 
and V0 2 displayed a similar trend to those of Bougrier 
et al. (1995). VOl increased with temperature over the 
range of experimental temperatures. CR increased 
with increasing temperature up to a maximum of 
20.7°C, and then declined with a further increase in 
temperature. This optimal temperature estimated for 
CR in our study was 1.7°C higher than that (19°C) 
found by Bougrier et a1. (1995). Various V02 have been 
reported for Crassostreagigas. Gerdes (1983b) found 
that V02 was 0.65 ml O 2 h- I g-I at 20°C. while Bougrier 
et aL (1995) recorded 0.96 ml O2 h-I g-I at the same 
temperature. Our measurement was 0.0025 ml O2 h- I 

cm-l, or 0,41 ml O2 h- I g-I when converted to the same 
unit using the length-DTW relationship. Considerable 
variability in physiological energetic parameters has 
been recorded in many other studies of marine 
bivalves as well (e.g. Foltz et al. 1983, Volchaert & 

Zouros 1989). This large variation in V0 2 is possibly 
again due to differences in the condition of experi
mental oysters, and/or the genetic differences among 
populations. Further studies on different populations 
in similar condition are necessary. 

The CR of marine bivalves has usually been esti
mated from particle consumption. It is a consequence 
of an interaction between pumping rate of water and 
the extraction efficiency of particles from the water. 
We postulated that pumping rate declines with in
creasing seston concentration (S) so that the flux of 
particles through the filtering apparatus saturates. 
Hence, we have assumed that the extraction rate re
mains constant as S increases (for S much greater than 
the half-saturation coefficient, SHFd. This assumption 
is similar to the postulation of Winter (1978) that 
decline in the CR of Mytill1s edulis is a consequence of 
regulation of the pumping rate in response to increas
ing S. In this study, the lack of a decline in the filtration 
rate (FR; Fig. 4) supports the view that the pumping 
rate is being regulated in response to increasing S. 

Hence. although our study is generally in agreement 
with that of Barille & Prou (1993) at high S, no sharp 
decrease in CR was observed within the range of our 
experimental concentrations, as observed by Barille & 
Prou. Furthermore, the rate of decrease in CR was 
lower in our study, particularly at high S. For example, 
the CR measured by Barille & Prou was 0.051 h- I g-1 at 
about 250 mg 1-1. which is much lower than that esti
mated in this study (0.074 I h- I cm-I or 1.72 1 h-I g-I at 
the same S). These differences may have arisen for 
reasons similar to those causing variation in CR and 
V0 2 as discussed above. In addition, different experi
mental diets may have played a role. 

We exposed oysters to a wide range of S and organic 
concentrations with organic content decreasing with 
increasing S. This reflects conditions in the natural 
marine environment, where re-suspension of sedi
ments results in decreasing organic content with in
creasing S (e.g. Widdows et a1. 1979. Navarro & Igle
sias 1993). The relationship between FR and S was 
found to be reasonably well described by a simple 
Type 2 hyperbolic function within the range of Stested. 

Some previous studies have found that FR in Cras
sostrea gigas declines with increasing S (Deslous-Paoli 
et aL 1987. Barille et aL 1997). In those studies, FR 
increased with increasing S up to about 100 mg I-I and 
thereafter drastically decreased to a very low level at S 
above 200 mg I-I. The authors attributed this decrease 
of FR to an abrupt reduction in CR. FR has also been 
reported to decline at high S in other species. Navarro 
& Widdows (1997). for example. found a decline in FR 
above 300 mg I-I for the cockle Cerastoderma edule. 
and Hawkins et al. (1999) observed a decline in FR 
over 1000 mg }-1 in the mussel Perna canaliculus. We 
did not see this decline of FR for C. gigas within the 
range of S tested. which suggests that the S above 
which FR declines is likely to be above 600 mg I-I for 
the population of C. gigas in New Zealand. 

We have assumed that the ability of the oyster to sort 
organic and inorganic particulates saturates with 
increasing S. We have also assumed that the total flux 
of material passing through the filtering apparatus sat
urates (see above). For these assumptions to be consis
tent. the sorting term must saturate at a lower S, i.e. the 
half-saturation coefficient for the sorting term (SHI'S) 
must be smaller than the half-saturation coefficient for 
the filtration term (SHPl)' Indeed, SHI'I was found to be 
17-fold greater than SHfS in the least-squares best-fit 
procedure, which supports our assumption that parti
cle sorting for organic content is a significant factor in 
ingestion rate. 

Absorption efficiency (AE) increased with increasing 
organic content of the seston. This trend is similar to 
the findings of Barrille et al. (1997); however. the AE 
was higher and the rate of increase with organic con
tent was greater in the present study. This is possibly a 
consequence of different food composition. since in our 
experimental diet phytoplankton contributed a signifi
cant fraction of organic matter. reflecting the environ
ment in the Marlborough Sounds (James & Ross 1996, 
Ross & James unpubl. data); in contrast, the organiC 
fraction was predominantly detrital in Marennes
Oh~ron Bay (e.g. Goulletquer 1989, Raillard et al. 
1993). Oysters tend to respond differently to phyto
plankton and detritus during the digestive process. 
Many authors (e.g. Williams 1981. Crosby et al. 1989. 
Klepper et a1. 1994, Campbell & Newell 1998) ob
served higher AE on phytoplankton than on detritus in 
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bivalves. Selective digestion for phytoplankton over 
detritus probably caused this difference in AE mea
sured in different environments. 

In this study. we have measured the physiological 
rates of Crassostrea gigas under a wide range of envi
ronmental conditions (temperature, food quantity and 
quality). A set of physiological models reflecting mech
anisms of oyster physiology have been constructed to 
provide important functions and parameters for DEB 
models. This study not only contributes to the knowl
edge of the physiology of this species but it also facili
tates further studies on carrying-capacity models. 
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Abstract 

A dynamic energy budget model has been developed to simulate the growth of Pacific oyster Crassostrea gigas in 
response to varying environmental conditions. The model is designed to incorporate the effects of endogenous (core 
weight and storage) and exogenous (temperature, quantity and quality of food) factors and to be applicable to a 
variety of ecosystems. Two state variables (core weight and storage) are used in order to avoid confusion between 
functional roles of structural and reserve tissues. Assimilation and metabolic rates are modelled as functions of core 
weight, while reproduction is entirely dependent of storage. In addition to reproduction, a variable in terms of energy 
requirements for gametogenesis is introduced in this model. Calibration of the model was done through sensitivi ty 
analysis and comparison of simulation outputs and observed data. The model is capable of simulating growth and 
condition of oysters in the ecosystem of Marennes-Oleron Bay. The simulations indicate that growth of oysters is 
strongly regulated by the phytoplankton concentration, while detritus has little contribution. © 2001 Elsevier Science 
B.V. All rights reserved. 

Keywords: Oyster; Dynamic energy budget model; Crassostrea; Energetics 

1. Introduction 

Physiological processes can ultimately manifest 
significant effects at the ecosystem or population 
level. For example, the response of a population 
to changes in quantity or quality of food depends 
on how the animal's feeding rate is altered by 
changes in its food. Indeed, ecosystem scale re

* Corresponding author. Tel.: + 64-3-3488987; fax: + 64-3
3485548. 

E-mail address:j.ren@niwa.cri.nz (l.S. Ren). 

sponses, such as the carrying capacity of a system, 
are also ultimately dependent on the physiological 
response. If we aim to understand the population 
or ecosystem consequences in a dynamically vary
ing environment, we need to be able to describe 
the dynamic physiological response. 

The dynamic energy budget (DEB) model (see 
e.g. Kooijman, 1986a) is a potentially powerful 
way of describing the physiological response. The 
DEB model describes time varying measures of 
body size and physiological condition using ordi
nary differential equations. These equations con
tain functional descriptions of the response of an 
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animal to changes in aspects of its environment, 
e.g. food concentration and temperature. As well 
as being fundamental to the development of indi
vidual based population models (Nisbet et aL, 
1996), this approach has gained increasing popu
larity in studies of shellfish energetics (e.g. Ross 
and Nisbet, 1990; van Haren and Kooijman, 
1993; Nisbet et aL, 1996; Barille et aL, 1997a). 
These models are a necessary component of mod
els for estimating the carrying capacity of coastal 
systems for shellfish culture. 

Most dynamic energetic models are based on 
the assumption that physiological response is size 
dependent (see e.g. Kooijman, 1986a,b). A general 
DEB model has been developed by Kooijman 
(1986b). This model is based on a homeostasis 
concept in which the dynamics of the reserves are 
such that both structural tissue and reserves al
ways have a constant chemical composition (or 
energy density) for: (i) a constant food environ
ment; and (ii) after reserves have settled to an 
equilibrium value. This model is an elegant re
sponse to the problem of defining allocation 
parameters, which are difficult if not impossible to 
measure directly. It allows the derivation of the 
allocation parameters from directly measurable 
quantities. 

However, in the context of species that have 
highly variable biochemical composition such as 
the Pacific oyster Crassostra gigas (Deslous-Paoli 
and Heral, 1988), the realism of the assumption of 
homeostasis of reserves is questionable. Neverthe
less the approach of Kooijman has considerable 
power in its general application across species and 
across lifestages - incorporating consistent de
scriptions of egg and larval, as well as adult, 
stages. 

Although being appropriate for general ques
tions, it does not necessarily provide the most 
satisfactory fit to individual species data without 
modification (e.g. Ross and Nisbet, 1990), An 
alternative, less mechanistic approach, is to make 
fewer assumptions about the energy allocation 
process and estimate the values of energy alloca
tion parameters by 'free-fit', i.e. the values of the 
parameters used in model simulations are ad
justed until an acceptable fit is achieved between 
simulations and calibration datasets, consisting of 

field data on the dynamics of the state variables. 
Clearly the validity of this latter approach de
pends on how many data are available for fitting 
models to, and how many free fitting parameters 
there are. 

In this paper we aim to apply this latter ap
proach to modelling the energetics of the Cras
sostrea gigas for subsequent application in a 
larger carrying capacity modeL We aim to de
velop a model utilising existing ecophysiological 
knowledge of this species worldwide and identify 
the parameters and functions that require further 
experimental work. The model we describe below 
assumes that assimilated energy is diverted as a 
priority for maintenance and a fraction of the 
remainder goes to structural growth and the re
mainder to reserves. Reserves are then used for 
reproduction, and to meet maintenance when as
similation alone is insufficient to meet mainte
nance. In contrast Koiijman's model assumes that 
all assimilation gets incorporated as reserves prior 
to allocation to maintenance (as priority) and 
structural growth and reproduction. 

A direct comparison between our approach and 
that of Kooijman will be left for a future 
pUblication. 

2. The model 

The structure and functional processes of the 
model are depicted in Fig. 1 and described below. 

2.1. Structure 

Existing growth and feeding models of C. gigas 
in a varying environment (e.g. Raillard et al., 
1993; Barille et aL, 1997a) using total flesh weight 
to represent body size are too simple. Such a 
measure has the strong advantage of being easy to 
determine, and hence comparisons between model 
predictions and observed data are straightfo r
ward. However, the variability of flesh weight in 
relation to other structural estimates of body size 
such as length or volume can be considerable (see 
e.g. Iglesias et al., 1996; Labarta et aL, 1997; Ren 
et aL, 2000). In a few cases, this may be due to 
changes in other structural measures, e.g. as a 



107 J.S. Ren, A.H. Ross / Ecological Modelling 142 (2001) 105-120 

result of shell erosion, but such variability nor
mally arises from biochemical changes in flesh 
content as a consequence of reserve utilisation/ac
cumulation in response to environmental variabil
ity, or due to spawning. It therefore becomes 
difficult to devise functions relating rate processes 
such as clearance and maintenance to flesh weight 
because of variation in response, attributable to 
changes in condition (ratio of reserves to total 
weight). 

An alternative model structure is to consider 
size and reserves as separate components of body 
tissue (e.g. Kooijman, 1993). The flesh weight is 
composed of structural materials (core weight) 
and stored materials (reserves). Physiologically 
these two components are well defined - the 
structural component is fixed, and once allocated 

(T~~~ 
~l--

I 


cannot be re-utilised, whilst reserves, once allo
cated, may be subsequently utilised, e.g. gameto
genesis. These type of models usually assume that 
the stored reserves require no oxygen for mainte
nance (Kooijman, 1986c, 1993) and that the en
ergy reserves contribute to weight and are 
sensitive to feeding conditions (Kooijman, 1993). 
This is usually reflected by many measurements 
that show that the length measurements follow the 
growth pattern closely when food is abundant, 
while weights usually show much more scatter. 
Therefore, it is necessary to separate structural 
materials from storage and determine the relative 
abundance of the main elements for both cate
gories on the basis of dry weight. We choose core 
weight and storage as state variables in the DEB 
model. 

Fig. 1. Schematic diagram of the processes in the dynamic energy budget model. 
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The resolution of the model is one day. The 
model is driven by forcing data for temperature, 
food concentration and total particulate concen
tration. Food matter consists of phytoplankton 
and labile detritus in units of carbon. The density 
of inorganic and organic material is implicitly 
assumed to be equal. 

2.2. Clearance 

There is a considerable amount of literature on 
the relationship between clearance rate and body 
weight in marine bivalves. The relationship is 
usually described as a simple allometric function 
(e.g. Bayne and Newell, 1983; Doering and Ovi
att, 1986; Bougrier et al., 1995) with the exponent 
typically in the range 0.4-0.8. On theoretical 
grounds, Kooijman and Metz (1984) have argued 
'that uptake should be proportional to the surface 
area of the feeding apparatus. Assuming that 
structural tissue weight is proportional to volume, 
and that volume is proportional to length cubed, 
they assume uptake is proportional to W 2/3 (W is 
body tissue weight). 

Both the filtration and ingestion rates are 
known to be size dependent (e.g. Kooijman, 
1986a; Nisbet et al., 1996). However because en
ergy reserves do not contribute directly to the size 
of the feeding apparatus, weight is not the most 
appropriate variable to llse in describing the rela
tionship between food uptake and size (Kooij
man, 1993). Perhaps a more appropriate method 
is to use the surface area of the feeding apparatus 
to describe the size dependency of these rates 
(Kooijman, 1993). Because it is difficult to mea
sure the surface area of the feeding apparatus, it is 
necessary to assume that the surface area of the 
feeding apparatus is proportional to the whole 
surface area. 

It is therefore generally assumed that the clear
ance rate is proportional to the body surface area 
and is usually expressed as a function of length 
(Peters, 1983). The maximum clearance rate 
(CRmaJ is calculated by the equation: 

CRmax = (XL 20. (1) 

where L is length, (X is the maximum clearance 
rate per unit surface area, and Q is the fraction of 
the day for which oysters are actively pumping. 

The relationship between length and body 
weight is usually expressed as an allometric func
tion (Peters, 1983): 

(2) 

where we define Wc as the core tissue weight, i.e. 
the weight when all reserves have been utilised 
(Ross and Nisbet, 1990). 

There is some evidence that in some species, the 
clearance rate of the juvenile increases faster wi th 
size than that of the adult (e.g. McCauley et aL, 
1990). We have unpublished data that suggest this 
may also be applicable to oysters, and Berry and 
Schleyer (1983) show similar data for the mussel 
Perna perna. One possible explanation for this 
behaviour is that small individuals are limited 
more by the capacity of the gut (proportion to 
volume) as opposed to the feeding apparatus 
(proportional to surface area). In order to investi
gate the sensitivity of the model to such a change, 
we define a transition length between juvenile and 
adult oysters as LT' In the region of LT, the oyster 
clearance rate response to size changes from an 
exponent of 2 (Eq. (1)) to 2 + i when L < < L-r. 
So that: 

CRs = CRmax{l exp[ (LILrYn. (3) 

The effects of water temperature on bivalves 
are well documented (e.g. Walne, 1972; Doering 
and Oviatt, 1986). Many studies have been di
rected towards understanding the effects of tem
perature on bivalve clearance rates (e.g. Buxton et 
al., 1981; Le Gall and Raillard, 1988). Maximum 
clearance rates are usually achieved at a tempera
ture around 20°C in marine bivalves. Le Gall and 
Raillard (1988) found that c. gigas reach the 
maximum clearance rate at a temperature of ap
prox. 20°C, which is close to the value of 19°C 
found by Bougrier et al. (1995) for the same 
species. Therefore (X in the Eq. (1) is temperature 
dependent, described by Bougrier et al. (1995) as: 

(4) 

where T is temperature (0C) and Tc is maximal 
temperature (0C) at which the maximum clearance 
rate would be achieved. 

The effect of suspended particulate matter on 
the clearance rate has been reported in bivalves 
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(e.g. Higgins, 1980; Barille et al., 1997b). Some 
studies (e.g. Barille and Prou, 1993) have found 
the clearance rate of C. gigas to be independent of 
seston concentrations under 50 mg 1 I, while 
above this level, an oyster will reduce its pumping 
rate with increasing particulate concentration. 
Very high levels of particulate concentration will 
result in the clogging of oyster's palleal organs 
(e.g. Barille and Prou, 1993; Raillard et aI., 1993). 
The clogging level was found to be 196 mg 1- I 

(Barille and Prou, 1993), after which the clearance 
declined dramatically. Those authors describe the 
response as a discontinuous function of seston 
concentration. However for our purposes it is 
more appropriate to describe this relationship as a 
continuous function of seston concentration, 
hence we approximate their findings by: 

CR = CRs/{1 + exp[(S - SCR)/Sp1} (5) 

where S is the seston concentration, SCR is the 
clogging level and Sfi is a coefficient determining 
the rate of decrease in clearance rate. 

2.3. Ingestion 

There is very strong evidence that ingestion is a 
saturating function of seston concentration for 
marine bivalves (e.g. Foster-Smith, 1975; Wid
dows et al., 1979; Deslous-Paoli et al., 1992; Bar
ille et aI., 1997b). At high seston concentrations 
further increases in concentration result only in 
greater pseudofaeces production (see Deslous
Paoli et al., 1992; Barille et aI., 1 997b ). We use a 
simple type 2 Michaelis-Menten function to rep
resent the dependence of ingestion rate on seston 
concentration, and hence the food ingested is 
given by: 

I = ¢( S )CR!"= ¢( F )CR (6) 
S+ SHF S S+ SHF 

where ¢ is an ingestion coefficient, SHF is the 
half-saturation seston concentration and F is the 
food concentration. 

2.4. Digestion and assimilation 

Some authors have observed a relationship be
tween the digestion efficiency and the organic 

content of ingested seston (e.g. Bayne et aI., 1989; 
Barille et aI., 1997b) and so have incorporated a 
term that is dependent on the organic:inorganic 
ratio in the ingestion function. However, other 
studies have found the digestion efficiency to be 
independent of organic content (e.g. Gerdes, 
1983). 

There is a similar uncertainty in the relationship 
between digestion efficiency and temperature, 
with some finding a link with temperature (e.g. 
Raillard et aI., 1993) as well as with other factors 
such as body size and food concentration (Winter, 
1978). It appears that these relationships are ei
ther not consistently found, or may be attributed 
to experimental artefacts (Klepper et aI., 1994). 
We therefore, for simplicity, assume that the di
gestion efficiency is constant: 

(7) 

where D is the digestion rate and Ed is the diges
tion efficiency. 

Finally the assimilation rate is given by: 

A pD. (8) 

The parameter, p, incorporates the assimilation 
efficiency. Its meaning is discussed in Section 3 
below. 

2.5. Gametogenesis 

Many studies on marine bivalves indicate that 
seasonal changes in body weight are mainly 
caused by changes in carbohydrate or glycogen 
content (e.g. Gabbott, 1975; Deslous-Paoli and 
Heral, 1988). Measures of energy reserves such as 
the condition index decrease with gonadal devel
opment (Whyte and Englar, 1982), presumably as 
a consequence of utilisation of reserves for 
gametogenesis. The seasonal variation of storage 
and utilisation of glycogen reserves reflects the 
complex interactions, not only between food sup
ply and temperature as described in the above 
models, but also between growth and annual re
production. The energy loss due to gametogenesis 
is probably underestimated in traditional models 
that assess reproductive effort as a loss of gametes 
(e.g. Barille et aI., 1997a). Barber and Blake 
(1981) have shown that the energy gain by the 
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gonad is less than the energy loss from reserves 
during the gametogenic stage of the scallop Ar
gopecten irradians concentricus. Therefore, the go
nad development took place largely at the expense 
of glycogen reserves (Mori et aI., 1966; Krebs, 
1970). Krebs (1970) estimated that approx. T'/o of 
the stored energy is lost during gametogenesis in 
Mytilus edulis. We assume that the energy loss 
due to gametogenesis, Eg , is proportional to stor
age (Ws): 

(9) 

2.6. Reproduction 

Reproductive effort can be calculated from the 
quantity of organic material or energy lost during 
spawning (Bayne and Worral, 1980; Deslous-Paoli 
and Heral, 1988). Reproductive effort may be 
substantial in marine bivalves. During the 
gametogenic stage, much of the accumulated en
ergy reserves are utilised (e.g. Thompson, 1984). 
We assume that energetic demands of reproduc
tion are entirely met from 'free storage', which is 
defined as the storage in excess of a core level 
(Sc), as in Ross and Nisbet (1990). We estimate 
the energy loss of spawning as proportional to 
free storage: 

(10) 

Core level of storage (Sc) varies with the size of 
animals and is therefore a function of core weight: 

Sc= aWe. (II) 

2.7. Maintenance 

Metabolic requirements can be divided into two 
categories: (I) the basal metabolic rate which 
represents the metabolic rate of a non-feeding 
animal; and (2) the routine metabolic rate, which 
includes both the basal rate and the additional 
metabolic requirements associated with, e.g. feed
ing and digestion (Bayne et al., 1989). There are 
considerable difficulties in experimentally deter
mining the basal component of the routine 
metabolic rate - in particular how the compo
nents vary with size. We therefore choose to 
represent the metabolic rate as a function of size 

only and neglect any variation associated wi th 
changes in feeding and digestion etc. The 
metabolic rate is clearly a function of size (e. g. 
Peters, 1983) and is usually treated as an allomet
ric function of dry flesh weight with an exponent 
of 0.75. 

For reasons discussed above, we use core 
weight instead of dry flesh weight as the state 
variable in calculating maintenance according to 
the allometric function: 

(12) 

The influence of temperature on oxygen con
sumption has extensively been studied, as temper
ature has a significant effect on metabolic 
parameters. Experiments have shown that oxygen 
consumption strongly responds to increasing tem
perature for a number of oyster species (e.g. Le 
Gall and Raillard, 1988; Shumway and Koehn, 
1982), and for instance the oxygen consumption 
rate in C. gigas is an allometric function of tem
perature (Bougrier et aI., 1995). From these data, 
the temperature effect on oxygen consumption is 
approximated by the equation: 

(13) 

2.8. Energy allocation 

Extensive modelling studies on energy budgets 
of marine bivalves have described the rules of 
energy allocation and partitioning to growth, re
production and maintenance (e.g. Kooijman, 
I 986a; Ross and Nisbet, 1990; van Haren and 
Kooijman, 1993). In modelling how energy assim
ilation is utilised, we choose the simple assump
tion that maintenance (M) requirements are first 
subtracted from the assimilation (A) to leave the 
energy available for gross production (P): 

P=A M. (14) 

When the assimilation rate is less than the 
metabolic requirement, P is negative and M there
fore must be met from stored reserves. When P is 
positive we assume a fraction of the available 
energy is utilised for growth (of core weight) and 
the remainder is allocated to reserves. A sta te 
variable to represent reproductive products has 
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not been included. However to adequately repre
sent the changes in flesh weight, it is still necessary 
to represent the loss of reserves as a consequence 
of both gametogenesis and spawning. Hence we 
define three periods of reproductive activity: (1) 
non-activity, (2) gametogenesis, and (3) spawning. 
These periods are explicitly represented in the 
modeL During the first period there is no utilisa
tion of reserves for reproduction. During the sec
ond period we assume that a fixed proportion of 
reserves are used per day for gametogenesis. Dur
ing the final spawning stage we assume that the 
rate of loss of reserves per day is a function of the 
reserves. 

Based on these assumptions, the energy parti
tioning of an oyster is described in Eqs. (15) and 
(16): 

dWc/dt= rp 

dWs/dt = (1 - r)p - E. 

(15) 

(16) 

The energy allocation coefficient to core weight, 
r, is defined as: 

{ 
2: if P> 0 r= 

0: otherwise 
(17) 

The allocation rule of energy used for reproduc
tion, E, is defined as: 

E = 

Eg: if Ws > Sc and tgb < t < tge 

E r : if Ws > SC and trb < t < tre 

0: otherwise (18) 

where tgb and tge are, respectively, the beginning 
and end of the time period of gametogenesis; and 
trb and tTe are, respectively, the beginning and end 
of the spawning period. 

As long as assimilation is greater than mainte
nance (A > M), core weight will increase and so 
will storage, provided energy allocation for stor
age is greater than the energy for gonad develop
ment If assimilation is less than maintenance 
(A < M), the excess of M over A is met from 
reserves. Death occurs when Ws < M. 

3. Parameterisation 

The model has two state variables: core weight 
to represent size, and storage to represent the 
amount of reserves, both expressed in mg carbon. 
Some experimental studies have used length as a 
measure of size and hence to utilise these studies 
we have assumed that core weight is an allometric 
function of length. 

Some of the model parameters are taken di
rectly from the literature as published values and 
some are estimated from published data. Many of 
the physiological measurements that have been 
reported in the literature are standardised to total 
dry flesh weight (DFW) and hence we had to 
standardise the measurements to core weight. For 
present purposes, we have assumed that core 
weight is proportional to DFW. For some 
parameters there are no data available from which 
to estimate values. We have termed these parame
ters 'free-fitting' parameters. The values, and 
sources where appropriate, of all of the parame
ters used are given in Table 1. 

The energy allocation for shell growth was esti
mated to be 20% of the total assimilated energy 
(Deslous-Paoli, 1980). Due to lack of experimen
tal infonnation on energy allocation to core tissue 
weight we have assumed a further 20% of the 
remaining energy is allocated to flesh growth giv
ing a total energy allocation to core weight of 
36(Yt). It is practically difficult to determine what 
the assimilation efficiency is. One method of esti
mating it is to calibrate the model by varying the 
value of this parameter until a good fit between 
predictions and observations of growth is 
achieved. However we cannot be confident that 
the parameter then relates solely to assimilation 
efficiency. It could also describe inaccuracy in our 
specification of the clearance, ingestion, or diges
tion rates. Hence we describe the proportionality 
constant between assimilation and digestion, p, as 
a free-fitting feeding parameter, which is implicitly 
assumed to include the assimilation efficiency. 

Estimation of the free fitting parameters (p, J r 

and 0) was based on a published dataset from 
Marennes-Olt~ron Bay, France (see Raillard et 
aL, 1993; Barille et aL, 1997a). The applicability 
of the model was judged by varying the values of 
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Table I 
ModeJ parameters 

Symbol Value Unit Definition Sources" 

aA 

a B 

0.073 
0.00016 

I h- I cm- 2 

1 h - I cm - 2 °c - 2 

Surface area-specific clearance rate 
Temperature coefficient in clearance rate 

E I 
EI 

Tc 18.9 °c Temperature inducing the maximal clearance rate I 
a 2.1 cm mgC- b Coefficient in length-weight relationship E3 
b 0.3 Allometric index in length-weight relationship E 3 
LT 3.4 em Transition length of juvenile to adult E 3 and 4 
i 2 Index in length-clearance function E4 
SCR 200 mg I-I Clogging level of seston concentration in clearance 2 

S/l 

SHF 

18.6 
5 

mg I-I 
mg 1-. 1 

Seston related coefficient in clearance function 
Half-saturation seston concentration 

E 2 
E 5 

f:d 0.75 Absorption efficiency 4 
rp 6.5 Ingestion coefficient 9 
p 2.97 Assimilation coefficient free fit 
Og 0.07 Gametogenesis related energy loss coefficient 6 
0,. 0.85 Reproductive coefficient free fit 
a 0.1 Coefficient in size dependent core level of storage free fit 
d 0.75 Metabolic exponent 10 

~ 0.0035 mgC I - d h- 1 Metabolic coefficient E 1 
0.0045 mgC- d + h- 1 Temperature effect of metabolic coefficient E I 

J' 1.04 MgC1rc Temperature dependent metabolic coefficient 
J. 0.36 Energy allocation coefficient to core weight E7 
Q 0.83 Immersion ratio 8 

. "E-estimated from data indicated in source number. 1, Bougrier et al. (1995); 2, Barille and Prou (1993); 3, Kobayashi et a1. 
(1997); 4, Gerdes (1983); 5, Deslous-Paoli et at. (1992); 6, Krebs (1970); 7, Deslous-Paoli (1980); 8, Bacher (1989); 9, Barille et a1. 
(1994); 10, Peters (1983). 

these parameters and comparing the model results 
with observed data. The model was run over 18 
months. Successive modifications were then made 
to the parameter values, until the model simula
tion was a reasonable representation of the entire 
dataset. 

In order to explore the applicability of the 
model to differing environments, we ran parame
ter sensitivity analysis using the method of Ma
jkowski (1982). One parameter was changed for 
each run of the model by either plus or minus a 
fixed percentage and the relative change of model 
output used to calculate the sensitivity. This anal
ysis was used to identify whether an input parame
ter, when changed by a fixed percentage, produces 
a strong or a weak effect on the model output. 
The difference between the unperturbed and per
turbed results from the model is measured by: 

(19) 

where: Di is an index of sensitivity of the model 
output to an input parameter changed by p(%); X? 
refers to oyster dry flesh weight at the end of the 
integration period in the standard model - the 
model output with unperturbed parameters; Xi 
refers to oyster dry flesh weight at the end of 
integration period with perturbed parameters; and 
i is the number of days for which the model is 
run. 

Two model runs were done for each parame
ter, varied by both plus and minus 10%. The 
percentage change in oyster dry flesh weight (from 
the calibrated model output) was used as the 
measure of sensitivity of the change in the 
parameter value. 
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Fig. 2. Particulate concentrations of (a) seston; (b) chlorophyll 
a (ChI) and (c) particulate organic matter (POM) in the 
Marennes-Oleron Bay, France. 
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Fig. 3. Growth simulations of dry flesh weight (DFW) of the 
Pacific oyster in the Marennes-Oleron Bay, France. Dots are 
observed data and the line is simulated trajectory of DFW. 

4. Model calibration and simulation 

4.1. Calibration dataset 

During 1979-1980, the ecosystem of Marennes
Oleron Bay, France was characterised by high 
seston concentration (Raillard et ai., 1993; Barille 
et ai., 1997a). The seasonal variation of seston 
varied considerably from 10 to 350 mg 1- I wi th 
peak values in winter during the period of May 
1979-December 1980 (Fig. 2a). 

The chlorophyll a concentration was used as a 
measure of phytoplankton biomass. There was 
considerable variability in chlorophyll levels with 
a late spring bloom evident in both years (Fig. 
2b). Particulate organic matter varied with seston, 
but it did not correspond with the variation of 
chlorophyll a concentration (Fig. 2c). In calibra
tion and simulation processes, phytoplankton car
bon was used as the measure of available food 
because a number of studies have shown that it is 
the phytoplankton component of the seston which 
affects the growth of oysters (e.g. Fujisawa et ai., 
1987). Since variation in the ratio of chlorophyll a 
to phytoplankton carbon is generally large due to 
changes of composition of algal species, an aver
age value of 50 in the ecosystem was assumed 
based on range of field-derived values 
(Welschmeyer and Lorenzen, 1984). The initial 
dry weight of oysters at the state of the simulation 
was 60 mg (assumed 48 mg reserves, 12 mg struc
tural tissue). More detailed discussion on environ
mental vanatIOns can be found elsewhere 
(Raillard et ai., 1993; Barille et ai., 1997a). 

4.2. Calibration and simulation 

The DEB model was run over a period of 18 
months to compare simulated results with the 
observed data using datasets in the Marennes
Oleron Bay ecosystem from May 1979 to Decem
ber 1980. Calibration to the initial model was 
made until the model could reproduce the 0 b
served system behaviour adequately. Outcomes of 
the model are shown in Fig. 3. The measured 
values matched reasonably well with the cali
brated model outcomes. The growth of oysters 
corresponded closely with the variation of chloro
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Fig. 4. Simulated clearance rates (CR) of the Pacific oyster in 
Marennes-Oh!:ron Bay, France. 
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Fig. 5. Energy budget of the Pacific oyster. The solid line is the 
assimilated energy and the broken line is metabolic energy. 

Table 2 
Sensitivity analysis for model parameters 

Parameters D Parameters D 

iXA OA12 i;d 0.410 

iXn 0.016 1 OA1O 
0.087 P 0.410 

LT 0.049 Or 0.069 
I 0.014 Og 0.003 
A 0.734 d 1.768 
B 1.337 ( 0.186 

Sea 0.054 0.356 

Sj! 0.005 Y 5.668 

SHF 0.035 A. 0.046 
a 0.004 Q 0.126 

phyll a concentration. A spring bloom of phyto
plankton during 1980 resulted in fast growth of 
oyster flesh. However, reproduction and decrease 
of phytoplankton concentrations caused sharp de
clines of flesh weight from late June in 1980. 

Moreover, depression of the simulated clearance 
rate had frequently occurred due to high seston 
concentrations, particularly during winter periods 
(Fig. 4), which limited pumping rates of oysters 
and hence reduced food availability. The 
metabolism exceeded assimilation during some pe
riods of reduced clearance and low chlorophyll a 
concentrations, resulting in negative growth of 
flesh (Fig. 5). 

4.3. Sensitivity analysis 

The measure of sensitivity analysis, D, was 
averaged for plus and minus variation. Perhaps 
surprisingly, for an energy budget model, the 
oyster growth is relatively insensitive to changes 
in most of the model parameters (Table 2), indi
cating that the model is reasonable robust in 
simulating the growth of oysters in the Marennes
016ron ecosystem. However, the model was sensi
tive to some parameters such as the maintenance 
coefficient (y), metabolic weight exponent (d) and 
allometric index in length-core weight relationship 
(b). The model is particularly sensitive to change 
in the maintenance coefficient (y) which describes 
the temperature effect on metabolism. Since 
metabolic rate is not a linear function of tempera
ture, a 10'% change of y would magnify the oyster 
growth by over fivefold over the period of the 
integration. 

5. Discussion 

5.1. The model structure 

A dynamic energy budget (DEB) model has 
been developed on the basis of published informa
tion on energy acquisition and expenditure of the 
Pacific oyster. The purpose of the model is to 
simulate the growth and energetic response of the 
Pacific oysters to varying environmental condi
tions including temperature, food quantity and 
quality. Unlike traditional models, two state vari
ables (core weight and storage) were used in the 
DEB model, to avoid confusion between func
tional roles of structural and reserve tissues. After 
calibration, a reasonable agreement between sim
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ulated and observed growth of Pacific oysters in 
the Marennes-Oleron ecosystem was obtained. 

We ended up with a simple model. In designing 
our model, we attempted to restrict the number of 
parameters in order to provide as meaningful a 
model calibration as we could, since the greater 
the number of parameters the greater the proba
bility of there being multiple parameter sets which 
can give rise to a similar calibrated solution (see 
for example Beck, 1987). 

One noticeable difference between our model 
compared to traditional ones is that the model is 
designed to distinguish structural material from 
storage. The clearance rate is modelled as a func
tion of size and does not vary with storage. Simi
larly, the maintenance is also computed from core 
weight and is assumed to be independent of stor
age (Kooijman, 1993). 

This DEB model is designed so that the energy 
derived from food is first used for maintenance 
and any excess energy added to the storage pooL 
Hence, storage is replenished when food supply is 
abundant and declines during periods of food 
shortage. Naturally, the energy reserves are sensi
tive to feeding conditions, and hence equilibrium 
storage levels depend directly on equilibrium food 
densities but are not assumed to follow a function 
relationship as with Kooijman (1993). Hence it is 
easier to incorporate published information in 
order to develop functions (and associated 
parameterisation) of feeding and assimilation 
processes. 

Energy loss during gametogenesis has often 
been ignored in the development of energetic 
models. Energy for reproductive activities is sig
nificantly greater than can be accounted for solely 
in terms of gonadal development in some bivalves 
(e.g. Barber and Blake, 1981). Utilisation of ad
ductor muscle energy reserves for gonad growth 
in Argopecten irradians concentricus in the 2 
months prior to spawning was evident as mean 
adductor muscle index fell by approx. 23(X), whilst 
the mean gonad index increased by only 9°/t, (Bar
ber and Blake, 1981). Consequently, part of the 
adductor muscle energy reserves appear to be 
utilised during the later gametogenic stages, ap
parently providing maintenance energy for the 
transfer of recently absorbed food from the diges-

tive gland to the gonad. In Mytilus edulis, a 
conversion of carbohydrates into lipid has been 
observed during gametogenesis, associated with a 
loss of glycogen reserves, synchronous with stage 
II oogenesis and vitellogenesis (see Gabbott, 
1975). Decreases in glycogen content were also 
observed to be closely associated with sexual mat
uration in a few bivalve species including C. gigas 
where the gonad development was found to take 
place at the expense of stored reserves (Mori et 
aI., 1966; Krebs, 1970). This suggests that the 
energy used for gametogenesis comprises both 
recently assimilated and longer term stored 
reserves. 

The assumption that energy is transferred 
through a reserve pool to reproductive output by 
describing a cost of gametogenesis, therefore 
seems reasonable, and is a convenient mechanism 
for keeping the model simple, thus avoiding hav
ing to represent reproductive tissue as a separate 
variable. In the absence of experimental data, we 
have assumed that the energy loss due to gameto
genesis is proportional to storage. 

The period of gametogenesis of the Pacific oys
ter starts 6 months before spawning (e.g. Dina
mani, 1987). Therefore, we have represented the 
reproduction as two components reproductive 
output that is a sudden loss associated with 
spawning and gametogenic cost which is the 
metabolic costs associated with the development 
of gametes. The published information relating to 
reproduction of this species is, at best, semi-quan
titative. There is a strong need for quantitative 
investigation of energetics associated with 
reproduction. 

Using parameter sensitivity analysis, we have 
detected several sensitive parameters includin g: 
the maintenance coefficient (y); the metabol ic 
weight exponent (d); and the allometric index in 
length -core weight relationship (b). The model is 
particularly sensitive to the change in y due to the 
oyster respiration being a non-linear function of 
temperature. Unfortunately, there is considerable 
uncertainty in these parameter values. This is 
partly due to the sparsity of work done on oyster 
energetics, and partly due to the fact that much of 
this work has not been appropriately designed for 
the purpose of developing energetic models. There 
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is a need for physiological measurements that are 
designed to meet the requirements of the model. 

Although the model is sensitive to changes of 
some parameters over long periods, the effect is 
reduced when the period of integration is short
ened. For example, a 10(!;;) change in maintenance 
coefficient (y) results in over a 500% change in 
model outcome as represented by a change in 
total dry flesh weight over the total integration 
period of 570 days. Over a shorter period of 100 
days it results in only an 150tX) change. The 
sensitivities of the three most sensitive parameters 
were calculated and plotted against the time series 
of integration (Fig. 6). The model sensitivity in
creases near linearly with the time series of inte
gration. This finding is practically useful in 
assessing the usefulness of such models in the 
management of aquaculture systems, because 
there are still not many alternatives for such 
energetic models to be used as management in
struments in carrying capacity studies for shellfish 
culture in estuarine and coastal ecosystems 
(Scholten and Smaal, 1998). 

5.2. Applicability of the model 

It would appear from the data that changes in 
oyster dry flesh weight in and around the spring 
bloom are a result of changes in phytoplankton 
abundance (Fig. 2 and Fig. 3). Hence we have 

chosen to represent the food as chlorophyll a 
(ChI), converted to carbon (C) assuming a fixed 
C:Chl ratio. We have assumed in our model that 
other, detrital, sources of organic material (incor
porated into the total seston concentration) have 
only a negative effect on feeding. It would appear 
from the satisfactory fit obtained in this model, 
that this is a reasonable assumption for the 
Marennes-Oleron Bay system. Thus although the 
quality of total particulate organic matter (POM) 
changed seasonally, it did not follow the variation 
in chlorophyll a whereas the changes in oyster dry 
flesh weight did. Hence we failed to obtain good 
agreements between simulations and observed 
data using POM as a food source at any assimila
tion efficiency (data not shown). 

Overall, phytoplankton availability appears to 
be the most important driving force for the 
growth of oysters. This is in agreement with field 
monitoring studies of oyster growth (e.g. Fujisawa 
et al., 1987; Brown, 1988; Brown and Hartwick, 
1988) which have shown that phytoplankton 
blooms result in accelerated growth, but no strong 
linkage was found between oyster growth and 
detritus biomass. This may be due to detritus 
being of low food quality as a consequence of it 
being refractory (Klepper et al., 1994), and only 
the labile part, which may be quite small, being 
able to be assimilated (Williams, 1981; Klepper et 
aL, 1994). Although detritus may not be a signi:fi
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Fig. 6. Variation in sensitivity mdex (D) of the three most sensitive parameters with time series of integration. Thin solid line _. 
maintenance coefficient (y), thick solid line - metabolic weight exponent (d) and dashed line - allometric index in length-core 
weight relationship (b). 
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Fig. 7. Growth simulations of Pacific oysters in the ecosystems 
of (a) West Vancouver and (b) Lemmens Inlet, Canada. Dots 
are observed data and lines are model simulations. 
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Fig. 8. Chlorophyll a concentrations in the ecosystems of (a) 
West Vancouver and (b) Lemmens Inlet, Canada. 

cant food resource, it may improve digestion, 
which increases the absorption efficiency of phy
toplankton (Romberger and Epifanio, 1981). 
However, there is insufficient quantitative infor
mation to incorporate such an effect into the 
model at present. 

To further explore the overall importance and 
impact of phytoplankton biomass on the growth 
of oysters, we conducted a further simulation of 
growth. A further dataset consisting of chloro
phyll a concentrations, temperature and dry flesh 
weight of oysters was obtained from the literature 
pertaining to two coastal oyster culture systems in 
western Canada: West Vancouver and Lemmens 
Inlet (Brown, 1988; Brown and Hartwick, 1988). 
These data were collected for a period of 13-14 
months during 1984-85 at 1-2 monthly intervals 
(total of 12 and 14 samplings). 

For our purposes, the dataset was not suffi
ciently comprehensive to run the model. In partic
ular, no seston data were available. Hence we 
have modified the model to remove the depen
dence on seston concentration, since our major 
interest in simulating this dataset is to investigate 
the effects of variation in phytoplankton abun
dance on the oyster energetics. Therefore the 
functional response to seston concentration has 
been replaced with a functional response to food 
concentration, i.e. the parameter SHF is replace by 
FHF . Two parameters: the assimilation coefficient, 
p, and the half-food saturation, FHF, were consid
ered to be free fitted for the purpose of simulating 
this dataset. After calibration, the estimated val
ues were p = 0.36 mgC 1-1 and FHF = 0.31 mgC 
I I. Overall, the simulated trajectories of growth 
matched reasonably well with observed data (Fig. 
7). 

As with Marennes-Oleron Bay, fast growth pe
riods of oysters corresponded closely with phyto
plankton blooms in these systems in western 
Canada (Fig. 7 and Fig. 8). The simulated growth 
did not match well with the observed growth in 
the last 3 months in 1995 in Lemmens Inlet, when 
simulated values were considerably lower than 
observed growth. This may have been due to the 
lack of information on seston, or food quality 
incorporated into this model. However, no de
pressions of clearance rate were likely to occur in 
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the Canadian systems due to the low seston con
centrations in both systems ( < 32 mg I - I, Brown, 
1988). It may also be due to the sparsity of data 
on phytoplankton abundance. Phytoplankton 
blooms, which cause large variations in chloro
phyll a concentrations, may occur for short peri
ods of time. Model outcomes are subject to the 
accuracy of model inputs. Inputs from such an 
incomprehensive dataset would lead to inaccurate 
estimates of growth. 

It may not be possible to use consistent values 
of the feeding parameters, p and FHF (which we 
have treated as free-fitting). The variation in food 
and seston sources between ecosystems may be 
sufficiently complex as to confound any consistent 
parameter values. Overall it appears that phyto
plankton is the dominant influence in controlling 
oyster energetics, although other factors such as 
high seston may be important at times, e.g. clear
ance rate appears to be depressed during some 
periods in the Marennes-Oleron study. 

Overall, the DEB model has proved to be a 
useful research tool that is capable of generating 
testable hypotheses on oyster energetics. The cali
brated model was sufficiently capable of repre
senting a dataset from the ecosystem of 
Marennes-Oleron Bay to suggest that it could be 
used as the basis for quantitative estimates of 
oyster growth and condition in a larger carrying 
capacity model. 
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