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Abstract

The mussel industry in Newfoundland began in the early 1980°s. with the number
of farms increasing rapidly over the next ten years. By the early 1990's some of the
farms had grown quite large. in excess of 100 hectares, and the industry was becoming
concerned about the carrying capacity of some sites.

This project was initiated to evaluate the carrying capacity of 2 commercial
mussel farm. owned and operated by Atlantic Ocean Farms Ltd., in Fortune Harbour.
Newfoundland. The site operators noted it was taking longer to obtain a market size
mussel than it had in previous years.

Over the two year study period, 1994-1996, mussels suspended at 2 m and 15 m
and at opposite ends of the site were significantly different in shell length. dry tissue
weight. dry shell weight and. in those near the surface, in condition.

Chlorophyll-a. temperature, and salinity at 2 m were not significantly different at
either location although both salinity and temperature at 2 m were significantly different
than at 15 m. The site had a low current speed, <2 cm/s. low tidal flushing, and less than
optimal chlorophyll-a concentrations with an annual mean of 1.6 pg/L.

There were three different carrying capacity models used to determine an
appropriate stocking density for the site: tidal volume method. food depletion approach.
and food demand versus food supply. The stocking density present on the site. 65 x 10°
mussels in 1995. was more than two times the suggested stocking density based of these
models.

It is recommended the operators reduce density of mussels on the site and stock at
a rate of approximately 14,000 socks annually or 35 x 10° mussels (132 socks per hectare

or 33 x10* mussels per hectare).
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Introduction

1.1 The Mussel A Industry

The mussel industry in in the late 1970's.

although there was an industry utilising wild mussels for several vears prior to this. In
the 1960's there were three commercial mussel canning operations in Newfoundland.
The operations harvested mussels from wild beds. but eventually closed due to unreliable
supply and competition from other protein sources (Sutterlin et al.. 1981).

Inconsistent supply prompted research toward the development of a blue mussel
aquaculture industry. Studies were initiated by the Marine Science Research Laboratory
of Memorial University in the 1970's with a research site established at Garden Cove.
Placentia Bay. in 1976. Various types of equipment and site configurations were
evaluated including; rafts and the Japanese long-line for suspending mussels. net arrays
and ropes for collecting and growing the seed (Sutterlin et al.. 1981). This research
eventually lead to the establishment of the Province's first commercial mussel farm at
Winter Tickle. Notre Dame Bay. The first gear was deploved in 1981 to culture Myrilus.
edulis L. using Japanese long-line technology similar to that in use today. Subsequent
analysis revealed the industry was not producing pure M. edulis but rather a mixture of
M. edulis and Myrilus trossulus (Bates and Innes, 1995).

By 1994. the mussel culture industry had expanded to 58 licenced sites.
employing 160 persons with sales of 399 mt of product valued at $878.000 (DFA. 1994).
There were sites being evaluated or established in many of the bays around the Province
although most of the activity was focused in Notre Dame Bay.

The industry had developed such that some mussel sites were covering areas in
excess of 100 ha. Aquaculturists were working to maximise the production obtained
from leases and reduce costs. isation was gaining i on the farm with
most businesses obtaining larger, more powerful boats fitted with hydraulic lifts. The
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level of farm expansion was a concern to the industry as there was limited information on
carrying capacity, and whether the wild food supply could support the growth rates of
mussels held at high densities.

There was also limited information to assist growers predict the growth of
bivalves under field conditions, yet maximising growth is one of the main objectives of
mussel culture (Mallet and Myrand, 1995). Growth information allows farmers to
control density. reduce mortality. and increase size. offering economic projections and
stability to the industry (Mallet and Carver, 1991).

1.2 Project Rationale

The research site used for this project was established by Atlantic Ocean Farms
Limited in 1983. The site was developed over an extended period and used for both
collecting seed and grow-out. Seed collection was quite good in the early vears but as
the stocking density increased volume of seed obtained dropped significantly (J. Ward.
Atlantic Ocean Farms. pers. comm.). To ensure that adequate seed was available to meet
company objectives. seed was also obtained from a number of other sources including
wild beds on the South Coast. salmonid aquaculture grow-out cages in the Bay D’Espoir
region. and other seed collection sites throughout the Province.

In addition to a reduction in seed collected, site operators also noted that the time
required 1o obtain a market size mussel appeared 1o be getting longer (J. Ward. pers.
comm.). There was uncertainty as tc whether the extended gmw-out period required to
obtain mussel market size was related to itions or if the

company had stocked the site to a level that could not be sustained by the wild food
supply. As a result of the concern about reduced growth rates, this research project was
initiated to gain a better ing of the itions of the site and the
variables that influence mussel growth. The study was designed with the prediction that

if the site was overstocked and mussels at the entrance to the site would have first access
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density of animals (Maximovich et al., 1996; Heasman et al.. 1998), and biofouling
(Grant et al., 1998).

Food

Mussels are active suspension feeders which filter suspended particulate marter.
seston. from the water. Seston is composed of non-viable material such as particles of
silt. clay. and detritus. and viable material such as bacteria, phytoplankton. and
invertebrate eggs and larvae, i.e. particles ranging in size from less than 1 pim to greater
than 1 mm. Widdows, Fieth and Worrall (1979) found that filtration rate was a unimodal
function in relation to wild seston concentration (dry weight per litre). and that optimum
seston ion increased with il ing animal size.

Seston quality has been extensively investigated in response to mussel feeding.
Murilus edulis is i 10 be an indiscrimis active ion feeder (Ward and
Targert. 1989). where the filtration rate is not normally stimulated by ectocrine

ot with pl exudates.

Food is probably the single most important factor influencing growth rate of
mussels worldwide (Seed. 1976; Page and Hubbard. 1987: Seed and Suchanek. 1992:
Mallet and Myrand. 1995: Campbell and Newell, 1998). If food is scarce. growth is
retarded regardless of all other conditions (Seed, 1976). Food limitation, in the dynamic
environment of a mussel culture system, may result from either quantitative or qualitative
depletion of the food source, which may be a reduction in total particulate matter
availability, or a change in ratios of phytoplankton to detritus, or organics to inorganics
(Hickman. 1992).

Food availability has a greater effect on growth of M. edulis than temperature
variability (Page and Hubbard, 1987) and may influence the growth rate of mussels at
different sites i of di in water

Fréchette and Bourget (1985b) found that growth of Myrilus edulis was
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y at the sedis interface with growth 1.0 m
above the mussel bed. Growth differences resulted from vertical depletion of food.
which was attributable to the feeding activity of the mussels themselves.

In a study of the winter growth of M. edulis in Nova Scotia. Mallet et al. (1987b)
found that shell growth was not food-limited at ice-covered sites but that tissue growth
was food limited. They suggested that the development of the spring plankton bloom
may be necessary to provide sufficient food for substantial tissue growth.

Reduced growth in response to limited food has been demonstrated in bivalve
species other than mussels. The growth response of the eastern oyster, Crassostrea
virginica. and the bay scallop, Argopecten irradians irradians, to varying degrees of food

has been attril to dense of shellfish that rapidly deplete
ambient food concentration under conditions of low current speed. resulting in
measurable effects on growth and condition index (Rheault and Rice. 1996).

Depth

Food density may increase with depth as phytoplankton blooms sink. Dabinert
and Clemens (1997) reported an increase in food levels (chlorophyll-a concentrations) of
12% at depths of 7-12 m t0 2-7 m. while by 24% at the
greater depths at eight Newfoundland mussel farms. They suggested that growers should
experiment by lowering mussel socks to deeper water to utilise the increased food
resource, which would more than offset the temperature effect.

The growth rate of M. edulis was higher at a depth of 9 m than at depths of 2 m
and 18 m at Santa Barbara, California (Page and Hubbard. 1987). Differences in mussel
growth rate with depth were not associated with water temperature, since water
temperature decreased with depth. This study may not be indicative of what might be
expected in waters as the low i at 18 m was 9°C
off California. while in Newfoundland at similar depths temperatures can reach ~2°C.




Temperature

Temperature has been widely dged as an i factor in i

growth in mussels, with optimum growth occurring at temperatures between 10°C and
20°C (Seed, 1976). In Atlantic Canada, cultured mussels are often exposed to

temperatures ranging from -2°C to more than 25°C. Shell growth in all size classes of
mussels is much reduced at low i.e., when the drops below

0°C. whereas the highest growth rates are typically observed after the spring bloom but
before spawning (Mallet and Myrand, 1995).

Almada-Villela et al. (1982) studied the shell growth of M. edulis at 16 different
temperatures and found that growth increased logarithmically between 3 and 20°C but
above 20°C the growth rate declined sharply. Further, at lower temperatures (3°C and
5°C) growth rates were constant but very low.

In a study on the growth of raft-cultured mussels, M. edulis, at spring
temperatures (12-20°C) and autumn temperatures (8-20°C) in Norway, Nielsen (1988)
reported the acute response to temperature exposure is an increase in shell length with
temperature. He found that in acclimated mussels the rate of increase in length decreased
with increasing temperature. Maximum shell-length growth was recorded at the lowest
experimental temperatures. i.e., 8°C in autumn and 12°C in spring.

A relationship between growth and temperature is clearly demonstrated when
shell length is plotted against age in day degrees (Seed and Suchanek. 1992). However.
growth rates expressed in these terms are not always consistent, which suggests that
factors other than temperature (e.g., food supply) are probably involved (Kautsky. 1982;
Thompson, 1984b).

Salinity

Brackish estuaries and lagoons are known to be suitable for mussel growth but



this probably reflects increased food levels in these environments rather than any
beneficial effects of reduced salinity (Seed, 1976; Seed and Suchanek, 1992). Myrilus
edulis can survive considerably reduced salinities and this frequently provides substantial
protection against less tolerant predators, but at concentrations below 20 %o there is a
detrimental effect on growth (Almada-Villela, 1984).

The effect of salinity on mussels has been studied most frequently in the Baltic
Sea as Myrilus edulis represent one of the few marine species that have managed to adapt
10 the reduced salinities found in that environment (Kautsky. 1982). Shell growth rates
were reduced in the wild ion due to i i ition where the main
abiotic factor was found to be salinity (Kautsky, 1982).

Current Speed

Bivalve molluscs are generally active suspension feeders, yet few authors have
investigated the effect of velocity on mussel filtration/feeding or growth rates (Wildish
and Kristmanson, 1997). Seston quantity available for mussels is a function of both
concentration of seston particles and flow or velocity. Measurements of blue mussel
filtration rates as a function of velocity in the range of 6-38 cm/s (at constant seston
concentration of 10* algal cells/mL ) indicated that filtration rates were inversely
proportional to velocity. Growth experiments with blue mussels over a velocity range of
0.1 - 3.89 cm/s showed that growth was asymptotic with respect to velocity and that up to
approximately 2 cm/s growth increased with velocity. Examination of individual growth
rates showed that upstream mussels grew better than downstream ones at flows < 2 crvs.
but at > 2 cm/s there was no significant difference between upstream and downstream
individual mussel growth. The authors also stated that if seston concentration was
increased or mussel density reduced, quite different growth results would be expected
(Wildish and Kri: 1997). The ion by Bayne et al. (1976) that the
relationships among velocity, filtration rates, seston concentration and respiration in




mussels need to be elucidated has not yet been followed (Wildish and Kristmanson.
1997).

Camacho et al. (1995) reported that chlorophyll-a content of the water was a
secondary factor explaining growth variation compared to the major effect of actual

phy ilability, as ined by the current speed.
Fréchette and Bourget (1985a) measured fluctuations and vertical gradients of
organic matter ions over an intertidal mussel bed over formightly

tidal cycles. Their data indicated that food is often depleted immediately above mussel

and that water is critical in ining food availability for

suspension feeders.

1.4 Mussel Growth on Aquaculture Sites

Itis ironic that the decreased growth rate of mussels. normally associated with
dense culture. is one of the most poorly documented aspects of culture environments
(Newell, 1990). i ich et al. (1996) ined and modeled growth and mortality
at commercial mussel farms in the White Sea. They reported very slow growth rates as a

result of a short growing season. 3 months, and that annual length increments of mussels
and reducing numbers of mussels were a function of their initial length and the density of
animals on the artificial substrate.

Heasman et al. (1998) studied growth rates at a raft culture system of mussels.
Myrilus galloprovincialis, in Saldanha Bay, South Africa. They reported reduced growth
rates associated with food depletion and that food depletion through the raft increased
with the age of mussels suspended from it. Further. decreased rope spacing resulted in
increased feeding and greater ion of water exch: which enh: d the food
depletion rate.

In Ria de Arosa (Galicia, Spain), experiments directly on mussel (Mytilus
galloprovincialis) culture rafts under wild itions of food
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that scope for growth (SFG) measured at the front of the raft was consistently higher than
ar the back (Navarro et al.. 1991) and confirmed empirical evidence on growth rates. The
clear difference between SFG values measured at the front and back of the raft was

partially ined by i i in food availability. F these rafts

were moored to a single point and permanently oriented toward the current. so that
mussels near the point of (front) always food first, resulting in

consistent differences in growth rates within a single raft.

In Atlantic Canada, Mallet and Carver (1993) investigated growth and survival of
three size groups of mytilid mussels from a commercial aquaculture farm located near
Lunenberg. Nova Scotia. They reported low growth rates from November to February.
but an increase in shell growth in March. with some of the smallest mussels exhibiting
the highest growth rates. There was no attempt to show how growth rates were affected

by densities of animals present in an active mussel aquaculture operation.
Condition Indices
In overstocked sites, condition index is a useful measure of nutritive stress.

Condition indices relate the amount of flesh to quantity of shell and have been used

extensively for many vears in scientific research, the commercial fishery and aquaculture

(Seed and 1992). In dition indices serve two purposes.
economic (to designate the quality of a marketed product, e.g., the steamed meat yield) or
ecophysiological-to characterize the apparent health of a stock or to summarise the
physiological activity of animals under given environmental conditions (Crosby and
Gale. 1990).

These indices may be used to follow seasonal changes in gross nutrient reserves
or indicate differences in commercial quality (meat yield) of bivalve populations (Lucas
and Beninger, 1985; Crosby and Gale, 1990). Ina study by Rheault and Rice (1996).
both oysters and scallops o i food availability with




similar declines in incremental growth as well as condition index. Furthermore.
condition index was shown to be the most sensitive of the indices to changes in ration
downstream and is the preferred method of assessing health of a population.

In Pelorus and Kenepuru Sounds, New Zealand. Hickman et al. (1991) monitored
mussel condition at 12 commercial farms for a two-year period in response to industry
concerns that food limitation. due to overstocking, was causing a decline in condition.
They reported that envis data the condition data by showing gradients
along the length of the sound. A study by Heasman et al. (1998), with raft-cultured

mussels. Myrilus galloprovincialis. reported that condition at the center of the rafts
tended to be lower than at either end.

To date there is no information available on the downstream condition of mussels
on bivalve farms in Atlantic Canada.

1.5 Biomass

There are ongoing studies to determine the optimum stocking density for shellfish
farms in Newfoundland (C. Couturier. Marine Institute of Memorial University of
Newfoundland, pers. comm.), vet there has been very little estimation or record keeping
10 determine the biomass of arimals present on an operating site. The biomass at a farm
is continually changing as seed is transferred both to and from a site. and as animals
erow. spawn, die. and as product is harvested.

For a site owner, the focus is usually on the number of socks or collectors in the
water and the total quantity available for harvest at present or in the near future. Scant
antention is focused on carrying capacity and total biomass of all year classes.

1.6 Carrying Capacity

The concept of carrying capacity, originating from population ecology. has been



11

used in bivalve aquaculture as culture operations rely on wild seston as the source of food
for the farmed bivalves. Considering a culture site or shellfish farm as an ecosystem. the
carrying capacity can be defined as the maximum standing stock that can be supported by
a given ecosystem for 2 given time. Mathematically, the carrying capacity. K., is a term
in the equation that describes the logistic or “S™ shaped growth curve. where the change
in population size. N, over time. T, is given by

dNAT = r (1 -NK)N

where r is the rate of increase and K is the i ion size (Erri 1934;

Odum. 1953 cited in Smaal et al.. 1998). At an aquaculture site. carrying capacity for
exploitation may be defined as the standing stock at which the annual production of a
marketable cohort is maximised (Bacher et al.. 1998). Here, the concept of an annual
vield has been introduced. A basic rule of exploitation is that maximum yield is obtained
from populations at less than maximum density (Krebs, 1972, cited in Smaal et al..
1998). Thus exploitation carrying capacity may be defined as the stock size at which
maximum yield is achieved from a cohort. If i i ions are

included. where the goal is to imise return on i rather than imise vield

of marketable product. then the economic carrying capacity may differ from the
exploitation carrying capacity (Smaal et al., 1998), but no examples using this definition
were found in the literature.

Some definitions refer specifically to growth rate, for example “Carrying capacity

is the stocking density at which ion levels are without

2 y
affecting growth rates” (Carver and Mallet, 1990) or “Carrying capacity is the change in
growth trajectory for individual animals as a function of stocking density (Grant et al..
1998). who in the same report, also propose another definition in ecological terms “the
maximum flux of mussel carbon biomass that can be derived from phytoplankton™.

The possible consequences of overstocking a site include reduced growth rate,
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increased mortality, negative effects of biodeposition on the benthos, slow recovery of
meat yields after spawning and susceptibility to disease (Grant et al.. 1998), so a
reasonable estimate of carrying capacity is a very useful measure for shellfish
aquaculture production. Reports of carrying capacity estimations for shellfish farms
using suspended-culture systems date from the early 1980’s (Incze et al., 1980; Incze et
al.. 1981) and the growth of the shellfish culture industry world-wide has facilitated
numerous investigations since that time. These investigations generally focus on food
quantity. quality. and other seston characteristics, supply and demand. feeding
physiology. and physical factors such as temperature. depth. water flow dynamics. with
all parameters integrated over annual cycles. Some of the more complex models (e.g..
MUSMOD?. Campbell and Newell 1998) require over 50 initial input parameters and
forcing functions. There have also been attempts to estimate carrying capacity from
relatively few basic inputs (e.g. Carver and Mallet 1990. Grant and Bacher 1998. Grant
1999). These latter are ally useful in site where resources

do not permit major studies involving many collaborators.

Carrying capacity studies may be categorised from a trophic level perspective as
either “top down™ or "bottom up™ (Grant et al., 1998). The top down approach is based
on an existing mussel yield. and estimates the phy food supply

(Incze and Lutz. 1980; Incze et al.. 1981; Rosenberg and Loo. 1983). The bottom up
approach phy ion and water and the
potential production of mussels based on principles of energy flow (Rodhouse and
Roden. 1987: Raillard and Menesguen, 1994; Dowd, 1997). The latter approach may be
‘broadened into a whole ecosystem study to include other potential competitors or
phytoplankton sinks. For example, with raft culture of Mrtilus galloprovincialis in the
Benguela system of S.E. Affica, the total primary production was partitioned 21% to
mussels, 7% to bi i i 24% 0 and 41% to

feeding benthic organisms, leaving 8% as a surplus (Grant et al., 1998).

for ing bivalve carrying capacity are summarised



by Small et al. (1998), who present a brief synthesis of the results of an EU-sponsored
~Carrying Capacity workshop” (TROPHEE) held in October 1996 at Plymouth (UK)
(Bayne. 1998; Grant and Bacher, 1998). Common features for carrying capacity models
include feeding physiology and scope for growth (the energy from ingested ration
available for growth remaining after respiratory, excretory, and faecal losses), spawning.
and mortality. i and ition with other ion feeders has been
included in some studies. Food supply is calculated from primary production. and

sometimes resuspension. with the former requiring measures of nutrient availability. light

attenuation. and temperature; food delivery also requires hydrodynamic submodeling

Precise minil i for ining carrying capacity differ
depending on the scale of the study, i.e., local or ecosystem (Smaal et al., 1998). The
local scale model can be used for site selection and density optimisation. and is nested
within an ecosystem scale model. Local scale models include variables such as water

velocity gradients, i i i matter (SPM).

1y i detrits, season. salinity, oxygen
concentration. shell length, dry weight, filtration. ingestion. abscrption. respiration.
excretion. storage, gametogenesis. seed stocking, cohort size and age, mortality,
harvesting, and total stock size. Ecosystem scale models require. in addition. variables

related to primary production. such as the supply of limiting nutrient. mineralisation.

for and an ing of energy flow to the various trophic levels
and populations in the ecosystem.

From a practical perspective, relatively simple approaches to the determination of
exploitation carrying capacity are preferred, providing the outcomes are accurate enough
to predict the harvest within t ranges of variability. In Atlantic
Canada. two such approaches show promise, those of Carver and Mallet (1990) and
Grant and Bacher (1998).

In the study by Grant and Bacher (1998), a model of feeding behaviour using
simple formulations of the energy budget (statistical model) was adequate to simulate




growth, which was measured at a Nova Scotian grow-out site to validate model
predictions. The energy budget was formulated in terms of ingestion, POM. and

, and respi costs were esti from literature values. The
authors found thar this model satisfactorily predicted growth in environments where
seston values were not extreme (e.g. high turbidity). They also applied sensitivity
analysis to critical variables related to absorption efficiency to identify the more

significant variables in terms of accuracy of the output of the model. The model
indicated that seston depletion caused a relatively steep reduction in growth rate. The
growth penalty resulted in a greater variance. 46%. (expressed as coefficient of variation
(CV)) in the harvestable meat weight (Grant, 1999), compared with the CV of 23%
resulting from variation in initial stocking seed size.

Since uniform harvest size is a desirable outcome from a farming perspective.
optimal production strategies should minimise variation due to seston depletion from
possible overstocking. Furthermore, CV, which is easy to determine, may be a very
useful indicator of site potential.

Two methods for estimating carrying capacity or stocking density for bivalves
(mussels and scallops) in coastal inlets have been described by Carver and Mallet (1990.
1996). a tidal exchange model and a food depletion model. In the tidal exchange model.
food supply is from of tidal exch and POM. and food
demand esti from grazing i in the field. Food supply divided
by food demand was used as an estimate of carrying capacity and calculated at weekly

intervals giving a range of values varying seasonally.

The food depletion model estimates carrying capacity based on the rate at which
food is depleted as it moves through a site. Estimates of current flow. food quantity and
filtration rates are required, together with a critical threshold value for seston depletion
used to identify the maximum stock size or carrying capacity that can be recommended
without adversely affecting growth rates. Primary production values are not required for
these two models.



The tidal exchange model has been applied to several sites in Newfoundland
(Dabinett and Clemens, 1993; Lawrence, 1996), but the predicted carrying capacities
have not yet been verified by actual production statistics.

1.7 Study Outline and Objectives

This study originated in 1994 when the operators of a mussel farm at Fortune
Harbour, Notre Dame Bay, Newfoundland (a long, narrow closed embayment) reported
that growth rates of mussels on the site were dropping, resulting in a longer time to reach
harvestable size, 24 months from 1987-1993, and 30-36 months in 1994 depending on
location within the site (Lawrence, 1996). The causes could have been due to inter-
annual environmental variation or stocking density in excess of carrying capacity.

The site management provided data on location and density of long-lines over the
lease. approximate numbers and locations of the cohorts of three year classes
representing newly stocked year | seed, year two and year three mussels and annual
harvest biomass.

The objectives of this study were to investigate the carrying capacity of the site.
and the relative food requirements of each year class of mussels to provide information
for management decisions.

Specifically the aims were:

1. To describe the site in general hydrodynamic terms relevant to factors affecting food
supply.

2. To measure mussel growth and condition indices at each end of the site, termed the
entrance and the end, and at two depths ing the range of | regimes
present.




3. To collect or assemble available data in terms of TPM, POM, PIM, chlorophyll-a.
temperature, salinity, year class structure, harvest volume, and mortality relevant to

carrying capacity determination.

+. To determine if there is a downstream depletion of food on an operating mussel culture
site.

3. To determine how much mussel production can be supported by the food supply and

tidal volume.

6. To make ictions useful for i ion and site




2. Materials and Methods
2.1 Study Site

The commercial mussel farm (49°52'N, 55°27°W) used for this research project
(Figure 1) is located on the northeast coast of Newfoundland approximately 70 km north
of the Trans-Canada highway on route 352. The site. referred to as Northwest Arm. is
adjacent to the community of Fortune Harbour, Notre Dame Bay. The site is leased and
licenced 1o Atlantic Ocean Farms Limited, which also operates a mussel processing plant
in Fortune Harbour. The site is largely enclosed by land, with two narrow entrances at
the south (400 m wide) and southeast (100 m wide) ends of the site. The southeast
opening is very shallow (2 m) and only navigable at high tide. The licenced area of the
site totals 87 hectares (J. Ward. pers. comm.), although this does not include some of the

areas that are i for The total surface area of Northwest
Arm is calculated to be 106 hectares.

2.2 Environmental Monitoring

A conductivity, temperature, depth meter (CTD, Seabird Electronics Inc..
Washington. USA) was used to measure the various environmental variables of the water
column at different times throughout the two-year study period. The recordings occurred

at various times of day and different stages in the tidal cycle. The meter was equipped

with a o measure ion. CTD data was
using Surfer (Win 32) software, version 6.01 (Golden Software Inc. Colorado, USA.
1995).

Values for total particulate matter (TPM) and particulate organic matter (POM)
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Figure 1: Location of study site, 49°52°N, 55°27°W, at Fortune Harbour, Notre
Bay, Newfoundland.

were obtained for this site covering the study period from published technical reports
(Dabinett and Clemens, 1997; Clemens et al., 2000).

To provide a long-term measure of h (HOBO® - Temp,
Temperature Logger, Onset Computer Corporation, Pocasset, MA, USA) were attached
to the main lines at 2 m and 15 m at both ends of the site. These thermographs were set
to record temperature every 5 h,

To obtain measurements of current speed in the vicinity of experimental gear, a
current meter (Interocean Systems, Inc. Model $4) was deployed at each end of the site
for 24-hours on November 8-9, 1999 and November 16-17, 1999. The deployments were

timed to coincide with the neap tides and spring tides for the period. Meters were secured
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by a concrete weight lowered to the ocean bottom and held buoyant by a subsurface float
tied one metre above the current meter. The current meters were set at three metres

below the surface, adjacent to the site of the experimental socks.

2.3 Mussel Growth

Two long-lines, one at the southern entrance to the site and one at the northern
end (Figure 2), were installed in October 1994. Mussel socks (24), 3 m in length. were
suspended from each of these lines. The 24 socks included 12 socks of seed taken from a
site adjacent to Random Island, Trinity Bay (mean shell length 3.27 cm). and 12 socks of
seed originating from Roti Bay, Bay D’Espoir (mean shell length 1.44 cm). on the South
Coast. Six socks were suspended starting at 2 m below the surface and 6 suspended at 15
m from the surface. To determine if there was a difference in the growth, the socks were
filled to a density of 500 seed per metre and attached at intervals of 0.5 m along the
mainline. The Random Island seed was taken from collectors in an aquaculture site in
Long Harbour, Random Island, Trinity Bay, which is situated on the north end of the
island. The Roti Bay seed came from Atlantic salmon cages used in the aquaculture
industry in Bay D’Espoir. The long-lines were suspended using 41 cm floats, 1 for every
3 socks. Although, two seed sources were used in the study there was no comparison of
growth based on seed source completed as the Random [sland seed was much larger at
the beginning of the experiment.

Mussels were sampled six (6) times between October 1994 and October 1996.
During each sampling mussels were collected from the top, middle, and bottom of each of
3 socks of the different seed sources and depths. Each sock was treated as a separate
sample and mussels from different parts of the sock were pooled and thirty (30)



Figure 2: Location of the sampling stations at Fortune Harbour. A = the entrance to the

site. B = the end of the site. C = the entrance to the open ocean.

animals were haphazardly removed for analysis. Individual mussel shell length (L).
width (W). and height (H) were recorded to the nearest 0.01 mm using calipers.

Condition Index

The mean wet weight of mussels of each size/year class was determined for use in
biomass calculations. Adductor muscles were cut and animals were placed with their
ventral edges on tissue paper to allow intervalvar water to drain. Tissues were then
dissected and placed in a pre-weighed aluminum pan for drying. Both valves were placed
together in a pan separate from the tissue. Pans were dried at 70°C until constant weight.
which was measured to the nearest 0.0001 g.

Condition Index (CI) was calculated using a formula described by Walne and
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Mann (1975) such that Cl is  ratio of tissue dry weight (Wt) and the dry weight of the
shell (Ws), as follows:
CI = (WvWs) x 100

Coefficient of Variation - Dry Tissue Weight

Using dry tissue weights obtained for ion of the condition index. the ient of

variation for mussel dry tissue weight was calculated using the formula:
Coefficient of Variation (CV) = (Standard Deviation / Mean) x 100
2.4 Biomass

Calculation of biomass was done using a combination of data obtained from
company records. data collected through the course of this project. and statistics
submitted to the Department of Fisheries and Aquaculture as part of the annual licence
renewal. This information was used to determine location and biomass of the three vear
classes (year 1. year 2, year 3 cohorts) present during the autumn of each yvear throughout
the project period-

Number of Socks and Collectors Deployed each Year

The site operators provided a record of the location of all deployments and
retrievals of socks and collectors. Information was recorded by line number and
corresponded to a line number on a master chart maintained by the company (Figure 3).
This information was used to determine location and number of collectors and socks of



each vear class present on the site at any given time.
Average Yield per Sock

The site operator deployed socks that were 3 m long and filled at a mean density
of 760 mussels per metre. From historical production figures obtained from the
Department of Fisheries and Aquaculture, and number of socks harvested from

company records. the average vield per sock was calculated as follows:

Annual production (kg) / number socks harvested = yield per sock (kg)

The estimate of the vield per sock was then increased by 25% to account for the
standard overpack of each shipment at the processing facility to account for weight loss
that occurs during transit to market. The processing facility does not get compensated for
this volume of product and it is not routinely reported as production. In calculations of
biomass for this study this extra weight was included.

Number of Mussels in a Sock

The initial stocking density of the sock was approximately 830 animals per metre
ina 3.3 m sock for the aquaculture operation (J. Ward, pers. comm). Using the average
vield per sock for this company, as stated above, the number of mussels in a sock at
harvest was calculated. Further. the number of mussels in a sock 12 mo after installation
was calculated as follows:

No. at 12 mo = No. at 24 mo + (initial density-24 mo density/24x12)
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Figure 3: Location of 92 long-lines on the commercial mussel farm. On these lines were
collectors and socks of three different year classes of mussel.

The reduction in number over time represents losses due to mortality, predation, and
falling off the socks.

Biomass Calculation
Total mussel biomass present on the site is the sum of the biomass of each of the

three year classes. Using the following formula, each cohort biomass present on the site
at a fixed time during the autumn of each year was calculated:

Biomass of cohort = no. socks of this cohort x no. mussels per sock x average mussels

‘weight



2.5 Carrying Capacity

To evaluate the carrying capacity of the site, three different modeling techniques
were used. the first two being the tidal volume approach and the food depletion approach
described by Mallet and Carver (1995b). The food depletion method is 2 modification of
one method used by Rosenberg and Loo (1983). The third technique assesses carrying
capacity by calculating the ratio of food demand to food supply (Carver and Mallet.
1990).

Tidal Volume Method

The tidal volume method assesses carrying capacity on the basis of tidal volume
of water entering the site and ability of mussels, based on filtration rates. to deplete the
food supply in the incoming water. The method assumes a complete exchange the tidal
volume on each cycle and therefore a replenishment of the food supply. It addition it is
assumed there is no primary production of food within the site.

The volume of water entering the site was calculated using a 1:25,000 scale chart.
LC4520, published by the Canadian Hydrographic Service, Minister of Fisheries and
Oceans Canada. Tidal height records were determined using data from the Canadian Tide
and Current Tables (1994-1996), Atlantic Coast and Bay of Fundy. Tidal heights were
determined for the reference port St. John’s and then corrected for the site using the
closest secondary port, Exploits Upper Harbour.

Using the scale of the map, the area (ki) covered by the entire map was
calculated. The page was then weighed and the area covered by the aquaculture site was

cut out and weighed. The area of the site was then calculated as follows:

Area of the site (km?) = (weight of site/weight of entire map) x area of map



Figure 4: A cross section of a site to illustrate how it was subdivided for the purpose of
calculating volume of water in the site. Each symbol. a-d, represents a 2 fathom
depth contour. The volume in each section was calculated separately.

The site was cut out of the chart by depth contours at 2 fathom intervals (Figure 4), as
chart depths were recorded in fathoms, and the area of each contour determined as a
proportion of the entire site on the basis of its weight versus weight of the entire area
covered by the site. The surface area of each contour was multiplied by the mean depth
of each contour to determine volume. Volumes were then summed to give total volume
of the site at mean low tide.

The tidal range during a spring tide and a mean tide were determined from tide
tables. The volume of water added to the site during both tidal periods was estimated by
multiplying the tidal range values by the total area of the site.

Using the tidal volumes, the length of time it takes to exchange the entire volume
of the site (tidal exch: ient (T)) and the of the site that is exchanged
(dilution factor (D)) during each tidal cycle were calculated as follows:




T=((vpYp)xt
where v=low tide volume, p= intertidal volume, t= tidal period and,
D =p/(v+p)

The proportion of incoming water filtered by an increasing density of mussels was
determined using the mean tidal volumes and published filtration rates for this species.
Filtration rates were obtained from literature values reported for mussels under ambient
Newfoundland conditions-year 1 mussels from Mooney (2000) and market size (vear 3)
mussels from Thompson (1984). The filtration rate of year 2 mussels was estimated
using dry tissue weight from this study and dry tissue weight and filtration rates from
literature values using the allometric equation relating filtration (F) to weight (W), F=
aW?®. and plotting log F against log W.

Filtration rates were converted to m*/mussel/tidal cycle. The volume of water
filtered during a tidal cycle was calculated by multiplying the filtration rate by the density
of mussels on site. The percentage of the incoming water that was fiitered during a tidal

cycle was calculated for various mussel densities.
Food Depletion Approach

The food depletion method of assessing carrying capacity, estimates the decline in
food concentration as water passes through site, using estimates of flow rates, food
concentration, and filtration rates. Stocking density is assessed assuming food levels
(expressed as carbon) not be allowed to decline below the critical minimum value
required to support growth, the minimum carbon requirement. This method assumes that
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all mussels at the entrance to the site have first access to food on an incoming tide and
consequently that the food level is reduced as water moves through the site at a measured
current speed, and food is progressively depleted.

To calculate densities of mussels filtering the incoming water, the site was divided
into groups of ten lines beginning at the entrance to the site. On the basis of standard
management practice for this site (J. Ward, pers. comm.), the following assumptions were
used:

- socks were set 0.5 m apart
- each sock was 3.3 m long

- the longlines were set 29 m apart

The number of mussels in a newly seeded year 1 sock, 2 year sock and 3 vear
sock were 2500, 1550, and 600, respectively based on calculations in the biomass section
described above.

The number of mussels present in each group of 10 lines was calculated by
multiplying the number of socks of each year class by the density of mussels in a sock of
each respective year class. The average depth and distance across the site within each
group of 10 lines was estimated from the hydrographic chart. The number of mussels
per m’ within the group of 10 lines was calculated as follows:

No.

No. per group of lines / longline spacing / length of the longlines / average depth

The mean food density on the i ing tide, as both

concentration and particulate organic matter (POM), was expressed as carbon using

factors. For . a C:chl-a ratio of 40 was used. This value is

within the range of ratios reported by Widdows et al. (1979), Cloen et. al. (1995), and
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Gallegos and Vant (1996) at 21.5 to 46.6 mg C / (mg chl-a), 27 10 33 mg C / (mg chl-a),
and 54 mg C / (mg chl-a), respectively. Ratios within the range described by Gallegos
and Vant (1996) are considered to be typical of healthy, nutrient-sufficient
phytoplankton.

To convert POM to particulate organic carbon (POC), a ratio of 1:0.38 was used.
obtained from Grant and Bacher (1998) for a Nova Scotia mussel farm site, and detrital
POC =total POC - chl-a C.

To estimate the rate of depletion of food (C) as it passes through the site, the
following formula was used (Carver and Mallet, 1996):

C(x) = C(initial)x e

C(x) = Carbon concentration (ug/g/h)

C(initial) = Carbon entering the site (ug/g/h)

= food demand (filtration rate (m*h x density (mussels/m’))
u = flow rate (m/h) through the site

The mini carbon i for mussels was using a formula
from Lucas et al. (1987) as follows:

CR (pg/g/h) = O, consumption (pg/g/h) x 12 pg C x 22.4 uL O, x AE/100

‘Where AE = Absorption Efficiency
CR = Carbon Requirement

Data for O, consumption and AE were taken from Thompson (1984a) for a population of

mussels at Bellevue. Trinity Bay, Newfoundland.



Food Demand versus Food Supply
The third method of assessing carrying capacity determines stocking density
based on the ratio of food supply in relation to food demand. This method is as described
by Carver and Mallet (1990) with a modification of the parameter to assess the ration. In
the present study, food was measured both in terms of seston chlorophyll-a concentration
(CTD data) and as seston particulate organic matter (POM).
Food supply (FS) was calculated as follows:
FS= weekly tidal volume (V1) (m®) x Chl-a concentration converted to mg/L or POM
where Vi = no. of hours in a week / length of a tidal cycle x mean tidal volume
The mean tidal volume was as described above for the tidal volume approach to assessing
carrying capacity.
Food demand (FD) (mg/wk) per kg of fresh weight of mussels was calculated as follows:
FD = filtration rate (L/wk) x no. of mussels/kg x Chi-a (mg/L) or POM
The number of mussel in a kg is calculated as per the formula in the biomass section and
based on a 6.35 cm mussel, which is the desirable size for a market mussel (J. Ward, pers.
comm.).

The carrying capacity (CC) was calculated as follows:

CC (kg/ha)=FS (mg/wk) / FD (mg/wk/kg) / area of the site (ha)
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