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INTRODUCTION

Mussel culture in Europe is said to have begun
the Irish

in the 13th Century, when

seaman, Patrick Walton, shipwrecked on the coast of France, hung a

large net on posts to catch

seabirds.

He found that the posts were an ex-

cellent substrate for the settlement and fattening of mussels, which became
his

primary source of

food.

This system, with minor modifications, is still

used in France.
Mussel culture has become an industry most
Netherlands.

notably

in Spain and the

The Netherlands has recently become the world leader in mussel

production with over 100,000
annually (Clifton 1980).

metric tons

(30,000

tons of

meats) produced

Spain had led in production until 1974 but has

since dropped its annual production from 130,000 metric tons in 1973 to
50,000 in 1978.

Although production from any one country has dipped occas-

ionally, world production

Mason (1971)

of mussels has steadily increased.

states that mussel

culture can yield up to 200

poundage per area than any other traditional animal husbandry.

times more

He implies

that mussel culture is one of the most efficient ways of producing food.
One mast realize, however, that mussels do not only use the water column in
which they are suspended but also depend on currents to bring in food from

other

locations.

year basis are not
food.

Therefore,

valid

comparisons on a weight produced per area per

unless one computes the area needed to grow the

They are useful, however, when comparing the space that must be leased

or bought to grow various organisms.
It is true, however, that mussels are low on the food chain and are
therefore more efficient energy converters than, say, predaceous fish
(Korringa 1976).
energetics.

One rarely chooses his diet based on his philosophy of

The reason most people consume what they do is that because it

tastes good, is available, affordable and culturally acceptable.

Likewise,

even though mussel culture is economical from the trophic level viewpoint,
it must be an economically viable business before it will flourish in the U.S.
Although wild mussels are fished presently, there are some incentives
to encourage the development of mussel culture in U.S.

Commercially cultured

mussels do not contain as much sand and grit as wild mussels and surpass
them in taste, "plumpness" and edibility.

A cultured mussel will yield as

high as 50% of its net weight as flesh whereas most wild mussels range 2030% flesh (Slabyj 1980).

Therefore, a different and higher priced market
Competition with the wild mussel fishery'

for cultured mussels is possible.

is possible especially if the fishery becomes highly regulated, is overfished,

or if the fishery can not supply the demand for high quality mussels.
This report will describe the biology of mussels as it relates to
culture techniques, the state of the art of mussel culture, and the economics
of a mussel culture business.

Special problems and needed research will be

discussed in view of constraints to the development of.a mussel culture
industry in the Pacific Northwest.

A complete collection of the literature

relating to mussel culture is not attempted because much of it is repetitive.
The recent text edited by R. A. Lutz (1980) entitled:
harvest:

Mussel culture and

a North American perspective reviews most of the literature

pertinent to mussel culturists.

Many sections of this paper use one or two

key reviews which will be cited at the beginning of each section so the reader

may refer to these for more detailed information.
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MUSSEL BIOLOGY

A. Shell Morphology

anterior
umbo

anterior foot
retractor

anterior

hinge

adductor

dorsal

posterior
Figure

1.

The right valve of the mussel Mytilus

edulis.

The valve exterior

is illustrated at left. At right, the interior of the same valve
is illustrated showing muscle scars.

B.

Classification and Distribution
Mussels belong to the Phylum

Lamellibranchia.

Mollusca, Class Bivalvia,

Pelecypoda or

.Subsequent classifications are based on either shell form,

hinge structure or gill structure. Gill structure differences provide the
basis for naming four orders of

Lamellibranchs.

mussels belong are those bivalves
by ciliary

with gills

junctions rather than by

tissue.

Order Filibranchia, to which

consisting of filaments attached
Mussels belong to the Family

Mytilidae, members of which are defined as having equal-sized valves, a

dorsal external
separated

ligament,

filaments,

Seed (1976)

a hinge

with very

small or no teeth, gills with

two adductor muscles, an elongated foot, and a byssus.

provides a good discussion and literature review of the

systematics of the different mussel genera.
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Generic and specific designations

A

are in dispute mainly because shell characteristics are emphasized in class-

ification and it is the shell that varies the most with environment. Consequently, in addition to shell characteristics, distribution is important in
identifying

species.

Those species of mussels being cultured-or researched

for cn=tzre possibilities will be described.

Mytlus edulis - occurs intertidally to 40 m depth and is practically
worldwide in

distribution,

absent only from the high arctic waters and beyond

southern waters with a maximum surface isotherm of 27°C (Seed 1976).

edulis, the "bay

black in color

mussel",

with

is usually described as having thin

a maximum length of 10 cm (Korringa

hemisphere subspecies are

M.

edulis chilensis

1976).

("chorito")

shells,

Mytilus

bluish-

Two southern

occurring on the

west coast of South America and attaining a maximum length of 12 cm, and

M. edulis platensis on the east coast of South America.

Mytilus galloprovincialis occurs in the Mediterranean Sea to NW France
and SW Britain.

Whether this is just the warmer water form of M. edulis is

uncertain, but the two species seem to be distinguishable in areas where they

overlap. M. galloprovincialis is taller than M. edulis in that the measure
from dorsal to ventral surface is greater (Figure 2) and its anterior adductor
muscle is smaller than for M. edulis.

In M. edulis, the mantle edge is

usually yellow-brown whereas it is colored dark violet in M. galloprovincialis
(Marteil 1976).

Figure 2.

Comparative shell shapes of M. edulis, left and M. galloprovincialis,
right.
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Mytilus californianus is found on the Pacific coast of North America
from Mexico to the Aleutian

Isles, Alaska.

bution is in common with M.

edulis,

fornianus,

the "sea

mussel"

Although its geographic distri-

their habitats are

different.

M. calf

is found on shores exposed to the open ocean,

whereas the bay mussel may be mixed in with sea mussels on exposed shores

but is more numerous in protected

bays.

Sea mussels have very thick brown

shells, with both longitudinal and concentric ridges.

They attain lengths

or 25 cm and have a brilliant orange flesh (Fox 1936).

Mytilus

smaragdinus,

the Bacoor Bay green mussel, (tahong) occurs in

Southeast Asia including the Philippines.

to M. edulis

but. the

It is biologically very similar

shell's outer surface has a green

hue.

It can attain

25 cm in length (Korringa 1976).

Mytilus

viridis,

known as "Siput

Sudu"

is being experimentally cultured

in Malaysia (Sivalingham 1977) and French Polynesia (Aquacop 1979).

be 'the same species as M. smaragdinus according to

It may

Seed (1976).

The genus Perna, although usually considered to be a distinct genus,

and even placed in its own

family,

is sometimes equated with Mytilus.

spp. do not have an anterior adductor

muscle,

Perna

the pedal retractor muscle is

anterior to that of Mytilus and the shells often have a green color. Perna
canaliculus, the "green lipped mussel" is found in New Zealand and is the
object of mussel culture research there (Jenkins 1979).

Perna perna, also

known as Mytilus perna occurs in Brazil and Venezuela.
Two other genera should be mentioned.

Aulacomya ater, known as the

"cholga", is commercially exploited in Chile.

It can reach 20 cm in length

(Ramorino 1977).

Choromytilus chorus

("choro")

in the Chilean market and is in danger of being

overfished.

It attains a

length of 26 cm (Ramorino 1977).

maid -=
C.

is the highest priced mussel

a al Life History
The following description is taken from the life history of Mytilus

edul;s. Aspects that are known to be different for the other species will
be noted.
1.

Reproduction and Development (Marteil 1976)

Mussels are

dioecious,

that is the sexes are in separate animals.

gonad tissue in mussels is spread throughout the

mantle.

The

At sexual maturity,

the mantle of ripe females has a red-orange color and that of ripe males

is colored

Mussels born in spring can be sexually mature that

off-white.

autumn under favorable

following

spring.

reproduction.

those born in autumn can reproduce the

conditions;

Mussels store energy as glycogen in preparation for

As gametes develop in the

and the overall condition of

"plumpness"

adult,

is

glycogen content increases

observed.

This is the best time

to harvest mussels if they can be cleaned without inducing spawning.
It is difficult

to determine ripeness of a single mussel without opening

it to observe the distended
fertilizable conditions,

spawner is lost.

gonads.

so opening a ripe mussel means that a potential

If one were to work

raised under constant

conditions,

factor of ripe vs. spent mussels

for a given

shell length.

As yet, eggs cannot be stripped in a

with

a certain

population

of mussels

one may be able to determine the condition
by noting

the relative increase in weight

Or, a sample of the population may be taken and

percent of ripe individuals sacrificed could
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then be assumed to be the same

as for

those in the vicinity

of the

all ripe gametes are ejected.

However, the time from morpho-

ripeness can vary by several months under

logical ripeness to physiological
certain conditions (Seed 1976).

sample.

Especially under laboratory

conditions, not

This will influence fecundity estimates, but

reporter for M. edulis range from 1x104 eggs for a female 14 mm in shell
length to 1x107 eggs.

Data are lacking in this area.

One would think that a mussel would spawn when conditions will be best

for larval development.

The spring spawning season in many areas confirms

this hypothesis. Why another spawning season occurs in the fall is less
obvious.

Laboratory results contradict the above hypothesis; almost any

kind of stress has been used to induce spawning.

Rapid temperature changes,

salinity changes, physical abuse such as scraping, chipping of the valves,

pulling the byssus and exposure to pollution (Breese et al. 1963) have all
resulted in mussels spawning.

The success of these artificial methods can

be attributed to the hypothesis that, under duress, mussels will drop their
load of gametes either because they can not make the effort to hold them or

because letting loose the gametes gives the parents better chances for

survival. The resulting question here would be:
viable for having been released under duress?

are these gametes any less

The answer would be useful

for those wishing to produce mussel larvae by hatchery methods.
Regarding one artificial means of spawning mussels, there is still

uncertainty as to whether it is a stress situation or means of habitat trickery.

This is the method used by Breese (Breese and Malouf 1975) wherein

the mussels are. placed in containers with dense concentrations of the same

algae used to feed mussel larvae.

It is unclear whether these dense con-

centrations cause the mussel to filter the water so rapidly that it is
7

stressed and then spawns or whether the spawning occurs because a high
content

i.e. good growth conditions are realized due to some chemical in the

algae.

Dried and ground algae, although

filtered out of the water by mussels,

does not seem to induce spawning.
One of

problem

the most interesting hypotheses that can explain the spawning

is that of Lubet

(1956).

He suggests a hormonal control in which

the cerebral ganglia emit a neurosecretion
this neurosecretion

that

prevents spawning.

When

external stimuli

it is time

to

will cause

mussels to spawn by interrupting the secretion of the "spawn

spawn,

inhibiting hormone".

of inducing spawning

Morse et

ceases.

al. (1978)

Any harsh

also postulate that their method

(adding peroxide to the

water)

activates an enzyme that

induces spawning.

Fertilization occurs in the

After four to five hours at 18°C

water.

the ciliated swimming trochophore_stage begins. The veliger stage follows

about 40 to 72 hours after

fertilization.

This stage is characterized by

the formation of a shell and a velum giving the larva a

"D"-shape,

also known

as a straight hinge.,.-The larvae are about 90 um in their longest dimension
at this time. The "veliconcha" stage occurs next at 110-250 P m. This is
from the straight-hinged stage in that an umbo can be distinguished.
From about 210 Um to 250 Um the larva develops the foot and a pair of pigdifferent

mented "eye spots".

This is called

the."pediveliger"

signifies that metamorphosis is about to

occur.

or "eyed" stage, and

The pediveliger will sink

and alternately swim and crawl until it finds a surface conducive to attach-

ment.
1976).

Preferred substrates seem to be hydroids and filamentous algae (Seed
An extensive reorganization occurs at metamorphosis into the
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plantigrade"

stage:

the velum disappears and is replaced by the gills, the

labial palps appear and the other organs are rearranged.
According to Bayne (1976),
the pediveliger
larvae

it takes 15 to 35 days from fertilization to

stage, depending on

temperatures,

salinity and ration.

The

tend to concentrate near the surface until metamorphosis approaches

at white time they

migrate towards the

bottom.

Contrastly, Chaves and Chew

report settlement of M. edulis near the surface, although out of
direct light. If a suitable substrate is not found, a pediveliger can delay
(1975)

its settlement for up to six

weeks.

It becomes increasingly

difficult for it

to feed, however, because the velum, which functions for swimming and feeding

will continue to degenerate and the larva may starve.
Seed (1976)

reports two settling

stages:

the primary settlement of

plantigrades to filamentous substrata and a secondary settlement of young
mussels 0.9 to 1.5 mm long on established mussel beds. The significance of
these phenomena to mussel seed collectors'is discussed in the culture section.
2.

Feeding (Bayne et al. 1976)

Mussels feed by filtering food from the surrounding water. Water is
taken in and passed over the ciliated gills. Food particles stick to the
mucus'on the gills and are transferred to the labial palps by ciliary action.
The palps direct food to the mouth where it is ingested and passed through
the esophagus to the

stomach.

Any surplus of food is diverted at the palps,
These are termed "pseudofeces"

passed onto the mantle surface and out.
because they have not yet been

passes to the digestive

intestine and out.

ingested.

tubules,

In the

stomach,

acceptable material

while anything unacceptable passes to the

All movements through the digestive system are by ciliary

9
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action.

Bivalves, including mussels possess a "crystalline style-, the tip

of which is in the stomach, the rest in a long straight sack along the

intestine. Cilia in the sack rotate the style which thereby crushes some of
the stomach contents. The style also liberates carbohydrases'to aid in
digestion. Ingestion (both intra and extracellular) and removal of food

for storage occur in the digestive tubules. Undigested particles and food
for which there is no room in the digestive tubules pass through the intestine,
which opens adjacent to the exhalent siphon, and are expelled.

Some algae

can cone through the intestine and still be viable.

It is extremely difficult to determine what a mussel can or will accept
as food, because of its non-selective feeding mechanisms. Mussels will

filter sterilized silt from the water even if they gain no nutrition from it
(Winter 1975).

When mussels take in water to supply oxygen to

their gills,

("ventilation") they can, at the same time, clear that water of particles

("filtration").
Filtration rate is defined by Bayne as "that volume of water completely
cleared of particles per unit of time". Ventilation or pumping rate is "the
volume of water flowing over the gills per unit of time".
of procuring oxygen and food presents a problem.

The dual function

Any time the mussel must

stop ventilating its gills whether it be due to the presence of toxicants or
other undesirable conditions, it must also stop feeding. Filtration rate
can be reduced without reducing ventilation rate, but the opposite is not

possible.

Filtration. rate depends on:
1.

size of the mussel: although somewhat variable, it usually decreases
with increasing weight of the mussel.

10

2.
3.

particle size: although selective removal does not occur, particle size
influences the total biomass filtered from the water.

particle concentration: Bayne states that a threshold concentration
exists above which filtration begins. After this threshold has been
reached, filtration rate is independent of a wide range of particle
concentrations.

4.

to erature: rate decreases with water temperature, but as temperature
increases above the point to which the mussel has been acclimated, the

ventilation rate will also decrease.

as it

both ventilation and therefore filtra-

5.

oxygen tension:

6.

salinity: if salinity is increased or

decreases,

tion rate decrease.

decreased, the ventilation rate
However, it never reaches the rate

will decrease until acclimation.
equal to that of the optimum salinity.
3.

Locomotion

After attaching to a

substrate, mussels,

if

detached,

are capable of

limited movement by using their muscular foot. The foot excretes "byssal

threads" or a byssus consisting of tanned protein which hardens and attaches
the mussel to the

substrate.

Byssal thread production has narrower environ-

mental limits than the lethal limits. Mussels crawl along firm substrates
by stretching out the foot, attaching the foot's tip with the byssus and
then contracting the

the point of

foot,

thereby pulling the rest of the mussel towards

attachment.

11
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BIOLOGICAL AND PHYSICAL CONSTRAINTS FOR CULTURE

When interpreting data to be used in establishing culture conditions

for

one must realize that certain populations may have different

mussels,

opt- + from other
cold waters

populations.

For example, mussels normally growing in

cannot be expected to have the same optimum growing temperature

as those from a population found in warm waters even though they are of the
sate

Therefore,

saecies.

similar waters.

optima mean little except for populations from

Newkirk et al. (1980) have observed growth and survival

differences in M. edulis seed taken from different sources and in
produced from adults of different sources.

seed

Lethal limits, while subject

to the same limitations on interpretation are useful in giving some guidelines for mussel culture site selection.

Such specialized phases as larvae,

and recently spawned adults will generally have a narrower range of allowable
conditions.

This reflects in part the lower energy reserves these individuals

possess the energy being needed for acclimation.

Certain constraints apply

to mussels indirectly to applying to the plankton (food) they ingest, or
the optima for mussel pathogens.

These effects are not usually detectable

in laboratory situations.

A.

Dissolved Oxygen
Mussels will close their valves in anoxic waters and can survive for

several days.

The survival time depends on temperature (the higher the

temperature the shorter the time) and the concentration of some pollutants
such as hydrogen sulfide (Seed 1976).

Therefore, momentary drops in

dissolved oxygen concentrations, while not lethal,. will cause feeding to

cease, thereby adversely affecting growth.
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Rates of oxygen consumption in mussels are influenced by temperature,

season or reproductive state, ration level and by body size.

Bayne (1976)

discusses each of these and gives equations useful in modeling mussel biology.
in developing energy budgets, Bayne et al. (1975) found that as the
partial pressure of oxygen decreases, ventilation rate and heartbeat decrease,
but oxygen extraction efficiencies increase.

It appears that at 15°C,

ventilation rate begins to drop as the partial pressure drops below 40 mm Hg
or 2.5 mg/1 02.

Because Bayne used the rate of food filtration as an index

of ventilation rate, one can assume that feeding rate drops when mussels
are exposed to waters containing less than 2.5 mg/1 dissolved oxygen.

Bayne calculated that at 40 mm Hg partial pressure, the scope for
growth dropped to 22% of its value for 158 mm Hg.

This is at 15°C in

August (just prior to the fall spawning season) and a food availability of
13,300 cells of Phaeodactylum tricornutum per ml which is much higher

than one would expect to find in an extensive culture operation.
for growth is defined as

Scope

the difference between the energy value of all

the food an animal would and could consume and the energy value of all users
and losses of food other than growth, under a particular set of environmental
conditions" (Warren 1971).

B.

Salinity
Mussels can survive in a wide range of salinities.

Mytilus edulis is

found in areas with four to five parts per thousand salinity and up to full
strength seawater (35 ppt).

M.alloprovincialis, less tolerant of low

salinity, will be found in waters ranging from 12 ppt to 38 ppt.
habitat for M. californianus is full-strength seawater,
found at salinities down to 17 ppt.
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The usual

but it can be

Mussels immediately respond to rapid changes in salinity by closing
their valves.

Later, they may begin toventilate again but both oxygen

consumption and filtration rates are
can ac-14m-ate

to large

salinity changes.

the degree of change and water

According to Bayne, mussels

in four to seven weeks depending on

temperature;

the acclimation rate increasing

Unless a population of mussels has never been exposed

with temperature.

to changes

depressed.

in salinity,

one can assume that mussels can acclimate to a

change of about 10 ppt within a few hours.
The above ranges apply to adult mussels.

If one is relying on collection

of wild seed or hatchery production of seed, it must be realized that the
recommended ranges are usually narrower for fertilization and larval development.

Bayne cites many conflicting

reports; some may be due to the different

sources of test animals.
Young (1941)
fertilization

reports that salinities

in M.

californianus.

below 25 ppt adversely affect

Bayne (1965) gave the 5-22°C temperature

range and 15-40 ppt salinity range for fertilization

Brenko and Calabrese

(1969)

in N. edulis.

report limiting temperatures of less than

5°C and more than 25°C and limiting salinities of 15 ppt and 40 ppt for
M. edulis veliger larvae.

Optimum growth of larvae occurred at 20°C and

25-30 ppt salinity. The authors do not report the source of adults used

to give rise to these
Connecticut

C.

larvae,

but the experiment was done at

Milford,

and the source was probably local.

Temperature

Bayne (1975b) reports
not completely compensate,

that

M. edulis is subject to

stress,

i.e. could

when exposed to temperatures over 20°C.
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Bayne

(1965) reports successful development of M. edulis trochophore larvae at a
range of 8-18°C when salinity ranged from 30 to 40 ppt.

Seed reports the

upper temperature limit of 27°C for M. edulis.

Stubblings (1954) observed that breeding populations of M. edulis exist

when the mean monthly temperature is at 10°C although Seed reports findings
of M. edulis

where the air temperatures are -20°C for six to eight months.

In determining limits and the optimum for one variable such as water
temperature other variables come into
temperature are often reported

closer to their
very high or

together.

limit if salinity

low,

play.

That is why salinity and water

Mussels can adapt to temperatures

is near the

optimum,

but when salinity is

the range of adaptable temperatures is narrower (Brenko

and Calabrese 1969).

Within its limits, mussel growth rate will increase with temperature,

provided that sufficient food is available. However, once food supply
becomes limiting, a higher temperature will result in a higher metabolic
rate, thereby causing the mussel to expend more energy than its food can
supply,

't'herefore, lower temperatures are beneficial at times when food

supply is low. Korringa (1976) proposes that mussels grow slower in the
Netherlands because of the low water temperatures during winter and not
because of a limited food supply. He states

that mussels show "greatest

activity" at water temperatures I' greater than 10°C.

One more effect of anything relating to water quality is that it will
affect the species composition of the natural food mussels use.

Mann (1978)

suggests that water temperatures may affect the species composition of
marine phytoplankton and that this, in turn, may affect the useability of
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population as food for marine

the plankton

bivalves.

This idea is not new,

overlooked when transferring laboratory data to expectations

but is easily
in the field.

A final

effect of low temperatures occurs when ice is formed.

Large

patches of ice can rip mussels off poles and ropes to which they are attached.
extends to the sea floor as it sometimes does in the shallow

When the ice

bays of the

Netherlands,

it can displace or crush mussels growing on the

seabed.
D.

Turbidity

It is difficult to generalize about a characteristic of 'the water such
as turbidity because many types of particulate matter make up turbid waters.
High turbidity may block out sunlight, adversely affecting phytoplankton

production which may affect mussel

production.

However, suspended minerals

and organic matter may contribute to the water's fertility thus allowing for
more phytoplankton production. Plankton itself is a source of turbidity.

Winter (1975) did an interesting study comparing mussel growth using
various combinations of inorganic suspended silt and unicellular algae.
Maximum weight gain was at 12.5 mg/1 of suspended

This was 32% higher than the increase in dry tissue

4Ox10D algal cells/1.

weight at
probably

silt (dry wt) plus

the same algal concentrations ranging from 2.5 to 100 mg/1,
because the

All silt in

silt

contained substances necessary for shell formation.

the experiment was sterilized prior to use.

There is an upper

for food particle

limit

for suspended

concentration.

silt

concentrations as there is

Once either of these is
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reached,

a mussel

expends more energy filtering the water than what it can gain by the food
it is gathering and digesting.

as the sign that

Pseudofeces production is generally accepted

a mussel is.ingesting more food

than it can use.

Korrinnga (1976) states that about 10-50 mg/1 of suspended silt is

cocoon on the Dutch mussel plots.

He estimates particulate matter concen-

tration to be at least 100 mg/i in the French mussel growing
suggests the high turbidity

as a reason

areas.

He

for a lower growth rate (although

an admittedly better flavor) for the French mussel compared to the Dutch
mussels.

E.

Currents and Wave Action
Some current is necessary to bring food and oxygen to the mussels,

although minima have not been established.

If food supply and oxygen were

sufficient and wastes were removed, mussels would not need any current.
However, mussels grown in areas with slow moving water have much thinner
and more fragile shells than those grown in areas of fast currents or
violent wave action.

Mussels with thin, fragile shells are more easily

broken during cleaning and transport. But they do have a higher percent
body weight as flesh.

Both currents and waves are more important in their effects on culture
apparatus stability.
to storms.

Floating rafts and long lines are especially susceptible

They can become detached from their moorings, or the lines on

which mussels are suspended can become tangled and tear off the mussels.
Most authors mention one meter high waves as the maximum that should occur
at suspended mussel culture sites.
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In measuring currents at a prospective site, one must consider that
direction and velocities of the currents in estuaries depend on the tides.
Thus, at slack tides, the velocity may be near zero and a few hours later
the water could be flowing prohibitively fast for a given culture apparatus.

F.

Food supply
In an attempt to model a suspended culture system for determining

carrying capacities, Incze and Lutz (1980) mention why food supply for
mussels cannot yet be determined:
1.

Mussels have different energy demands depending on their size and the

season.

2.

The types and quantities of food particles in natural waters changes
seasonally.

3.

It is not known what mussels can utilize as food, nor the relative

value of the various foods.
Some estimates of -chlorophyll concentrations and primary productivity

that have been made in the primary mussel growing areas are reported by

Korringa (1976).

-In-the Netherlands, spring bloom chlorophyll concentrations

from 100 to 150 mg/m3 have been measured.

The peak concentration of 200-250

mg/m3 occurs in late summer, then drops to one tenth of this in winter.
Primary productivity in the Spanish mussel culture areas ranges from 0.07
to 7.6 grams carbon fixed/m2/day with an average of 0.9 gm C/m2/day.

These

figures mean little in terms of food supply to the mussels if currents are
not considered.
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CULTURE TECHNIQUES

Seed Collection
Wild Seed from mussel beds

1.

In most

countries,

seed (juvenile

a!2 -owed to settle on a collecting

o

the Dutch and, to some

mussels)

apparatus.

w

Korringa

(1976)

extent, the Spanish and Italians,

dredging the bottom or scraping it from

t

is either collected actively

rocks.

reports

collect seed

This method takes advan-

of the abundant seed in intertidal areas by transferring it to areas
re it can grow faster. Removal of mussels from natural seed beds is

regulated by the Dutch and Spanish

governments.

Usually,

a two to three

week season is allowed in specified areas in the Netherlands.

One centimeter

old seed is taken during
y earling seed is generally preferred but one year

times of short
professional

supply.

harvesters.

In

Spain,

seed is often sold to mussel farmers by

It is not yet known if stunted mussels used as

seed have the same capacity for growth as younger mussels of the same size
would have.

Where legal,

this method is at least certain to obtain something for

farmers to use as seed.

separate
2.

seed,

However, it can be very costly to harvest and

especially if dredging is not possible.

Natural sets on collecting apparatus

other
Most mussel culture operations rely on suspending ropes or
apparatus to catch mussel spat when they
substrate choice have been

conducted;

settle.

A variety of studies on

it seems that larvae choose filamentous

choice of substrate.
surfaces but is not yet known what influences their
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Chaves-Michel and Chew (1975) have found that mussel

the top meter of a rope and suggest that
Jenkins (1979)

canaliculus.

collecting mussel spat.

location

of collecting substrates is

should collect spat if they

Table 1 lists substrates tested or

Although proper substrate is important,

used for

crucial.

Most filamentous substrates

are placed in an area of particularly

spatfall (Johnson and Chew 1980).

that

plays a role.

light intensity

also reports that M. edulis prefers to settle deeper down

on a rove than does Perna

spatfall

spat settle less at

heavy

Substrate choice becomes important when

is marginal or when one wishes to enhance mussel settlement over

of fouling organisms.

Timing is important because if collecters are"

hung out too early, fouling can occur to such a point that the filamentous

nature of the substrate is lost or the newly settled spat are easily smothered.
Some believe that soaking the collecting ropes for'a few weeks actually

enhances settlement because the hydroids that first settle on the ropes

mussel larvae (Korringa

attract

1976).

out any toxic substances from the rope
Thus,

Soaking may also serve
(W. Breese,

one must be able to predict when mussel
apparatus can be placed

to leach

personal communication).

larvae will

set on the ropes,

not too early and certainly not

so the

collecting

late.

The government of New Zealand provides this service for the mussel

farmers.

Predictions are based on relative frequencies of mussel larvae

in plankton

samples (Jenkins 1979).

A. disadvantage to relying

of obtaining sufficient

mussels do not set

on seed collectors is that one cannot be sure

seed on a continual

basis.

There may be a year when

in their usual area because of some physical factor such

as current or because of a disaster

befalling the spawning population.
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Nor

Selected
broodstock

Source of
algal culture

BROODSTOCK MAINTENANCE,

CONDITIONING AND SPAWNING

LARVAL

Sunlight or

artificial light

CULTURE

LARVAL

SETTING

If

Planting

Setting
substrate

Figure 3.

General flow chart of a bivalve hatchery system. The four
subsystems within the border should be located together; their
synchronization is important. Adapted from Breese and Malouf
1975.
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does one know anything about the parent stock or have any control over it.
However, collecting seed by suspending substrates is usually the cheapest
method by far, although less dependable than collecting wild seed by hand
or dredge.

Hatcheries
Besides government funded shellfish hatcheries a few private ones have
begun, so one can assume that they are at least close to being economically
feasible.

The general method by which hatcheries produce seed is illustrated

in Figure 3.

Usually, spawning of conditioned broodstock is induced by a-

variety of methods, depending on the bivalve.

After fertilization, the

larvae are reared in containers of aerated, and usually heated, water.
Monocultures of single-celled algae, also grown at the hatchery, are fed
to the larvae until they reach setting stage.

Mussel larvae ready to set

("plantigrades") can be grown in about three weeks at 15°C.

(Breese and

Malouf 1975; Walne 1974).
Bivalve pediveligers develop a dark pigmented spot just before setting
and are termed "eyed larvae" at this stage.

Eyed oyster larvae can be

shipped to growers who will, in turn, set them on the cultch of their choice.
Hatchery operators will also supply "cultchless" oyster seed which is
either young oysters grown on a very small piece of shell for cultch, or
seed that has been removed from, its setting substrated.

Hatchery supplied seed are common in the northwestern U.S. oyster
industry but mussel seed have not been as easy to produce.

Although mussel

larvae are easy. to rear, they do not necessarily remain on the first substrate
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Table 1.

Some mussel seed collecting substrates used or tested.

Remarks

Substrate

Reference

Korringa 1976

Coir (coconut husk

Tortell 1976

fibers)

Esparto grass ropes

Used extensively in Spain,

Korringa 1976

Manila ropes

Expand in sea water, rot

Chaves & Chew 1975,

& Italy

quickly

Incze 1980
Chaves & Chew 1975

Polyethylene mesh
Polypropylene

fibrillated film

Oyster shells on polypropylene
Flat mesh; mesh size is important
Black worked better than other
colors

Polypropylene rope

Used by many; various trade names

Tortell

"Rubberized hair"
(a packing material)

Used in sampling

Davies 1974

Oyster string

Incze 1980
Tortell 1976

1976, Chaves

& Chew 1975

Tortell.1976

Sisal rope (from an Agave

plant)

Seaweed (various brown,

red, green algae)

Mussels settle on algae which
washed up on shore
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Hickman 1976

upon which

they have

settled..

Mussel plantigrades can appear attached if

they are crawling on a substrate but if this substrate is disturbed or the
mussel decides it is not
fore, even

suitable,

the mussel can still detach

itself.

There-

if one can get mussel plantigrades to set on a rope that will be

used for culture and

not on the sides of the container in which the rope

has been placed, the mussels may not remain on the rope after it has been
transferred to the

grow-out

site.

Commercial hatcheries do not supply

mussel seed because there is not yet a
cost would

be about $0.12 per one thousand

a five percent

survival to market size,

to yield four bushels of

However, if they did the

demand.

It is estimated

seed.

that with

one million seed may be expected

mussels thereby costing the grower

$3 per bushel

in seed expenses (Meyers 1980).
Mussel seed produced in hatcheries, once it is placed out on the culture
apparatus,

is much more vulnerable to suffocation by fouling organisms than

because it is so much

is wild seed

the seed presently
Both problems

of seed migration

and survival can probably be overcome

mussels to a larger

in raising food for shellfish,

this

0.5 mm in length) than

used by growers (5-20 mm).

by rearing the young

per thousand.

smaller (about

Whether

But because of the expenses

a larger seed may cost much more

the increased

higher cost remains to be

size.

probability of survival

demonstrated.

Presently,

than $0.12

could warrant

there

is so little

demand for mussel seed that shellfish hatcheries have no impetus to develop
reliable mussel seed production techniques.

However, the advantages of hatchery production of wild seed
attractive prospect for the future.

make it an

Mussels exhibit highly variable growth
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rates and it would be beneficial if fast growing individuals could be selected
as broodstock.
ing.

Hatchery systems are the only way to do any selective breed-

Mussel larvae set on collectors at one or two short periods in the

year.

3y various broodstock conditioning procedures already known, mussels

can already be spawned in any season.

more flexibility in planning

This would give the mussel culturists

the harvesting and marketing of mussels and

he could produce the steady supply that many buyers would require.

Finally,

natural sets, being somewhat unreliable would not have to be the only seed
source.
B.

Bottom Culture
Growing mussels on the sea bed is practiced most widely in the Nether-

lands and West Germany.

Seed is dredged in spring from public seed beds

and then redistributed on the bottom plots leased by farmers from the
government.

In the Netherlands, the seed is distributed over the bottom

from the boat at 20 to 35 metric tons of seed per hectare.

A maximum

harvest of 80 metric tons per hectare is expected, so the farmer will thin
out the mussels if they reach the density of 80 tons/ha and are not yet
market size.

Mussels are harvested by dredge in summer through fall of the year
following their distribution as seed.

After harvest, most mussels are

transferred to cleansing plots for about one week where they are given
the opportunity to expel the sand and silt ingested during harvest.

They

are exposed at low tide, and can regain some strength to withstand transport
to market.
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Advantages of bottom

culture are:

degree of mechanization

1.

The high

2.

Relative stability

possible

in times of bad weather (except when currents are

strong enough to cover the mussels with greater than 5 cm of sand and

s lt).
3.

They are submerged all of the time so have longer to feed than mussels

growing in the intertidal

zones.

4.

There is less fouling by macrophytes and flotsam in the water column.

5.

Although a high capital investment is necessary for a work-boat, it

has a long life (about 50 years) so will depreciate very slowly.
Some disadvantages are:
1.

Lower yields per unit area than suspended culture (80 tons/ha vs 200
tons/ha).

.. The mussels are open to

predation by benthic dwelling

animals such as

starfish and crabs.
3.

There is a higher incidence of the parasitic copepod, Mytilicola sp.,
possible because this parasite apparently spreads by crawling along
the bottom.

4.

The mussels are in danger of becoming buried in the mud.

5.

Dredging makes the mussels ingest mud so they must be allowed to cleanse

thes elves before marketing.
This method of mussel culture is popular in the Netherlands because
manual labor is expensive.

It takes much less manpower to dredge seed,

distribute it on plots, thin it and harvest by dredging than it would to
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perform the same tasks for the culture techniques discussed subsequently.
Because water temperatures are low (10°C) much of the year, mussels do not

grow as fast in the Netherlands as they would in the competing countries
of France and

Spain.

Consequently,

labor expenses must be kept to a minimum

and the more extensive technique of bottom culture is practiced.
Bottom culture should be considered when:
1.

Manual labor costs are high.

2.

large expanses of seabed (about two to seven meters

deep)

are available.

The cooler the water, the slower the mussels grow, hence the larger
areas needed to produce a certain annual crop.
3.

These bottom areas consist of a firm sand-silt mixture and are not
prone to heavy silting or large scale movements of the seabed.

4.

Fairly hardy seed (0.5 to 2 cm) that can withstand the rigors of
mechanical dredging and distribution can be obtained.

C.

Culture on poles or sticks

There are two ways to culture mussels on sticks; one is to put in a
network of sticks and twigs with which to catch seed and allow it to grow

out on this network; the other is to attach the seed collected in various
ways to rows of large posts or
grow-out.

"bouchots",

as the French

The latter method is used in France today.

call

them, for

The former. method

was practiced in France but is now illegal because it causes silt deposition.
However, it is used in the Philippines.

The bouchots in France are placed on the tidal flats in rows perpendicular to the shoreline.

Those poles furthest from shore are used as
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seed collectors, although ropes hung along the poles have become a more

popular substrate used for catching
can then be

wrapped around a pole and the mussels will migrate to distribute

themselves more evenly on the
with seed

The seed-laden collecting ropes

seed.

pole.

Or, a tubular netting can be filled

scraped off from seed collecting bouchots and wrapped around a

grow--out pole

higher in the intertidal zone.

To harvest,

one simply pulls off the outermost clusters of large

The smaller mussels underneath then have a chance to fatten and

mussels.

move to the outside layer. This work is done from a small boat at low
tide.

Washing and grading is usually done on the boat

too small for market are repacked
another

pole.

The French

into tubular

also.

Those mussels

netting and wrapped around

mussel farmer described in Korringa's text (1976)

uses about 4,000 poles and produces 100 metric tons of marketable mussels

per year.

Labor is supplied

by the

owner plus one assistant and some

temporary labor for two months in the spring.
Advantages to bouchot

1.

culture are:

Mussels grown this way are more

hardy when handled

and transported than

are mussels grown subtidally because they are use to exposure to air.
2.

Daily exposure

prevents much of the

fouling

problems common to culture

on suspended ropes.
3.

Mussels are less susceptible to bottom
mussels grown on the

parasites

predators than those

bottom, especially if the poles

collars around the bottom.

snails and

dwelling

However,

certain predators

such as Mytilicola sp. can crawl
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are equipped with
such as boring

around these

collars.

4.

The oak poles

used in France must be replaced

because of shipworm

infestations.

Resistant

every five

or six years

wood is too costly.

tropical

predators and parasites can attack the mussels.

5.

Bottom dwelling

6.

Because the mussels are so easily

harvested,

theft can be a problem.

Many of these disadvantages do not apply to mussel culture in the
Philippines because the crop is submerged the whole time. There, the green
mussel,

Mytilus

40 to 50 cm
year,

smaragdinus,

apart.

is grown on 3 to 5 m long bamboo stakes placed

Sets of 2,000 to 3,000 seed/m can occur throughout the

although April to October are preferred stake setting times.

This

high density set allows the mussels to out-complete the barnacles that

initially set on the

stakes.

No thinning is

the only labor is stake

done;

planting and harvesting done by temporarily hired

help.

to 6 cm shell length is reached in about six

months.

merely pull up the stakes and scrape off the

mussels.

Market size of 4

At harvest, divers

Bamboo stakes are

replaced yearly.
Stick or bouchot culture should be considered when:
1.

Vast expanses of tidal flats or shallow waters (less than 5 m) are available in protected bays.

2.

These areas are under ownership or leased to the grower exclusively and

no boating recreation is anticipated.
3.

Labor costs are low, or if a family
work hard and make little

4.

money.

business,

Also,

the family wishes to

temporary help is easy to hire.

There is no danger of damage from ice accumulation.
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D.

Cultivation on Suspended Ropes

Ropes on which to grow mussels can be suspended in the water in a

variety of

ways.

In shallow areas with a small tidal

range,

ropes can be

suspended from horizontal lines which are stretched between poles fixed to

the bottom. This method is used in

Italy.

Two of the most popular ways

to suspend ropes are discussed below.

Raft Culture:
a rope,

Handfuls of seed are wrapped with synthetic netting around

thereby attaching the young mussels until they form a byssus.

to one thousand of these

ropes,

Up

each 8-10 m long are hung from an anchored

raft. The mussels are thinned once or twice a

year,

when they reach a

density of about 10 kg of mussels per meter of rope.
Mussels which have set in the spring are harvested at their second

autumn at a size of 8 to 10 cm shell

length.

Mechanical harvesting is

employed but hand labor is still used for thinning

and sorting.

Yields

of up to 80,000 kg of mussels per year are possible for the larger rafts
of about 700

ropes,

each nine m long (Hurlburt and Hurlburt 1980).

A

depuration plant of sorts operates in Spain, not only to insure the purity
of mussels from polluted

waters,

but as a storage and hardening depot for

those mussels destined for export.
Longline

Culture:

Rather than suspending ropes from

rafts,

they are

suspended from buoyed and anchored horizontal lines in Japan for oyster

culture.

This technique of

culture practices in New

"longlines"

Zealand,

has been transferred to mussel

Sweden and the U.S.

Rows of longlines

are spaced so that the individual vertical lines do not tangle and access
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to every line is

vertical

allowed.

lines from

A mussel farming firm in the U.S. suspends six

a foam-filled tire

'and then connects three units by

horizontal lines (Meyers 1980).
The rational

exoe di

behind choosing longlines over rafts has to, do with capital

es involved

of maneuverability

(these seem to be

fairly equal

in most areas), ease

and mechanization, and the personal preferences of the

growers and of those responsible for issuing permits. Mussels grown on
longlines are not usually

be on

a raft.

packed together

in such

a density as they would

The more even distribution of mussel ropes in a large area

on longlines may enhance growth

same number of ropes

on a raft.

rates over

what could be achieved with the

Work area is available

on a raft, but a

working platform must be provided when working with longlines.
and Hurlburt (1980)

state that rafts cannot be used

Hurlburt

where there is heavy

storm action or moving ice but do not repeat this precaution for longlines,
thereby implying they can be.

Advantages to growing mussels on suspended ropes:

mussels are submerged always, so they can feed all of the time.

1.

The

2.

The entire

water column is

is possible, especially

used, therefore, a higher yield

in waters deeper than

per area

those in which stick or

bouchot culture is practiced.

3.

The mussels are free from

4.

This method lends itself well

bottom dwelling

predators.

to some mechanization and modular

construction.
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Disadvantages include:
1.

Fouling is much more prevalent;

anything floating along in the water

can be caught on the ropes.
2.

The

increased fouling, plus necessary

thinning,

cleaning and re-attaching

means that this is still a very labor-intensive method.
3.

The capital

investment for equipment

is high

and materials depreciate

quickly.
Cultivation

on suspended substrates is the most widely used and fastest

developing technique

in mussel

culture today.

The high yields

per surface

area make suspended culture an attractive technique for those localities,
where surface or bottom areas open for aquaculture-are limited. In countries
where recreational and aesthetic uses of the water surface have priority,
permits for the use of large areas in protected bays is difficult to obtain.
Thus, maximizing production per unit area is a priority.

However, the lower

yields and higher labor costs of pilot projects compared to those of Spain
means that suspended culture techniques should not be merely copied, but

modified to net the physical and biological conditions of the site plus
the cultural and economic conditions of the locale.

E.

Clatbay Culture
In countries such as the U.S. where it is difficult to obtain permission

to use estuarine areas for shellfish culture, some people have considered
culturing shellfish outside of the natural waters in structures allowing
for more intensive culture.

Malouf and Breese (1978) summarize the work
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done with intensive culture of oysters.

Presently, oysters

can be grown

and maintained in both pond and raceway systems. Food supply is the main.
problem because nutritional requirements are not yet known.
requirements,

although partially defined, still need more

Environmental

work.

However,

Many of the

even less is known about specific requirements of mussels.

research techniques used in elucidating oyster requirements can be transf erred to mussels, though.

The biological feasibility of outbay culture in heated effluents with
a cultured food supply is discussed by Malouf and Breese (1978).

Mann and

Ryther (1977) attempted to grow six species of bivalves, one of which was

M. edulis, in raceways supplied with algae-rich water from sewage
ponds.

treatment

treatment.

Not only was the total food supply difficult to maintain, but species
Epifanio et al. (1975)

composition of the food was impossible to control.

have developed a closed system to grow shellfish in which seawater is
recirculated and algal cultures supply food.
The motivation behind outbay culture dictates that. growing conditions

must be at optimum levels to compensate for the increased costs.

However,

outbay culture or any technique in which increased controls are exercised on
the organism and its environment can be economically feasible only if rare

optimum conditions are found in

nature.

In other

words,

one can not compete

with a farmer whose mussels grow optimally in natural conditions if one can
at best attain those same conditions artificially.

Ultimately, the price

obtained for the product must be high enough to compensate for the increased
cost of production.
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initial studies show that outbay culture of the Pacific oyster (Cras
sostrea gigas) can be economically feasible in the Northwest U.S. only if
heating a d algae production.cost nothing (Ishiyama 1974).

As Malouf and

Braes a state (1978), and many other researchers agree, an inexpensive store-

able food such as freeze dried algae, or an inexpensive artificial ration
would revolutionize the shellfish culture industry in favor of outbay culture.
No artificial diet has yet been conclusively demonstrated to provide growth
for any bivalve.

Presently, algae cultures are difficult and expensive to

maintain continually. The risk of algae cultures failing, mechanical system
risk and the higher risk of disease outbreaks because of intensive culture
conditions so far cancel out any reduction in risk incurred by removing
the culture system from the natural environment.

However, outbay culture

may develop in the future if citizens prefer natural sites to be closed to
aquaculture, and are willing to pay higher prices for the products..

F.

Predators and Competitors:

Prevention and Treatment

Fouling Organisms
Fouling organisms are those using the same substrate as the mussels or
other intended crop or using the mussels as substrate.
competing for food and space.

They are often

Arakawa's handbook (1980) on oyster fouling

contains useful information for mussel culturists.

Most of the organisms

commonly fouling suspended oyster cultures can be expected to foul mussel
cultures.

These include:

algae, (either attached to the ropes or, when

drifting with the current, are entangled in the ropes), barnacles, bryozoans,
colonial tunicates, sponges, sea squirts (ascidians), hydrozoans, sea
cucumbers and polychaete worms.

Once the primary fouling agents are estab-
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lished, their

predators and other organisms

new "ecosystem"

According to

able

to take advantage of this

are encouraged to take up residence.

Arakawa,

fouling results in:

1.

Reed== ion of spat-catching ability of collecting gear.

2.

Reduced growth of the crop due to competition for food.

3.

Restricted water exchange causing further food supply reductions and
possible smothering.

4.

Inferior shell quality necessitating shell cleaning before selling.

5.

Additional weight on the ropes, necessitating heavier gear to avoid

losing the crop.
Prevention techniques include:
1.

Selecting a site where fouling is not common. Make sure that pollution

is not the reason for absence of fouling organisms.
2.

Culture techniques in which the mussels are regularly exposed to the

air.
3.

Avoidance of fouling organisms at the time they are most likely to set
on mussel

ropes.

This is possible if the fouling organism has a pelagic

larval stage and remains sedentary after

setting.

If the foulers set

at a different time than the mussels do or if one is not trying to
collect mussel seed, the mussel ropes can be moved out of the area

where the foulers are expected to

set.

Or the mussel ropes can be

suspended at depths which the foulers are known to avoid.

Arakawa

recommends that the Japanese oyster growers suspend their ropes deeper

than three meters from winter until April to avoid mussel sets common
at the surface layers then.
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4.

Decoy strings.

Some preliminary experiments show that barnacles prefer

dark substrates and oysters prefer light.

Therefore, the light

colored

scallop valve is used to collect oyster spat and this can be alternated
with or surrounded by dark shelled strings to draw the barnacle larvae
away.

However,

choice have

fewer differences in time of year, depth and substrate

been found when comparing barnacle and mussel sets than

with barnacle and oyster sets.

Both in prevention and removal of fouling, it is valuable to know the
life histories and habits of the fouling organisms.

Arakawa has stated

that water quality variables such as temperature, salinity, dissolved
oxygen and nutrient concentrations play an important role in outbreaks of

fouling and

disease.

He reports outbreaks of fanworms when the organic

nitrogen levels in the bays increased.

Treatments to remove fouling discussed by Arakawa are summarized below:
1.

Flaming with a torch and oil burner.

This is a good way to kill sea

squirts.
2.

Drying is especially good against those organisms with no shells to
close.

However, mussels can be killed on a dry, clear, windy day.

'whey die when their internal temperature reaches 38-40°C.

Smaller

mussels die before larger ones.
3.

Fresh or hot water immersion.

Fresh water alone takes many hours to

kill most fouling organisms, so large amounts of fresh water in containers
near the culture site would be needed.

Hot water takes less time.

Lethal treatment for mussels is 10-15 seconds at 55°-60°C.
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4.

Scraping and brushing.

done when mussels are to be thinned

This can be

and reattached to lines, or in between thinnings by laborers on the
raft.

This is very

The fouling organisms should not

labor-intensive.

be allowed to fall back onto the water.
5.

Arakawa recommends continued experimentation with a 3-5 HP

Spraying.
diesel pump

that makes water jets of 28 kg/cm2 of

Again,

pressure.

there is the danger of whole organisms falling back into the water,
where they can reproduce.
6.

Towing the whole

raft.

This is relatively inexpensive but one risks

losing some ropes or shellfish and it is not
7.

100%

effective.

-

Chemicals are not economical yet, nor have any been found that are

selectively

lethal.

Pollution hazards and permits will be a problem.

Those methods that can be used on whole ropes of mussels mechanically

hoisted up will be most

economical.

The most popular method is drying.

This is more convenient in raft culture than in longline culture because
the raft can provide the structures on which to hang ropes to dry.
Mussel Predators

Starfish are usually only a problem when mussels are cultivated on the
bottom.

However,

P.

Jefferds (personal

many starfish larvae set on his mussel

communication)
ropes.

tells of a year when

Incze and Lutz

(1980)

report

that starfish setting on experimental seed collectors had decimated the
mussel seed.

Korringa

(1976)

describes a dredge used to catch starfish

selectively on the mussel beds in the

Netherlands.

Oystermen on the east

coast of the U.S. have their own technique similar to dragging a mophead
to catch starfish.

The starfish are then killed by dipping in lime.
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Merely

cutting

them to pieces and throwing them back

star ish.

will yield

many smaller

Raising mussels off the bottom will usually avoid problems

with starfish and crabs.
Boring snails will prey on oysters and other shellfish including
mussels.

Schwind (1977)

states that the boring snail Urosalpinx

can be attracted to cement blocks encrusted with
and sna11 can then be

removed.

barnacles.

cinerg

The blocks

Again, raising mussels off the bottom

is the best way to avoid boring snails. If using seed taken from wild
mussel beds, one must be careful to avoid attaching small snails to the

ropes with the

seed.

Boring snails are reported to cause 50-80% losses

to mussel growers in Quilberon Bay,

France.

The snails can reach the

mussels by crawling up the poles .on which the mussels are cultured
(Anonymous 1980).

Every area will have its species of fish that prey on mussels. Usually,
the smaller mussels are eaten although larger mussels can be dislodged in
the

Fish traps can be effective in keeping the local population

process.

of fish in control and they may provide additional income to the mussel
grower.

Net enclosures around mussel rafts can keep fish out but are

subject to fouling and will reduce water exchange (Korringa 1976).

Diving birds are a very destructive predator in many North American
mussel culture
implicated.

ventures.

Scoters,

eiders and goldeneye have all been

Concentrations of these birds are heaviest from September to

May in the Puget Sound area (Waterstrat et al.

1980).

P. Jefferds estimates

that the resident diving bird population in his area of Puget Sound has
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increased from about
1,000 birds

25 birds when he first

five years later.

began growing mussels to 500-

Ed Meyers (1980)

at his mussel culture business in Maine.

reports similar conditions

Both growers lose much of their

potential crop by predation by diving birds. Jefferds estimates his crop
losses at 50%.
Occasional rifle shots will drive off birds until they become accustomed
to the noise.

Permits can be obtained to hunt these birds, but local bird-

lovers may object.

Jefferds has found that surrounding mussel rafts with

nets can keep out many

birds.

Seagulls have become tangled in the nets,

so Jefferds must check them every day to rescue the gulls.
that

most mussel losses are at the bottom

half

of his

ropes.

He has observed
If it is

difficult for the diving birds to stay submerged at shallow depths because

of their buoyancy, they may not be able to eat the mussels on the first few

meters of rope. Mussel growers may consider keeping their ropes doubled
over until the seed grows large enough (to about 4 cm) that the birds will

not consume them.
Some losses from predation can be beneficial in thinning the crop and

reducing fouling so that the remaining mussels grow faster.

-Those beginning an aquaculture business for the first time often overlook the possibility of crop losses due to theft or sabotage by the local
population.

Culture units that require a minimum of equipment and labor

to harvest are also more prone to thievery.
is surveillance.

The best prevention of thievery

This can also minimize losses due to inclement weather,

certain predators and equipment malfunction.

It is a good practice to

schedule employees' hours so that someone is working every day (Meyers
1980).

Spot checks and/or night surveillance should also be considered.
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G.

Parasites

and Diseases

There is little information on diseases of mussels because few cases
of mass mortality have been reported.

Disease outbreaks typically happen

when the environment is enhanced for disease organisms present and degenerates for the culture animal.

The crowded conditions usually found in

aquacultnre provide a good opportunity for pathogens to take advantage of
momentary stressful situations to invade and spread among the cultured

organisms.
Bacteria (especially Vibrio spp.) and fungi are common pathogens
encountered in the hatchery rearing of oyster larvae (Sindermann 1977).
Similar microbial attacks on mussel larvae reared in hatcheries can be
expected.

Antibiotics have been used to combat bacterial infections in

larval rearing containers (AQUACOP 1979).

Protozoans

Protozoans in mussels are found in the pallial cavity, on the gills,

labial

palps,

food ingested

the foot and in the digestive

tract.

They probably feed on

by the mussels or on the mussel's own tissues but apparently
Poor water quality in areas where

do little

harm (Dardignac-Corbeil

shellfish

are crowded often brings on infections by protozoans (Sindermann

1976).

1977).

A haplosporidian, Minchinia nelsoni, was implicated in massive oyster
mortality in Delaware Bay and Chesapeake Bay during the 1960's (Andrews
1977).

Although this organism has not been observed in mussel tissues, one

can assume that.if mussel culture develops to the extent that oyster culture

has in the U.S., disease incidence and/or identification will increase.
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The

plasmodium stage of a haplosporidian has been tentatively identified in
moribund mussels on the British Columbia coast but whether they caused the

poor condition.of the mussels or merely invaded the tissue after the mussels
became moribund is not yet known.

It is carious to note that Spanish mussel growers have had no disease
problems since the 1940's when mussel culture began (Korringa 1976).
cola

Mytilicola spp. is a parasitic copepod known to infect mussels in Europe,
the U.S. and Japan.

disease" in oysters

Mytilicola orientalis causes what is called "red worm

on the west coast of the U.S.

Mortalities are sporadic

but growth and overall condition of the oysters is adversely affected by
infestation.

in the

gut.

The copepod inhabits the digestive tract and damages tissue

Mussels in Japan and Washington are known to be susceptible to

Mytilicola orientalis (Sindermann 1977).
Mytilicola intestinalis is especially troublesome to mussel growers in
the Netherlands and somewhat of a problem in France.

Other European countries

experience only very slight incidences of Mytilicola intestinalis probably

because the copepods must crawl along the bottom and are less likely to
infect suspended cultures.

The copepod adversely affects growth and fattening of mussels. This
in turn means the mussel's viability
to transport conditions.

is reduced and it is not as resistant.

Fewer byssal threads are produced by infected

mussels and they can become detached from the poles on which they are
cultured.

Only one copepod will affect a mussel.

Incidences of 10 parasites

per mussel can occur when water temperatures are elevated and mussels are
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crowded (Korringa 1976).

shellfish

containing the

This parasite can be avoided by not bringing in
parasite,

growing mussels off the bottom and by

allowing for sufficient flushing of the area by currents that will wash many
of the parasites

away.

if they are in ideal

Mussels infested with the parasite can still grow

conditions.

Dardignac-Corbeil (as cited'by Marteil,

1976) gives the life history of M. intestinalis.

Digeneti.n trematodes

The parasitic trematode Gymnophallus bursicola has been implicated in

pearl formation in mussels on the Atlantic

coasts.

The life cycle suggested

(1978)

involves the common eider

by several researchers and reported by Lutz

duck and the American scoter as hosts to the adult form of the trematode,
and the blue mussel, Mytilus
metacercariae are

found.

edulis,

It is thought that the mussel forms a pearl around

these parasites as a reaction to
grains,

as the intermediate host in which

infection.

Other irritants, such as sand

embedded in the mantle epithelium can cause pearl formation in

bivalves.

Large pearls reduce consumer acceptance of mussels and make_

processing costly if they must be removed before
that large

sale.

Lutz (1978) found

(>lmm) pearls were present in older wild mussels on the east

U.S. coast and suggests that if mussels are grown in suspended culture

and harvested at five years of age or
Pea Crabs

less,

they should not contain pearls.

,

Parasitic crabs infest mussels in Europe and the U.S.

These small

crabs of the genera Pinnotheres and Proctoeces take shelter between the

valves of mussels and other bivalves.

Some damage to the mussel's gills

is incurred in the crabs' attempt to injest some of the food drawn in
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by the mussel (Dardignac-Corbeil 1976). Although many coastal residents

are familiar

with

pea crabs in clams harvested

can have an adverse affect on consumer

recreationally,

acceptance.

.and preparation for serving in restaurants would

Costs of processing

be slightly

increased if

were to be removed.

pea crabs

H.

these crabs

Processing and Marketing (Slabyj 1980)

For fresh sales

After

harvesting,

clumped mussels must be separated and their shells

must be cleaned of fouling

organisms.

Mechanical mussel cleaners used by

commercial mussel fishermen can be adapted for cleaning cultured mussels.
Korringa
(1980)

(1976)

describes machines used by the

Dutch,

and Chalf ant et al.

review some designs of mussel cleaning apparatus used by U.S. mussel

Most cleaners consist of wire mesh cylinders with rods protruding

fishermen.

from the inside wall of the cylinder towards the

center.

Mussels are dumped

into the cylinder and water is sprayed in while the cylinder is rotated.
Clumped mussels become separated and the tumbling removes some

of the fouling

Small mussels and broken shells will fall through the wire mesh.

organisms.

Because most cultured mussels have thinner

shells,

they are much more prone

to breakage than wild mussels. Most design alterations aim to minimize shell
breakage.

How mussels are harvested and cleaned for the fresh market affects their

shelf

life.

than five

Slabyj (1980) reports that extended periods of tumbling

minutes)

damage to the

(more

result in a shorter shelf life. Tumbling results in

byssus,

loss of shell liquor and excessive silt injestion.
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To offset these damages and allow the mussels to recover sufficient strength
for transport and storage, bags of mussels can be hung in the ocean for about
48 hours.

This is also a good way to store cleaned mussels that aren't

yet sold, although they will begin to clump again after a day (Meyers 1980).
If harvested near spawning season, mussels are liable to spawn during
tumbling or while being held over in the warmer waters.

Those that spawn

during tumbling will not be as plump nor will they be as resistant to
stresses involved in transport and storage.

Massive mortality due to suf-

focation can occur if mussels held at sea in a bushel bag all spawn.
Storage will refer to the time spent out of the water, whether it be for
sorting, transport or marketing.

Duration for which mussels can be stored

depends on:
1.

Physiological, condition:

Mussels harvested in poor physiological con-

dition cannot survive as long as those in good conditon because they
have less energy in reserve.

Those mussels that have just spawned,

those from marginal grow-out areas, and diseased mussels will be in
poor condition.
2.

History of exposure to air:

Mussels grown or stored in the intertidal

zone are much more hardy when transported and stored outside of water
than those which have never been exposed to the air.

This is why many

growers condition their mussels for transport by transferring them to
intertidal zones or storage in tanks that are drained daily.

These

differences are less pronounced as the storage temperature decreases.
3.

Temperature during storage:

Mussels harvested in December and stored

at 1.7°C had a shelf life of 31 days as opposed to a 14 day shelf life
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"Shelf

for those mussels stored at 7.2°C.

was arbitrarily chosen

'life"

to mean the number of days mussels would keep before 10% mortality accumulated.

Slabyj recommends mussels be kept as close to freezing as pos-

sible during transport and

display.

Holding at 7.2°C for four days,

followed by a transfer to 1.7°C storage enhanced shelf life over those
remaining at 7.2°C, but was not as beneficial-as constant 1.7°C storage.
Short exposures to higher temperatures (say, room

temperature)

for such

things as repacking should not affect shelf life.
4.

Humidity of storage area:

It takes longer to kill a mussel in a humid

area than it does where there is a dry breeze (Arakawa

1980).

Slabyj'

notes that although packing mussels in ice did not delay mortality any
more than holding mussels at 1°C, it reduced dehydration and delayed
odor occurrences.
Canning

Most preservation procedures start with steaming the mussels so the

meats are easier to

remove.

After

canned in brine or oil, pickled or
frozen;

steaming,

the meats are washed then

jellied.

Steamed meats can also be

but frozen mussels are not yet commercially

available.

Slabyj (1980)

summarizes reports on the shelf livs of various forms of preserved mussels.

It would benefit a mussel farmer if he did not have to rely on selling

all of his mussels for the fresh
could be tempered by sales to

market.

processors,

of fresh mussels if the demand is not
prices,

Seasonal surpluses of mussels

thereby removing some of the supply

sufficient.

This could help stabilize

thereby reducing some of the risks in the mussel farming business.
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During

Canned mussels are popular in the Netherlands, Spain and Chile.

World War II, wild mussels were canned in the U.S. and sold quite well
because no ration points were assigned to the product.

A combination of

poor product quality and depletion of natural stocks led to a drastic
decrease in mussel canning operations (Lutz 1979).

Quality, based on the

size of the meats, and the presence of pearls, sand or silt, is in favor
of the cultured mussel over wild mussels.

Cultured mussels have a higher

steamed meat yield than wild mussels except during spawning times.

Pearls,

sand and silt are less likely to occur in a cultured mussel (Lutz 1978).
Therefore, mussel farmers should be able to get a higher price for their
mussels sold to a. processor than should suppliers of wild mussels.

To promote a processed mussel product, producers and processors will
have to keep costs down.

Slabyj (1980) notes that there is a size at which

the ratio of steamed meat weight to shell weight is highest.
yield size depends on season:

This maximum

in July the 5 cm mussel gave maximum yield

but in March, the 6.5 cm mussel yielded highest.

Processors will have to

work out what size mussel yields most for different locations and years.
develop a popular market for canned mussels, a quality product must be
marketed, most likely at a loss to the producer.

This may be a necessary

cost of advertising if producers expect to turn a profit in the future.
Mussels cultured and canned in the U.S. will not be able to compete with
the lower priced Spanish product but a great surplus of canned mussels is
not anticipated.
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To

ECONOMIC CONSIDERATIONS

A.

Choosing

mussel farming as a business

Smith (1975) described five factors influencing the choice of a fishery
in his book, The Fisherman's Business Guide.

These factors can be used when

deciding on any business and will be considered here for mussel farming in

the H.S.
Profit potential:

The price of the product minus the costs to produce

that product will give some indication of the profits one can expect.

Profit

potential estimates must consider profit history of a business and estimate
the future profits possible by projecting future costs, demands,

prices for

the product, product availability and governmental regulations.

Although

most people are in business to make a profit, profit maximization is not
always their first priority.
Risks:

Business decisions are often made to minimize risks at the

expense of higher profits.

Reliable markets at steady prices, steady operat-

ing costs and reliable production will minimize risks.

Agricultural bus-

inesses are usually higher risks because crops can be damaged by weather
conditions.

Aquaculture businesses are considered to be even higher risks

than agriculture because the time to produce a crop is considerably longer

(1 to 3 years vs. 3 to 6 months). Mussels that can be produced in 12 to 18
months have the advantage over other shellfish such as oysters and clams that
take 2 to 5 years to reach marketable size.

However, a fluctuating public

demand due to paralytic shellfish poisoning outbreaks or marketing poor
quality mussels can increase risks.

A high risk venture should be compensated
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If profits cannot possibly be very

for by the possibility of high returns.

farming in the U.S.

is the case with mussel

This

high, then the high risk is unwarranted.

today and is one reason

investment should

why outside

not be expected.
Experience required:

Risks are reduced when personnel (and machinery)

have already had the chance to work the mistakes out of their system, so
experience is always

valuable.

Certain ventures require a high degree of

technical skill but this does not seem to be the case with mussel culture.

A useful skill for aquaculture is the understanding of agricultural systems
or animal husbandry

(Jefferds,

personal

communication;

Meyers 1980).

Business expertise is also valuable.
Type and amount of investment

required:

Even for a highly profitable

venture, initial investment requirements can be

difficult to fulfill.

the time to produce the first crop gets

so does the time for which

one must borrow money to operate.

longer,

As

Any business to which subsidies or low

interest loans are available is much more desirable from an investment
standpoint.

Although agricultural businesses have this

advantage, aqua-

culture businesses do not qualify.
Complementarity with personal goals:

Some people choose a business on

the basis of the work schedule and type of work they

prefer.

These con-

siderations can take priority over profit potential and risk factors. Like
many small businesses, a

small,

privately owned mussel farm such as those

presently operating in the U.S. require very irregular and long hours at
the mercy of unpredictable weather (Meyers

1980).

However,

one has the

opportunity to be an innovator in almost every aspect of the mussel farming
business.
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B.

Market Possibilities

Before developing a business plan for mussel
of a market

for the

farming,

one should know

product. The European market for mussels is

and it seems that demand exceeds supply (Clifton

1980).

certain

Korringa (1976)

states that many European countries are using all growing waters available,
so supply

break

Any other country that wishes to

is not expected to increase.

in to

mussels sold

the European market must have competitive prices with those
by the

two largest

producers;

The Netherlands and Spain.

They

have to ship the mussels as a canned or frozen product because costs

would

of shipping fresh would be

prohibitive. European demand for processed

mussels has not yet reached a point where the price is high enough to
allow outsiders

a local

to enter the

market.

Therefore, this paper will consider

market for cultured mussels.

It is not sufficient

to estimate the demand

based on sales of wild harvested

mussels.

Meat yield in wild mussels is

usually less, silt and pearl incidence is higher

usually encrusted with fouling

organisms.

wholesale price ($9 to $14 per

bushel)

bushel for cultured mussels (Meyers

for cultured mussels

and the shells are

This is translated into a lower

for wild mussels vs up to

1980).

$331

Therefore, the buyers of

cul-

tured mussels are bound to be different from those used to buying wild
Many marketing studies (Waterstrat

mussels.
1980)
trade.

1979; Meyers 1980;

Clifton

have concluded that cultured mussels can best serve the restaurant
Education of seafood processors and distribution as well as res-

tauranteurs is necessary to develop the market for mussels to its full

potential.

Meyers (1980)

estimates that five mussel culture businesses
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can produce an amount equal to the 1978 U.S. landings of about 12 million

weight). Many buyers of wild mussels use them for bait and

pounds (live

desire a higher

would not

quality,

more expensive product.

Therefore, the

culture mussel marketeer may want to plan on breaking into the

prospective

clam and oyster markets.

One reason that restaurants may want to add mussels to their menu is

that the owners are disappointed in the high seafood prices (Waterstrat
1979).

If mussel growers wish to capitalize on this

plan on selling their product.at prices
peting

products.

are currently

offered

savings being

that

Given that

range as clams and

significantly

they must

lower than the com-

The seafood packaged products market could even be opened

to mussel growers able to produce large

clams).

situation,

volumes.

However,

at prices comparable to steamer clams

a bushel of mussels

could yield

the price of cultured mussels
oysters,

cultured mussels
(the only

more meats than most

remain in the same

will

considerable education of

consumers, seafood

processors and seafood dealers could greatly enhance the demand for mussels

(Waterstrat 1979, Clifton 1980).

Market stability is often a reflection of product supply and quality
reliability.

The quality of cultured mussels can be more consistent than

that of wild mussels.
business,

Consistent supply is a more difficult aspect of the

especially if one's.mussels are quarantined due to high paralytic

shellfish poisoning toxin

levels.

Restaurants offering a menu item would

expect a constant supply as would seafood distributors.

In the name of

market development, it is essential that mussel farmers be dependable
suppliers,

even if they do not make any profits at first.

tributors would add cultured mussels to their
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supply,

If seafood dis-

mussel farmers would

not have to make the numerous small deliveries now required to supply the
restaurants.

Economies of scale come into play here, because a farmer

would have to be able to supply large amounts to a distributor.
producers,

Small

unless they formed a cooperative would not be able to take

advantage of a large distribution network and their costs of distribution
could be higher.

As Meyers (1980) advises, markets for mussels will be

developed quickly if distributors and wholesalers can make a reasonable
profit in carrying such an item.

Table 2 shows prices paid to producers.

SPECIAL PROBLEMS AND NEEDED RESEARCH

A.

Paralytic Shellfish Poisoning (PSP) (Yentsch 1980)

Dinoflagellates of the genus Gonyaulax produce a potent neurotoxin
that can be accumulated by bivalves, particularly mussels.

The shellfish

are not affected by the toxins they concentrate but those mammals ingesting the shellfish become intoxicated.
The toxin, known as saxitoxin inhibits nerve functions, causing temporary paralysis.

Ingesting only one milligram saxitoxin can cause dis-

comfort in humans and 10 mg is considered the lethal dose. Death is
usually due to respiratory failure.

The condition can be treated by

pumping the stomach and giving artificial respiration.

No lasting affects

of the toxin are known.
Water discolorations due to heavy algae concentrations are usually
indicative of high toxin dinoflagellate concentrations.

However, these

red tides" can occur in which very few toxic dinoflagellates

and toxic dinoflagellates can be accumulated
low concentrations and no red

tide occurs.
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are present

by bivalves

even when in very

In addition,

cells of the same

Table 2.

Prices paid for cultured

mussels in U.S.

Source

Price (live weight)

Meyers 1980

$1.25/L = $0.82/lb
2Lfor $1.75 = $0.57/lb

$33/bu = $0.60/lb

P. Jefferds, mussel
farmer; personal
communication

$1.15/lb
1.25/lb
1.30

Fitzgerald 1981

$2.50/lb

Explanation
Local,

in plant retail. Low

demand but no complaints of

price.

Price to restaurant; discounts
to wholesalers, distributors
To market (wholesale) 1980
To restaurant 1980
1981

Price paid to wholesaler in
Seattle for mussels from
New Zealand.

1977 test market

Meyers 1980

$22.50/bu = $0.41/lb
$30.00/bu

Post test market price

Clifton 1980

$1.99/lb
1.26/lb
0.99/lb

Highest retail price reported
New York City retail
Discount market retail
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of toxin; the resting
species can contain highly variable concentrations
cell stage being more toxic than the motile cells.
many motile cells

Therefore, presence of
These

does not necessarily mean highly toxic conditions.

outbreaks very difficult.
phenomena make prediction of toxic algae
currents
graphic mechanisms such as tide and wind generated
some exr.ent to predict red tides.

Hydro-

can be used to

The resting cysts of Gonyaulax seem to

be quickly brought to the
reside at the sediment-water interface and can
water column by vertical mixing.
binds the toxins.
It appears that melanin in the mussel's tissue

quickly than the
Mytilus has been found to accumulate toxins much more
softshell clam Mra arenaria.

Maximum toxin accumulation rate has been

motile Gonyaulax is ingested.
measured at 1,000 mg/100 g tissue per day when
"optimal" cell
This was measured at maximum summer filtration rates and

densities of 106 cells/ml.

detoxification rates.
Season, habitat and individual physiology affect
detoxify can be made
However, reasonably accurate predictions of time to
and season.
based on decay constants developed for a particular area

Pre-

levels will help to estimate
dicting- time for the shellfish to attain legal
determine how long
the time to reopen commercial and recreational harvests,
and to know when to
open areas will be under increased harvest pressure
begin sampling again in the affected area.

Detoxification in artificial

in marginally toxic
systems is not yet feasible, although some success
et al. 1973).
shellfish has been obtained by using ozone (Blogoslawski

Official Analytical
The current assay accepted by the Association of
bioassay.
Chemist for shellfish monitoring programs is the mouse
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Sample

shell ish meats are macerated and the liquid extract is injected into a

mouse weighing 18-22

g.

The time of death is compared to the time of death

of mice injected with a calibrated saxitoxin

(STX) dose.

The toxin level

in the sample shellfish is then reported in ug STX equivalents/100 g tissue
for the

particular genetic strain of

they reach 80 ug STX/100 g.

than

mouse.

Shellfish are quarantined when

Death times greater than 15 minutes or less

1 minute are not reliable because they fall on the asymtotic part of

the standard curve. When these results

run using various

A quicker,

dilutions.

occur,

several more tests must be

less costly method that retains

or improves upon the accuracy in the current method

beneficial

to the whole

on artificial

The U.S.

shellfish

industry.

(±

20%) will be very

It may even encourage research

detoxification systems.
Shellfish Monitoring Program is headed by the National Shell-

fish Sanitation Program of the Food and Drug

Administration.

It is managed

by'the states, who are responsible for instituting and enforcing closures.
In general, those states with economically important shellf fisheries closely
monitor the toxin levels and close only areas
duration of quarantine levels.
fornia,

affected for only the

By contrast, other states, such as Cali-

have blanket closures during the potential danger period from

1 May to 31 October.

This state has an extensive coastline to monitor and

has little economic pressure to implement a large-scale monitoring program.
In Oregon, shellfish are monitored from May to October each year at
four locations.
observed.

Specific

areas are

closed when high levels of toxins are

PSP closures are not considered a serious detriment to commer-

cial shellfish.harvesting.

The state of Washington also closes harvest

depending on season, location and species.
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Prevention

of PSP outbreaks is in the best,interest

of shellfish

marketers, although publicizing the occurrence of toxin dinoflagellate

blooms can be quite a detriment to shellfish

is

information

is also

perpetrated,

affected.

marketing.

Because much mis-

an unnecessary number of marine fish markets

Toxic dinoflagellate blooms on the U.S. west coast have

even been reported to affect markets on the east

coast.

Area closures also

result in unemployment and additional costs to the shellfish industry.
Fortunately,

coincide

with

most predictable danger times for toxic dinoflagellate

blooms

the poor condition and therefore reduced harvest of mussels.

There seems to be an increase in toxic shellfish

occurrences,

but it-

is not yet clear whether this is due to an increase in toxic dinoflagellate
blooms,

an increase in harvests or just increased monitoring and awareness.

Some outbreaks of high toxin levels have even been observed in late spring

and early fall.

For example, toxin levels of up to 22,000 ±g/100 g tissue

were detected in Puget
Jefferds,

Sound,

in October and lasted through November (P.

personal communication).

If a marketer can assure his customers that a particular lot of shellfish

has been certified as

safe,

more confidence in the product

and large scale quarantines may prove

unnecessary.

However,

will result

there is not

yet a quick reliable test that can be performed at the harvest site. In
the proposed method of lot sampling, shellfish must be sent to a state
laboratory

and the harvester or processor could be forced to discard an

entire harvested lot if the results showed quarantine levels.
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B.

Engineering Needs
Most beginnning mussel culture operations grow mussels on suspended

substrates

-

an expensive but space-efficient method.

The culture

apparatus is one of the most expensive aspects of mussel farming because-,
of its relatively
apparatus

1.

years) and medium cost.

Culture

design should consider the following criteria:

Ease of anchoring and resistance to movement and twisting. Longlines
show

2.

short lifetime (about 5

promise in this department.

Either a work platform for

Work space.

attaching mussels should be

provided,

cleaning and

harvesting,

or the work platform should be

easily pulled up to the culture apparatus.
3.

Modular design so that other machinery can be designed to work with

the culture
4.

apparatus.

Resistance to fouling.

Ease of harvest is of prime importance here.
Chemical impregnation

of the

culture apparatus

to resist fouling is not advisable unless one is certain
will

5.

the chemicals

not affect the mussels.

Cost and lifetime.

The bamboo stakes used in the Philippines are

economical even though they only last one season because they are
inexpensive.

The boats used to harvest mussels in The Netherlands

are expensive but are expected to last 50 years.
6.

Availability

of

materials.

Especially

if harvest machinery is designed

to go with a certain culture apparatus design, one should make sure
the materials are easily obtained.
7.

Flexibility. One's first ideas can

usually be

improved after time

and experience, so the opportunity to change a few things around or

add on is desirable.
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Thinning

and reattaching mussels require high labor input.

commercial firms do not practice
production can be enhanced.

because of the

this

costs,

Many U.S.

even though

Low levels of predation help to thin mussel

populations but do not provide the service of reattaching the mussels to
new ropes.

However, reattaching is not essential unless seed is expensive

or difficult to obtain.

Predation cannot be expected to remain at low

space is a problem, the grower may want to save as many

levels, and if

mussels as possible that have already
Tubes made of synthetic

and hung from a raft
thinning

with

or longline

hold on handfuls

this type

with mussel seed

should be much easier to use for the

of

would the traditional ropes wrapped
mussels.

easier to use wild seed collected from rocks

tubing or socks of

food and space.

netting that can be filled

and reattaching tasks than

netting to

utilized

They would

also make it

and pilings.

Various size

are being used and tested (Incze

1980,

Meyers

1980).
C.

Legal Constraints
Although

there are no laws expressly prohibiting mussel culture, the

time and risks involved in obtaining the necessary permits combine to make

starting a mussel culture operation a

nightmare.

Permits have to be

sought via federal, 'state and local agencies before anything can be
started.

State and local laws affecting aquaculture vary.

The following

list of permits needed in the state of Oregon is only an example.
Federal Permits and Constraints:

The Army Corps of Engineers is

responsible for issuing permits to put structures in waterways.
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This

ssel culture rafts and

includes

The Food and Drug Administra-

longlines.

tion wi 71 not allow interstate shipment of shellfish harvested from waters

him fecal

with

coliform

State Permits:

requires an

counts or

PSP levels.

The Oregon Department of Fisheries and Wildlife

annual permit

for the

propagation of non-game

a grower to harvest his own product.

permit

permit could take six months to one

year.

This

Depending on the scale

of the prospective business and the public controversy it

ing t

fish.

arouses,

obtain-

Estuary development is

presently in charge of the Oregon Division of State Lands.

Leases are

given for oyster culture but mussels are not yet included in the law
specify ng conditions for estuary use.
The grower must pay a fee to the state and it is expected that the
m.ich as the grower could afford but still stay in business.

fee would be

Although priority is given to land owners adjacent to the estuary site,
the prospective mussel culturist will have to compete with other estuarine

uses in his request.

These include navigation, recreation such as fishing,

crabbing and

private uses for oyster culture and other businesses,

boating,

wildife habitat and the public's desire for uncluttered scenery.

:Mussels need not be certified by a health authority before sale, but
their-harvest is controlled by state authorities in conjunction with
federal laws.

Waters with fecal coliform counts of more than 230/100 ml

water are considered "polluted".

Although fecal coliforms themselves are

not pa_ ogens, they can indicate the presence of human enteric bacteria
and possibly viruses many of which can be pathogenic (Furfari 1966).
Local Permits:

A prospective mussel farmer would have to comply with

county zoning laws, possibly pay piling taxes, and probably obey any other
laws to which oyster

growers are subject. Local ordinances vary consider-

ably in Oregon.
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The Future

for Mussel Culture

Demand for the product plays a large part in the development of .a
mussel culture

industry.

Development of a market that will pay the price

fcy- a cultured mussel is a cost that seriously inhibits the economic

fe?sibiU.ty of mussel farming in the U.S. Presumably, if the price were
lc, ma ket demand may increase, but consumer education is one of the

biggest coustaints affecting mussel

consumption;

not

price.

A public

education campaign would require capital, another expense that a beginning
mussel culturist.will have to cover either by doing the education himself,

or by offering his product at a lower price so that distributors would do
the market development.
It is often said that people in the U.S. are not yet hungry enough to

sacrifice recreational areas to food
not yet be

production.

considered an important food

source;

Cultured mussels should

they are a business opport-

unity. .As with their counterparts and future marketplace competitors, the
oysters and clams, cultured mussels serve the luxury food trade.

However,

some improvements in culture techniques and equipment may allow cheaper
production costs.
lowered,

If legal restrictions are eased and production costs

cultured mussels may become an important source of food.

countries than the
mussel culture

U.S. will

probably play a

because their priorities
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Other

larger role in developing

lie in

that direction.

LITERATURE CITED

Mussel beds need big changes to resist the "tingle".
Farming International, September, 1980. p..

Anonymous.

1980.

Fish

K. Y. 1980. Prevention and removal of fouling on cultured oysters:
a handbook for growers. Maine Sea Grant Tecical Report 56. University
of Maine at Orono, Walpole, Maine.

Arakawa,

AQUACOP,

1979.

Larval rearing and spat productirm of the green mussel Mytilus
In Proceedings of the World Mari-

viridis Linnaeus in French Polynesia.
culture Society, 10:641-647.

Growth and the delay of metaaorphosis of the larvae of
Bayne, B. L.
1965.
Ophelia 2:1-47.
Mytilus edulis L.
Bayne, B. L. 1975. Aspects of physiological con=_tion in Mytilus edulis.L.,
with special reference to the effects of oxygen tension and salinity.
pp. 213-238. In Proceedings of the 9th Euro_ean Marine Biology Symposium, edited by Harold Barnes. Aberdeen University Press.
Bayne, B. L.

1976.

Marine mussels

The biology of mussel larvae.
(ed. B. L. Bayne). Cambridge:

Cambridge University

In:

Cambridge University Press.

I pp. 121-206.
Physiology:
Physiology, B. L. Bayne, ed.,
Press, Cambridge, England.

B. L., J. Widdows and R. J. Thompson.
In: Marine Mussels: Their Ecology and

Bayne,

Pages 81-120.

1975.

1973. Ozone
P. Thurnberg, and M. A. D wson.
tion of a Gymnodinium breve toxin. Water Research 7:1701-1703.

Blogoslawski, W. J., F.

inactiva-

Stimulation of spawn1963.
Breese, W. P., R. E. Millemann, and R. E. Dimick.
ing in the mussels, Mytilus edulis Linnaeus:and Mytilus californianus
Conrad, by Kraft Mill effluent. Biological 3ulletin. Marine Biological
Laboratory, Woods Hole, Mass., 125:197-205.

Breese, W. P., and R. E. Malouf.

Hatchery manual for the Pacific oyster.
Oregon State University Sea Grant College

1975.

Publication No. ORESU-H-75-002.
Corvallis, Oregon.
Program.

Brenko, M., and A. Calabrese. 1969. The.combinef effects of salinity and
temperature on larvae of the mussel Mytilus edulis. Marine Biology,
4:224-226.
Chaff ant, J. S., Jr., T. Archambault, A. E. West, J. G. Riley and N. Smith.
growth, recruitment and harvest
Natural stocks of mussels:
1980.
In R. A. Lutz, ed. Mussel culture and harvest: a North
potential.
American perspective. Elsevier Scientific Publishing Co., New York.

Mussel cu?_sre studies in Puget Sound,
1975.
Chaves, L. A., and K. K. Chew.
Proc.
Sixth
Annual
Meeting
Wor?_ !ariculture Society,
Washington.
January 27-31, 1975, Seattle, Washington.

59

Clifton, J. A. 1980. Some economics of mussel culture and harvest. Pages
Mussel culture and harvest: a North American perspective
In:
312-338.
(ed. R. A. Lutz). Amsterdam: Elsevier.

Davies, G.
1974. A method for monitoring the spatfall of mussels. (Mytilus
edulis L.). Journal du Conseil. 'Conseil International pour Exploration
de la Mar, 36(1):27-34.

Epifanio, C. E., C. M. Logan, and C. Turk. 1975. Culture of six species of
bivalves in a recirculating seawater system. Pages 97-108. In Persoone,
G. and E. Jaspers, Eds.
Belgium.

Vol. 1.,

Proc. 10th

Universa Press.

Fitzgerald, R.. 1981. The culture of
Fox, D.

L.

1936.

Eur. Sym3. Mar. Biol., Ostend,

mussels.

Ocean Leader, 1(4):20-25.

The habitat and food of the California sea mussel.

Bulletin of the Scripps Institute of Oceanography, 4:1-64.
Fralick , J. E., and D. L. Tillapaugh. 1979. A review of smaller fisherymariculture industries in B.C.: mussels, abalone, geoducks, clams, horse
clams, and marine plants. Information report No. 3. Westwater Research
Center, University of British Columbia, Vancouver, B.C.

Furfari,

S. A.

1966.

Depuration plant

design.

U.S. Dept. of Health,

Education and Welfare. Available from U.S. Government Printing Office,

Washington, D.C.
Hickman, R. W. 1976.
mussel farming.

119 pages.

Potential for the use of stranded seed mussels in
Aquaculture 9:287-293.

Hurlburt, C. G., and S. W. Hurlburt. 1975. Blue gold: mariculture of
the edible blue mussel (Mytilus edulis). Marine Fisheries Review
37(10) :10-18.

Hurlburt, C. B., and S. W. Hurlburt. 1980. European mussel culture technology
and its adaptability to North American waters. Pages 69-98. In: Mussel
culture and harvest: a North American perspective (ed. R. A. Lutz).
Amsterdam:
Elsevier.

Incze, L. A., B. Porter, and R. A. Lutz. 1978. Experimental culture of
M;rtilus edulis (L.) in a northern estuarine gradient: growth, survival,
and recruitment.

Proceedings, World Mariculture Society 9:523-541.

an east coast perspecIncze, L. S., and R. A. Lutz. 1980., Mussel culture:
Mussel culture and harvest: a North American
In:
Pages 99-140.
tive.
Elsevier.
perspective (ed. R. A. Lutz). Amsterdam:
1974. Economic analysis of oyster production under controlled
Ishiyama, H.
conditions. M.S. Thesis, Department of Agricultural Economics, Oregon
State University, Corvallis, Oregon.

Jenkins, R. J.
Zealand).

1979. Mussel Cultivation in the Marlborough Sounds (New
David F. Jones Ltd., 75 pp.
60

Johnson, K. W., and K. K. Chew. -1980. Annual report. Cooperative mussel
study, the University of Washington and the Washington State Department
of Fisheries complimented by the Washington Sea Grant Mussel Study.
Available from the College of Fisheries, University of Washington,
Seattle, Washington.

Korringa,

P.

Farming marine organisms low in the food
Publishing Co., New York.

1976.

Scientific

chain.

Elsevier

Lubet, P. 1956. Effects de la'ablation des centres nerveux sur l'emission
des gametes chez Mytilus edulis L. et Chlamys varia L. (Mollusques
Lamellibranches).
Lutz,

R. A.

1978.

Ann. desSc. Nat.

Zool., 11:175-183.

Pearl incidence in Mytilus edulis L. and its commercial
implications. Proceedings of the World Mariculture

raft cultivation

Society 9:509-522.
Lutz,

R. A.

1979.

Proceedings,

Bivalve molluscan

maricultures:

a Mytilus perspective.

World Mariculture Society, 10.

R. E., and W. P. Breese. 1978. Intensive culture of the Pacific
oyster Crassostrea gigas (Thunberg), in heated effluents. Oregon State
University Sea Grant College Program, Publication No. ORESU-T-78-003.

Malouf,

Corvallis, Oregon.

Mann, R.
Marteil,

Growth of Mytilus edulis L.
Aquaculture, 13:351-354.

1978.

system.

L.

1976.

in a waste recycling aquaculture

Biologie de 1'huitre et de la

moule.

Revue des Travaux

de L'Institute des Peches Maritimes 40(2):149-346.
Mason, J.

1971.

Mussel cultivation.

Underwater journal and information

bulletin, 3(2):52-59.

Meyers, E. A. 1980. The evolution of a commercial mussel culture operation.
Pages 266-311. In: Mussel culture and harvest: a North American
perspective (ed. R. A. Lutz). Amsterdam: Elsevier.

Morse, D. E., N. Hooker, and A. Morse. 1978. Chemical control of reproduction in bivalve and gastropod molluscs, III: an inexpensive technique
for nariculture of many species. Proceedings of the World Mariculture
Society, 9:543-547.

Newkirk, G. F., K. R. Freeman, and L. M. Dickie. 1980. Genetic studies of the
blue mussel, Mytilus edulis, and their implications for commercial culture.
Proceedings of the World Mariculture Society 11:596-604.
Biologia de moluscos cultivados en America Lutina.
Ramorino, L. M. 1977.
FAO Informes de Pesca no. 159, volume 2 FIR/R159.2 p. 1-16.
Influence of algal concentration and temperature on the
Schulte, E. H.
1975.
Marine Biology 30:331-341.
filtration rate of Mytilus edulis.

61

Schwind, P. 1977. Blue mussels. Chapter 4 of Practical shellfish
Camden; Maine. 91 pages.
International Marine Publ. Co.
Ecology. Chapter 2, pp. 66. In Marine mussels,
Seed, R.
1976.
editor. Cambridge University Press, Cambridge, England.

farming.

B. L. Bayne,

Sinden, C. J. 1977. Mytilicola disease of oysters. pp. 215-216. In:
Disease diagnosis and control in North American marine aquaculture,
C. J. Sindermana, editor. Elsevier Scientific Publishing Co., New York,
New York.
Sivaliham, P. M.
Linnaeus,
Slabyj,

B. M.

in

Aquaculture of the green mussel, Mytilus viridis

1977.

Malaysia.

1980.

Aquaculture,

11:297-312.

Storage and processing of

mussels.

Pages 247-265.

In: Mussel culture and harvest: a North American perspective (ed.
R. A. Lutz). Amsterdam: Elsevier.
Smith, F. J.

1975.

Fishermens business guide.
192 pages.

International Marine Pub.

Co. Camden, Maine.

Stubbings, H. G. 1954. The biology of the common
fouling problems. Research 7:222-229.
Tortell, P.
Walne, P. R.
Conway.

1976.
1974.

A new

rope for mussel

Culture of bivalve

The Whitefriars

Press,

farming.

mussel in relation to
Aquaculture, 8:383-388.

50 years experience at
Ltd., London and Tonbridge.
molluscs,

J. E. 1975. Feeding experiments with Mytilus edulis L. at small
laboratory scale. II The influence of suspended silt in addition to

Winter,

algal suspensions on growth.

pp. 583-600.

In:

Mar. Biol., Ostend, Belgium, Sept. 17-23, 1975.
Jaspers (Eds.). Universe Press, Wetteren.

10th Eur. Symp.
G. Persoon and E.
Proc.

J. E., and R W. Langton. 1975. Feeding experiments with Mytilus
edulis L. at small laboratory scale 1. The influence of the total
amount of food ingested and food concentration on growth. In: Proc.

Winter,

10 Eur. Symp. Mar. Biol., Ostend Belgium, Sept. 17-23, 1975. G. Persoon
and E. Jaspers (Eds.). Universa Press, Wetteren. Vol. 1:565-581.

Warren, C. E.

1971.

water pollution

Bioenergetics and growth. Chapter II in Biology and
control. W. B. Saunders Company, Philadelphia, PA.

P. R. 1979. Prospects for the development of a mussel culture
industry in Puget Sound. M.S. Thesis, Fisheries, University of Washington.

Waterstrat,

Seattle, Washington.

1980. Accumulation of algal biotoxins in mussels. Pages
C. M.
Amsterdam:
223-246, In: a North American perspective (ed. R. A. Lutz).
Elsevier.

Yentsch,

Young, R. T.

1941.

The distribution of the mussel Mytilus californianus
Ecology 22:379-386.
environment.

in relation to the salinity of its
62

