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Abstract of the Dissertation

The Physiological Consequences of Harboring a Symbiont: The
Effect of Pea Crabs (Pinnotheres maculatus) on Mussels
(Mytilus edulis)

by
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n
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(Ecology and Evolution)
State University of New York
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Stony Brook

1985

Pea crabs can adversely affect mussel physiology on three time
scales: immediate, seasonal, and long-term. Most researchers classify
hosts only by presence/absence of the symbiont, but evidence for
mobility of small pea crabs (all males and immature females) sug-
gests the effect of these transients is intermittent and reversible.
Adult female pea crabs (> 6 mm) are physically trapped within a

host and represent a continuous drain on host resources. The presence
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of any size pea crab reduces respiration by about 60%, while there
is a gradual decrease of feeding rate with increasing size of pea crab.
Mussels with a long-term resident have lower glycogen reserves in
gonadal tissue and lower total gonad weight whether measured at
quiescent times or at peak gametogenesis. For these animals, although
a constant percent of the gonad is filled with gametes, lower tissue
weight/body weight results in decreased reproductive output. Under
a normal ration, male mussels display marked reductions in follicle
size; while few females with large pea crabs could be classified as
fully ripe, those meeting the criteria showed no difference in follicle
size from uninhabited females. Under some treatments, maximum
egg size was less for mussels with large pea crabs. Over the
short-term, mussels respond to pea crab infestation by decreasing
metabolic rate. Over the course of a scason, effects become cumu-
lative and are manifested in decreased energy reserves and reduction
of gonadal material. Over several years, the cumulative effects of
a reduced metabolism and energy reserves become irreversible; con-
tinual decreased growth rates become reflected in mussel shell shape.

When the drain of supporting a pea crab is exacerbated by
additional stresses, (e.g, low salinity or poor nutrient conditions),

negative effects are more pronounced or appear sooner.

v
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Preface

Three perceptions of pea crabs

(1)

In clouded deeps below the Pinna hides,

And thro’ the silent paths obscurely glides;

A stupid wretch, and void of thoughtful care,
He forms no bait, nor lays the tempting snare.
But the dull sluggard boasts a Crab his friend,
Whose busy eyes the coming prey attend.

One room contains them, and the partners dwell
Beneath the convex of one sloping shell;

Deep in the watty vast the comrades rove,
And mutual intrest binds their constant love;
That wiser friend the lucky juncture tells,
When in the circuit of his gaping shells

Fish wand’ring enter; then the bearded guide
Warns the dull mate, and pricks his tender side;
He knows the hint, nor at the treatment grieves,
But hugs th’advantage, and the pain forgives;
His closing shells the Pinna sudden joins,

And twixt the pressing sides his prey confines;
Thus fed by mutual aid, the friendly pair
Divide their gains, and all the plunder share.

Oppian



(2)
A Crab and a Clam Live Together

To find the teeny-weeny half-inch crab we have to look in
a clam shell. Yes, Sir, a crab in a clam shcll. The half-inch crab
is a lazy fellow who will not do a particle of work. He lives off
the clam and expects his friend to carry him about and even feed
him. He has not exercised for so long his claws cannot pinch and
his legs are too weak to walk on. Naturally he looks pale and sick.

When the half-inch crab is very young, he crawls into a shell
with a clam or oyster and there he spends his life. He does not
have to exert himself because he gets free rides on his host and
steals his food. The host and guest seem to be the best of friends,
however. They keep each other from getting lonesome, 1 suspect.
Inside the clam shell may be a safe place to live, but it would
be pretty dull with nothing more exciting to do than watching the
opening and closing of the shell.

Guberlet, 1942



(3)

The local dish called “curranto” contains representatives of five phyla
of the animal kingdom: Mollusca, Echinodermata, Arthopoda, Tunicata,
and Vertebrata. | would not have willingly missed this grand
mixture, although some of the components taste more exotic than
pleasant. One kind of sea food (offered me in Concepcion) 1 had
no courage to try, namely, a crab that parasitizes the interior of
a sea urchin. The thing is eaten alive, while moving slowly its
stubby legs. Its soft, blackish gray, shell-less body forcibly reminded
me of a louse, only very much magnified.

Finis Terrae Theodosius Dobzhansky (Glass [ed.), 1982 p 213)
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CHAPTER 1: Introduction and Summary of
Results

INTRODUCTION

Pea crabs in Antiquity

Pinnotherids, or pea crabs, are a group of decapod crustaccans
adapted for life within other marine animals. Pea crabs have enjoyed
a rich anecdotal history since the time of the ancient Greeks. Early
natural historians regarded the relationship between pea crabs and
their hosts to be one of mutual advantage, believing the crab warned
its bivalve host of the approach of enemies or entrance of prey
between its gaping valves. Many used this relationship as a symbol
of friendship in their writings.

In 330 BC, Aristotle alleged "if the mcvvo (Pinna) be deprived
of this muwvornpnc (Pinnotheres - Pinna-guardian), it soon dies.” (See

Thompson 1910, p 547b.)



Pliny (Natural History, ix. cap. 66) wrote:

The Pinna opens its shell. The guardian of the Pinna,
the pea crab, watches fish approaching it and taps on
the shell at the appropriate moment so the Pinna will
close its shell, and in this manner, the two share together
what is caught inside the Pinna shell.

Cicero (De Natura Deorum, ii. cap. 48) marvelled:

In this way, food is sought in common by small creatures
that are quite unlike each other, and one cannot but
wonder in regard to this whether they were united by
coming together themselves, or were originally united by
Nature herself at the time of birth.

The sixteenth century mnatural historian Busbecq (reported in
George Sarton, 1942) was suspicious that Aristotle, Pliny, and Cicero
were misguided in their romantic characterization of the pea
crab-bivalve relationship. He questioned the altruistic nature of the
symbiont in warning its host (*a blind and senseless lump of flesh”)
of impending danger and thought the pea crab resided within the
mantle cavity “in order to have a strong defence against the violence
of ravenous fishes and a quiet haven when the sea is boisterous”.

Busbecg concludes:

I should not wish in saying this to be suspected of in-
tending to detract at all from the authority of such
great men; my object is simply to draw the attention of
others to the subject in the hope of its being more in-
vestigated more thoroughly.



Recent studies

The concerns of Busbecq were well founded; while the stories
about mutual benefits accruing to both the pea crab and the Pinna
are charming, scientific investigations require they be relegated to
folklore. Many studies have reported detrimental effects of pea crabs
on bivalve hosts. Gill lesions, found in infested Mytilus edulis
(McDermott, 1969) and Crassostrea virginica (Haven, 1968; Flower
and McDermott, 1952; Christensen and McDermott 1958), were at-
tributed to the crab’s scraping its chelipeds across the host’s soft body
parts while feeding (See Figure 1A). Pearce (1966) mentioned “an
indentation in the gonadal mass” of a wvariety of host clams and
mussels. Fibrous lumps or nodules, up to one centimeter in length,
have been found on the mantle lips of bivalves harboring pea crabs
(Jones, 1977; Dix, 1973; Stauber, 1945). Kruczynski (1972) noted a
reduction in dry meat weight of infested scallops when compared
with uninfested scallops of the same size. Bivalve meat reduction
was greater than the amount corresponding to the physical mass of
the pinnotherid. Similarly lowered meat contents were reported for
oysters (C. virginica) containing P. ostreum, and the California
mussel (M. californianus) containing Fabia subguadraia by Haven
(1958) and Anderson (1975), respectively. Notched scallops containing
pea crabs grew less over a three-month period than uninfested
Aeguipectin irradians of similar size. Kruczynski (1975) proved that
Pinnotheres maculatus ingests the food of Myrilus edulis by ob-

serving accumulation of 14C in pinnotherid tissue after the host






FIGURE 1A. Adult female Pinnotheres maculatus
positioned on a mussel gill

Mucus strands containing food move along the surface of the gill
and are intercepted by a large female pea crab. Note the tear in
the mussel gill at the lower right caused by the crab gripping the
filaments.

FIGURE 1B. Close-up of a ripe mussel gonad (male)

The thickness of the tissue and the color (white for males, and
orange for females) indicates an animal is ready to spawn. Note
the ducts where the gametes drain from the gonad into the mantle
cavity.






was fed labeled diatoms (Nitzchia closterium and Thalassiosira
pseudonana). Pregenzer (1978) demonstrated that particles are cleared
from water at a slower rate by mussels that contain pea crabs
(Pinnotheres hickmani). Silas and Alagarswami (1965) reported that
a species of Indian oysters (Ostrea cucullata) normally exhibiting a
50:50 sex ratio becomes significantly skewed toward maleness when
infested with pinnotherids. A higher percentage of hermaphrodites
was observed as well. They suggested that the stress on the host
allows only sperm production instead of "energetically more expensive
egg production.” Berner (1952) found that Myzilus edulis containing
large P. pisum did not develop gametes; removal of the crab allowed
normal gametogenesis to proceed.

Pea crabs can live in a host for two to three years (Pearce,
1964; Christensen and McDermott, 1938; Bourne, ms.). The encrgetic
demand of supporting a pea crab may impair host response 1o long
or short term stresses, and from the various investigations noted

above, may be reflected in a variety of parameters.

The Commensal: Pinnotheres maculatus

Two hundred fifty-two species of pinnotherids have been described
(Schmitt, 1973). 1In this spectrum of species, there is a gradation
from specialist crabs to generalist crabs with regard to host and
geographic range (Tables 1 and 2). Pinnotheres maculatus, the species
in this study, can be considered an ultimate generalist, “demonstrating

a profound lack of host specificity” (McDermott, 1962). It has a



TABLE 1
Pinnotherid Distribution

East Atlantic -- Atlantic coast of Europe (Norway to

Spain): : : 5 species
Mediterranean and Biack Sca : 3 species
N. W. Africa (Morocco and Mauritania) 2 species
Tropical West Africa (Senegal to Angola): 4 species
West Africa — East coast of the United States

(Massachusetts to Florida): o ome wow % & = ow ow s ¢ 19 SPECIEs
Gulf of Mexico and Caribbean: . . . v » o« 34 Species
East coast of S. America (Brazil to Arocmma) . 15 species
East Pacific — West coast of North America (Alaska to
California): . e e e e e ... ... 22 species
West coast of Mrddl( America and northern South

America (Mexico to Ecuador): 38 species
Galapagos Islands: : 4 species
Indo-West Pacific — Gen(ra . 2 species
New Zealand, inclusive of Chatham and Auckland lslandq 4 species
Australia (inclusive of Australian New Guinca): 13 species
Indonesia (inclusive of West New Guinea): 22 species
Philippines: 29 species
Palau Islands: . 8 species
Japan and Taiwan: : 37 species
HongKong, China, Korea, S1bcr1a 28 species
Thailand: 17 species
Malaysia: dowoa s % o o ow o s 19 BPeEIER
Indian Rubcommcm (PaL1<1an India, Ceylon, Burma, in-

clusive of Maldive, Laccadive, Andaman, and Mergui

Archipelagoes): . . 21 species
N.W.Indian Ocean (Red Sea Gulf of Adcn Arahian S(a,

Persian Gulf): . . 17 species
East Africa (Kenya to Mozambrqud 5 species
South AfTica: 2 species
Western Indian Ocean (Madagascar Mauritius): 2 species
Fossil species: 6 species



days of

#zocal develop-

Pca Crab species stages ment
Pinnotheres maculatus 5 35
Pinnotheres pisum 4 42
Fabia subquadrata 4 17

Pinnotheres ostreum 4 21-25
Ostracotheres tridacne 4 ?
Pinnotheres pinnotheres 2 14
Pinnotheres chamae 3 12
Pinnotheres taylori 2 28
Pinnotheres veterum 2 ?
Pinnotheres moseri 2 1.5

TABLE 2
A comparison of zoeal development, geographic range,
and host specificity in pinnotherids

geographic
range

generalist
generalist

semi-generalist

generalist
semi-generalist
generalist
specialist
specialist

specialist
specialist

number
and type
of hosts

25 bivalves,
annelids
27 bivalves,
ascidians
17 bivalves,
tunicates

echinoid tests
7 bivalves,

polychaetes
4 bivalves,

ascidians
15 bivalves,

tunicates

1 bivalve
2-4 ascidians
2 ascidians
2 ascidians



host list of at least 21 species, and is distributed throughout the
subarctic, temperate and tropical zones. Their common hosts include
seven families in the Class Bivalvia (Mytilidae, Pinnidae,
Isognomonidae, Pectinidae, Anomiideac, Chamidae, and Myidae) and
two families in the class Annelida (Arenicolidae and Chaetopteridac).
Additionally, therc have been unconfirmed reports of P. maculatus
living in association with echinoids, gastropods, and holothurians.
Females of Pinnotheres maculatus are soft-shelled and live their
entire adult lives within the host - in this case the bivalve Mytilus
edulis (Figure 2A). The crab positions iself on the gills and uses
its chelae to pick up mucous food strands from the host as they
pass by. When a female P. maculatus exceeds approximately 6 mm
in width across the carapace (about one vear old), it is too large
10 1o leave its host easily. My observations on this species are similar
10 observations by Irvine and Coffine (1960) on the association of
a slightly larger pinnotherid (Fabia subguadrata) with the mussel
Modiolus modiolus. They report: “The normal mussel gape of 7-8
mm 1s not wide enough to permit the adult crab to leave at will.”
Based on the report of  Wells (1940), hundreds of laboratory obser-
vations over the seven years of my experiments, and recent inves-
tigations by David Campbell (pers. comm. University of New
Hampshire, 1985), it appears that a large female does not leave the
host unul the mussel is actually dead and the adductor muscle has

relaxed sufficiently to permit escape.
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FIGURE 2A. Overview of an opened mussel Mytilus edulis

The foot and byssal threads are at the center of the picture. The
gills are visible on either side; the gonad lines the interior of the
shell valves. The adductor muscle is the large white object in the
lower left. The fringed tissue is an cxtension of the mantle which
regulates water flow.

FIGURE 2B. Adult male pea crab feeding inside a mussel.

Note the male crab is feeding (darkened material in its claws), but
is not positioned on the mussel’s gills. Males are infrequently found
within hosts and are capable of living freely. They rectain a hard-
ened carapace all their lives, as well as swimming hairs which fa-
cilitate movement in the water column.
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This species of pea crab is sexually dimorphic. The males are
“dwarf”, rarely exceed 6 mm across the carapace, and are able to
move freely from mussel to mussel. Males are capable of feeding
independently (Caine, 1975); since they are not dependent on the
mussel aggregating food in mucous strands, therefore may not rep-
resent as much of a drain on a host as a female (Figure 2B). Small

female pea crabs (< 6mm) are also able to move from host to host.

Life History: Large female crabs (> 8 mm) become ovigerous in
late May. Smaller females (6 - 8 mm) are gravid by late June (See

Figure 3). In early August, the eggs begin to hatch. Ovigerous

female crabs relcase approximately 2500 zoea over a 3 to 6 hour
period, facillitated by rapid “"fanning” of the abdomen. Five zoeal
stages arc followed by a megalops stage (Costlow and Bookhout,
1966); these larval forms are planktonic and positively phototactic
(Pearce, 1964). The remainder of the life cycle was observed by

Pearce (ibid) for Pinnotheres maculatus in the Woods Hole area:

The first true crab stage leaves the plankton and becomes
associated with the bivalve host. Several molts, occur, each
succeeding instar ~ being somewhat larger  but
mor phologically  similar to the preceding crab stages. By
mid-October, both males and females reached an average
carapace width of 3.3 mm. At this time, both sexes
molied into an anomalous juvenile instar. Unlike previous
instars, this stage had a well-calcified hard exoskeleton
and other adapiations for a free swimming planktonic
existence. During this stage, females and males left their
host and engaged in ‘copulatory swarming' in open water.
Sex ratio of the swarming crabs was 1I:1.

12



FIGURE 3. Adult Male and Female Pea Crabs
Pinnotheres maculatus

TOP Dorsal view - male, female
BOTTOM  Ventral view - male, ovigerous female

Both represent the largest class for their sex: the female is about
10 mm across the carapace, and the male, 6 mm. Adult males arc
distinguished from females by the dark coloration pattern on the
back, hard shell, and swimming hairs on the walking legs. In the
adult form, the females are globose and soft-shelled - virtually in-
capable of free-living. At the age of about one yecar they are 6
mm in size, almost spherical in shape, and physically incapable of
leaving their host



TOP
BOTTOM

Adult Male and Female Pea Crabs

Pinnotheres maculatus

Dorsal view - male, female
Ventral view - male, ovigerous female
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Following copulatory swarming, females settled from
the plankion, and again infested a bivalve. After a host
was entered, 4 posthard molts occurred. Each led to a
well-de fined instar having unique characteristics: soft,
poorly calcified exoskeletons adapted to a symbiotic ex-
istence. Juvenile females, which entered host already
uninhabited by mature females, were retarded in devel-
opment and did not reach the sexually mature Stage V
instar. All crabs apparently overwinter in the first,
'posthard’ instar (Stage I1). Male crabs spend a greater
length of time in open water during copulatory swarming
and hence were more subject to predation. Few males
were found in hosts after swarming.

With the advent of higher water temperatures in
May, the precociously inseminated female crabs passed
through the remaining three 'posthard’ molts to the adult
instar and some became ovigerous al the end of their
first year.

Estimating the time a pea crab has resided within a host

My examinauon of mussel beds off the Northeast coast from
New York to Maine and interviews with fisherman throughout this
area revealed that, in general, bivalve populations tend to be either
> 60% infected (6 populations identified), or < 3% infected (> 30
populations).  Additionally, since small pea crabs (females less than
6 mm and all males) can move freely among hosts, the presence
of a small pea crab at the time a mussel is opened may not indicate
“residence”.

However, it is possible to estimatc pea crab age at sexual ma-
turity; P. maculatus females do not produce eggs until the summer

after they reach the first true crab swage (Pearce, 1964). Since the



smallest ovigerous females I obscrved are 6 mm across the carapace,
pea crabs of this size can be no younger than one year old (cf.
growth curves for P. ostrewn in Christensen and McDermott, 1958).
After the mating swarm in the fall, females (about 3 mm wide)
reenter a host and molt into soft-shelled morphs, with poor swim-
ming ability. As such, they are extremely vulnerable to predation
if they venture outside their hosts. If a large pea crab i1s found
in a mussel, it presumably entered the previous fall after swarming,
molted several times, and grew to a size prohibiting escape. A very
large crab © 8 mm) may be two years old, and have resided in
a host for at least 21 months. Therefore, any pea crabs > 6 mm
can be considered to have resided in a mussel for a minimum of
9 months by the time | remove them from their host in the late
summer.

The relationship between carapace size of a pea crab and its
weight is shown in Figure 4. Male and female pea crabs arc dif-
ferentiated by open squares and open circles, respectively. Ovigerous
females are designated by filled circles. Males never exceed 6 mm
across the carapace - corresponding to a dry weight of 0.03 g. The
mass of a female pea crab increases dramatically after the
post-mating molts. From this point on, their form changes from a
flattened body shape and assumes the more globose form their pop-
ular name implies.

Some researchers have reported that size of pea crab is related

1o size of the host [eg., Wells (1940) on Fabia subguadrata in the
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mussel Modiolus modiolus, Seed (1969) on Pinnotheres pisum in
Mytilus edulis, Houghton (1963) on P. maculatus in M. edulis, and
Lopez (1982) on Pinnotheres modiolicola in the mussel Modiolus
metcalfeil. Irvine and Coffin (1960) found a 10 mm Modiolus
modiolus haboring a tiny (¢« 2 mm) Fabia subquadrata. The smallest
mussel Houghton (1963) observed 1o contain a pea crab (size=1.25
mm) was 35 mm long: he labels this the minimum host length
suitable for invasion. Seed (1969) reports that the percent infestation
of small mussels (30-50 mm in length) was less than 10% by any
size pea crab, while that of large mussels (90-110 mm) was greater
than 80%. 1 calculated regression lines for several independent pop-
ulations and found that, if the smallest mussels containing pea crabs
are excluded, there is no significant relationship beiween size of
mussel and size of pea crab (Figure 5, P > .18). The regression
equation for the line through these 324 points is:

size of pea crab = 00034 (mussel length) + 1.412. Because small
mussels can physically house only small crabs, including them in
the regression calculation rotates the best fit line toward the origin.
Only eleven more mussels between 40-50 mm were added (total n
= 338) and the regression became significant (P < .03). Although
the regression is significant, the R2 wvalue is 0.014: less than 2% of
the variation is explained. The equation for this regression is:

size of pea crab = 0.0047 (mussel length) + 0.559.

In the size range of 50 to 90 mm, there is no tendency for

large P. maculatus 10 be found in larger M. edulis.
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FIGURE 5. Plot of Pea crab size (mm) versus length of the
host mussel (mm).
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Evidence for the physical constraints of small mussels to house
large pea crabs is provided by Pearce (1966). He provides histograms
of the percent immature females, males, and Stage V females (ma-
wure) of Fabia subquadrata found in a range of size classes of
Modiolus modiolus. While immature females and males were found
throughout hosts of 20 to 100 mm, year old female pca crabs
constituted less than 3 percent of the symbionts in mussels smaller
than 41 mm. Ninety-seven percent were housed in mussels 41 to
100 mm.

Unless there is evidence that a vacated host will not be rein-
fected, there is no reason to assume a good correlation between host
size and pea crab size. The lifetime of Mytilus edulis is typically
2 w0 6 years (Lewis and Powell, 1961; Berger. 1983) while that of
Pinnotheres maculatus is 2 1o 3 years (Pearce, 1964; Christensen

and McDermott, 1958; Bourne, ms.).

Host choice experiments: As a test of size preference, I conducted
choice experiments with 1350 Mytilus edulis ranging from 50 mm
to 90 mm and an equal number of Pinnotheres maculatus ranging
from 2 to 10 mm. The ratio of mussels 10 pea crabs was always
greater than 3:1 10 avoid biasing choice by host availability. There
was no statistically significant trend for size of host to be correlated
10 size of pea crab that ultimately gained entrance (P > .4). Larger

pea crabs were unable to gain admitiance in many cases, so for these
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animals, the attempt to enter (insertion of walking legs) was counted
as a choice.

The regression analyses and the “choice” experiments, led me
to conclude that mussels in the size range of 50 mm to 90 mm
are capable of housing large pea crabs. In the experiments described
in this thesis, the presence of a large pea crab is used as an indi-

cator of one or more ycars of residence in the host mussel.

SUMMARY

Thesis Results

Pea crabs can adversely affect mussel physiology on three time
scales: immediate, seasonal, and long-term. Over the short term,
pinnotherids disrupt the mussel gill and significantly decrease both
oxygen consumption and filtration rates in hosts. The presence of
any sizc pea crab reduces respiration by about 60% (Chapter 3);
while there is a gradual decrcase of feeding rate with increasing size
of pea crab (Chapter 6). Concentration of glycogen in the gill is
lower in mussels containing any size pea crab (Chapter 4),

On a medium time scale, mussels with large pea crabs present
for at least nine months exhibit decreased glycogen reserves in
gonadal tussue both at quiescent times and at peak gametogenesis
(Chapter 4). The percent of body weight as gonad is also less. Ripe
mussels appear to have the same percent of gonadal tissue filled

with gametes despite presence or absence of a symbiont: however,
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lower tissue weight in mussels with large pea crabs results in de-
creased reproductive output. Under normal food rations, male mussels
display marked reductions in follicle size (Figure 6). While it was
difficult 1o identify females with large pea crabs that could be
classified as fully ripe, those that did meet the criteria were no
different in follicle size than uninhabited females (Figure 7). Under
some treatments ranging from normal food levels to poor nutrient
conditions, maximum egg size was less for mussels with large pea
crabs. This suggests that these hosts are slightly less ripe, or sig-
nificantly stressed (Chapter 5). Analysis of mussel shells for shape
show those animals with long-lived peca crabs tend to be more
“ungulate”, indicative of slower growth.

Both small and large pca crabs decrease a mussel’s metabolic
rate; these effects are immediate, but potentially reversible if a small
crab vacates the host. Continued depression of respiration and feeding
rates rtesults in decreased energy reserves and reduction of gonadal
material. However, gametogenesis occurs at least once each year; loss
of a pea crab should allow resumption of normal metabolic rates
and subsequently, normal reproduction (Sec Figure 1B). Ultimately,
the effects of a reduced metabolism and depleted energy reserves
become irreversible. Continually lower growth rates arc permanently
recorded in mussel shell shape (Chapter 2).

When the strain of supporting a pea crab is exacerbated by
environmental stresses, (e.c., low salinity or poor nutrient conditions),

some negative effects are detected sooner. For example, mussels in
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Note

FIGURE 6. Mature Male Myviilus edulis Follicles

the smaller size of

the

follicles

in

the

lower picture.

The

presence of a large pea crab significantly reduces male follicle size
1 musscls.



Mature Male Myrilus edulis Follicles

TOP  mussel without pea crab
BOTTOM mussel with large pea crab

The scale bar represents 200 um
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FIGURE 7. Mature Female Myrilus edulis Follicles

There is no significant difference in female follicle size due to the
presence of a pea crab. However, note the very thin interstitial
vissuc in the lower photograph, indicating nutrient reserves have been
exhausted.  Under some treatments, egg size was smaller in mussels
containing adult pea crabs than in those with no pea crabs.



Mature Female Myrilus edulis Follicles

TOP  mussel without pea crab
BOTTOM mussel with large pea crab

The scale bar represents 50 um
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a low nutrient location and containing a large pea crab have sig-
nificantly decreased growth rates (over a three month period) when
compared to mussels without pea crabs (Chapter 2). There is no
detectable difference in shell increments (A length) for mussels with
and without pea crabs under high nutrient conditions over the same
short growth period. Some deleterious effects associated with the
presence of large pea crabs such as smaller follicle size in male
mussels, egg size in females (Chapter 35), and total gonad glycogen
(Chapter 4) become greater.

The consequences for hosts harboring a pea crab depends both
on the length of residence and favorability of the environment.
The effects range from immediate and reversible (slower metabolic
rate), to cumulative but reversible (decreased gametogenesis), 10 cu-

mulative and irreversible (altered shell shape).

Supplemental information

Mussel condition: Over the course of my thesis research, gonad
condition was evaluated for seven hundred animals at peak
gametogenic time (See Figure 8). While equivalent percentages of
mussels with and without large pea crabs were spawning synchro-
nously (43% and 38% respectively,) a greater percent of mussels
with pea crabs were classified as “nongamectogenic”™ (16% versus 8%)
for mussels without pea crabs. That is, 67% of the unsexable mussels
were those containing adult female pea crabs. Likewise, infestations

of trematode sporocysts (Figure 9) were more common in mussels
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FIGURE 8. Spawning Male and Female Mussels
Mytilus edulis

These mussels are just beginning to spawn; mature sperm and eggs
can be seen in the ducts. By sampling gonad tissue from a central
duct region spawning animals could be identificd at this carly stage,

before empty spaces in the follicles became apparent.



Spawning Male and Female Mussels
Mytilus edulis

TOP  Sperm draining from mature male follicle into duct
The scale bar represents 50 um

BOTTOM Eggs from mature female moving through ducts

The scale bar represents 200 um
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FIGURE 9. Trematode Parasites in Mytilus edulis

The infection largely destroys the gonads of the host, and the de-
velopment of the sporocysts precludes normal gametogenesis  in
musscls.



Trematode Parasites in Myzilus edulis
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with large symbionts (16%) than uninhabited mussels (8%). The
weakened condition of a mussel containing a pea crab may predispose
it to trematode infection, or the reverse may be true. Mussels had
very little gamete development when the trematodes were present,
and these animals were not used in any of the experiments described

in Chapters 1-6.

Mussel dimensions: For 500 animals the ratios width to height and
width to length were computed to test the hypothesis that mussels
with large pea crabs were more "tumid” and less "spatulate”, which
reflects their growth history. Lewis and Powell (1961) reported that
mussels growing under unfavorable conditions have higher values for
these ratios. Their measurements were made across different sites.
The animals | measured all came from the same mussel bed, and
had presumably all experienced similar nutrient conditions. The only
apparent difference was presence of a pea crab for more than a
year. Results were highly significant; mussels with large pea crabs
had a ratio of 0.801 ( + 0.0035) for width to height ratio while
mussels without large pea crabs had a ratio of 0.770 ( + 0.003).
For the value width/length, mussels with pea crabs again had a
higher ratio - 0.374 ( + 0.002) versus 0.366 ( + 0.002) for mussels

without large pea crabs.
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Statistical Procedures: Because it is clear that the effect of pea
crabs on hosts is not severe in many cases (persistence of subtidal
mussel beds, normal spawning) large sample sizes of animals must
be tested. For any physiological parameter of interest, the classes
mussel sex, pea crab sex and size, and treatment may individually
or in combination affect the results. To account statistically for these
possible confounding influences, 1 used primarily analyses of variance
(one, two or three-way ANOVAs) on the data collected. For variables
that may depend on mussel size (e.g, gonad weight), in addition to
choosing mussels of a narrow size range, 1 used body weight as a
covariate (ANCOVA). The procedures in the Statistical Analysis
System (SAS) were used throughout these analyses. Tests of signif-
icance were made using type III sums of squares (following Speed,
et al, 1978) The tested hypotheses are invariant for ordering of
effects in the model and independent of cell counts. As well, they
do not include parameters of other effects unless an effect must

be involved for the estimate to be made (SAS, 1982 p 165, 238).
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CHAPTER 2: Growth rate and mussel shape

INTRODUCTION

Pea crabs can live in a bivalve for two to three years (Pearce,
1964; Christensen and McDermott, 1958; Bourne, ms.). The energetic
demand of supporting a pea crab may impair host response to long
or short term stresses. Previous investigations (cited in Chapter 1)
suggest the deleterious effects of pinnotherids are reflected in a
variety of physiological parameters.

Researching the long-term effects of pea crabs on mussels is
difficult for several reasons:

1. Hosts must be maintained for several years in the laboratory

2. the presence of a crab is not detectable until the host has been
sacrificed, and

3. it is impossible to determine whether a small crab (still able
to enter and leave a bivalve) has just recently moved into the
host, or whether a vacant host has in fact just lost its pea

crab.
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If the long-term negative effects of pea crab infestation are
to be characterized, an integrated record of the host’s physiological
history is needed. The bivalve shell provides such a record. Rhoads
and Pannella (1970) and Pannella and McClintock (1968) demon-
strated that "microgrowth changes” due to varying food, temperature,
etc., are reflected in the molluscan shell. Seed (1968) and Lewis and
Powell (1961) showed that differences in mussel shell shapes vary
with age but also with the environmental conditions to which the
animals had been subjected. They suggest that the degree of diver-
gence between the shapes of two mussels of the same age should
be related to the time spent under differing conditions. In general,
a fast-growing mussel is triangular or ”"spatulate” because large, even
shell increments are added to the posterior of the shell. Slow-growing
mussels add smaller and less even shell increments; over time, the
shell therefore takes on a recurved or “ungulate” appearance.

The effects of the generalist crab Pinnotheres maculatus on
Mytilus edulis can be investigated in terms of host shell growth.
I examined differences in growth rate over the short term with field
experiments, and over the long term by an analysis of shell shape
using an elliptic Fourier technique (cf. Gevirtz, 1976).

Based on the regression analyses and the “choice” experiments
described in Chapter 1, I conclude that mussels in the size range
of 50 mm to 90 mm are capable of housing large pea crabs. The
presence of a large pea crab will be used as an indicator of one

or more years of residence in the host mussel. Since an adult female
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crab will have been present for at least one full growing season
of the host, long-term effects on growth rate and subsequent shell

shape should be evident in these infected mussels.

METHODS

Mussels were collected from a depth of 30 meters off Gay
Head, Martha’s Vineyard, Massachusetts. To avoid using very young
or very old mussels, only those in the size range of 50 to 90 mm
were used for experimentation. In addition to insuring that potential
hosts are of suitable size to house adult pea crabs, this selection
avoids the predictable and extreme effects on shell shape due to age.
Very young animals are known to be spatulate while very old ones
become ungulate (Lewis and Powell, 1961). These generic shapes are
shown in Figure 10A. Of mussels from this sample, 199 were dis-
sected immediately to determine the percentage of infestation by

pinnotherids.

Field growth rate experiment

One hundred twenty animals were engraved with an identifi-
cation number and were measured to the nearest 0.1 mm with
vernier calipers for length (maximum anterior-posterior axis), height
(maximum dorso-ventral axis), and width (maximum lateral axis).
These mussels were divided into groups and suspended from three
different sites off Long Island at a depth of 4 meters. Two sites

(Port Jefferson and Poquott) were high nutrient areas in the Long
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Island Sound; the third (Shinnecock) was a nutrient-poor area off
the south shore of Long Island. These areas have been characterized
by Newell ez al (1982) for energy content of seston. They studied
a location near the Port Jefferson and Poquott experimental sites
(Stony Brook), as well as a location virtually identical to the
Shinnecock site. The energy content of seston was “consistently
greater during the summer (May to October) at Stony Brook than
at Shinnecock” (p.302).

As well, water quality data collected over a ten year period
(1975-1985) by the Suffolk County Department of Healthl were
available on the nutrient status of the locations chosen for the ex-
periments.  Dissolved inorganic nitrogen (DIN) - the sum of nitrite,
nitrate, and ammonia - in the Port Jefferson and Poquott areas were
consistently more than three times higher than levels in the
Shinnecock area over the summer months of the growth experiment.
Values for DIN ranged from 6.76 to 19.05 microgram-atoms/liter
as nitrogen at the first sites (Table 3 shows values for Port
Jefferson), and .56 to 2.13 ug-at 1! at the last (Table 4). Salinity
ranged from 24 to 28 ppt at the first two sites, and from 29 to
32 ppt at the third. These ranges are well within the tolerance limits
of P. maculatus. Pea crabs are affected only when salinity levels
are very low (Stauber, 1945; Flower and McDermott, 1952). Un-
published data of R. 1. E. Newell as well as the Suffolk County

(1) data supplied by R. Nuzzi and R. Waters
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TABLE 3
Inorganic Nutrient Conditions: Port Jefferson Field Site

(ug—at 1-1)
Month Date NH,4 NO, NO, Total N
March 31577 59 0.22 15.00 21.12
March 30281 0.6 0.14 3.10 3.84
March 31081 9.7 0.14 6.00 15.84
March 32581 8.9 0.21 22.30 3141
March 33181 34 0.14 3.40 6.94
March 32884 4.1 0.21 2.86 7.17
April 41277 72 0.30 11.00 18.50
April 40378 9.1 0.60 5.50 15.20
April 42578 5.9 0.17 2.90 8.97
April 41184 1589 0.36 27.60 43.86
May 50377 17.0 0.29 5.90 23.19
May 51778 5.6 0.17 0.86 6.63
May 53178 6.7 0.35 6.80 13.85
May 52379 4.4 0.27 4.40 9.07
June 62983 3.2 0.43 13.60 17.23
July 70677 1.4 0.14 5.50 7.04
July 71779 1.9 0.18 6.70 8.78
July 72881 9.4 0.29 2.64 12.33
August 81677 7.1 0.98 3.70 11.78
August 80278 16.0 0.24 2.30 18.54
August 83079 3.8 0.25 15.00 19.05
August 82581 0.9 0.93 493 6.76
September 91377 1.4 0.16 1.80 3.36
September 91283 7.9 0.36 23.10 31.36
September 90484 7.8 0.29 1.57 9.66
October 102279 74.0 0.65 2.10 76.75
October 102284 4.1 0.86 8.90 13.86
November 111477 12.0 1.00 11.00 24.00
December 122777 8.3 0.37 18.00 26.67
December 120782 53.0 1.21 17.21 71.42
December 121784 3.7 0.50 28.60 32.80

Data collected by the Suf folk County Department of Health Services.
Port Jef ferson (site 310) extracted from the computer data base made available
by R. Nuzzi and R. Waters. Measurements cover the period 1977 - 1984.



TABLE 4
Inorganic Nutrient Conditions: Shinnecock Field Site

(ug—at 11
Month Date NH; NO, NO; Total N
March 32177 1.8 0.17 1.10 3.07
March 30982 0.5 0.07 0.14 0.71
April 41877 1.4 0.13 0.21 1.74
April 41878 £33 0.12 0.14 3.56
May 50979 0.4 0.10 0.14 0.64
June 62877 15 0.13 0.14 137
June 62778 0.3 0.12 0.14 0.56
July 72578 1.5 0.13 0.14 1.77
July 72579 0.2 0.09 0.14 0.43
July 71481 14 0.14 0.14 1.68
August 80177 1.7 0.22 0.21 213
August 82577 1.3 0.11 0.21 1.62
August 81981 0.8 0.14 0.43 137
September 92777 24 0.48 2.30 5.18
September 91179 0.6 0.14 0.40 1.14
September 92381 25 0.14 1.00 3.64
September 93081 1.4 1.50 3.36 6.26
November 110277 0.8 0.51 2.60 3.91
December 120577 1.3 0.78 3.90 5.98
December 120882 2:1 0.60 3.60 6.30

Data collected by the Suf folk County Department of Health Services.
Shinnecock (site 160) extracted jfrom the computer data base made available
by R. Nuzzi and R. Walers. Measurements cover the period 1977 - 1982.



Department of Health records show that there is little tidal and low
annual variation in salinity at these three sites; none of these areas
are associated with a river drainage system. Temperature over the
growth experiment ranged from 22 to 27° C at the Port Jefferson
and Poquott sites, and 19 to 22° C at the Shinnecock location.
After threc months (June through August 1980), 100 of the
surviving animals (60 from Port Jefferson and 40 from Shinnecock)
were re-measured and dissected, and the size and sex of cach pea
crab was recorded. The mortality rate for the transplants was 12%
and did not significantly differ across sites. 1 used a two-way
analysis of variance to assess the effects of site and pea crab
infestation on growth rate as measured by these three morphological
dimensions of the host. Infestation levels before and after the ex-
periment were compared using a G-test of goodness of fit (Sokal

and Rohlf, 1981).

Elliptic Fourier analysis

Eighty-two Mytilus edulis shells from the same initial popu-
lation (Gay Head, Massachusetts) but not used in the field growth
rate experiments, were used in a comparative shell shape analysis.
Lengths, widths and heights were measured with vernier calipers to
the nearest 0.1 mm. These measurements were converted to the ratios
width/length and height/length in an effort to confine the analysis
to shape and reduce any artificial discrimination between groups

based on size. The ratios were then used to test for a difference
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in central tendency between mussels with and without pea crabs.
Plotting the data displayed differences in both the scatter of points
and the centroid of each group of mussels. Mahalanobis’ D? statistic
(Mahalanobis, 1936) was calculated as a measure of distance between
central tendencies; its significance was evaluated with a randomization
test (Sokal and Rohlf, 1983 p 787). 1 also did a discriminant
function analysis on these variables (Lachenbruch, 1975).

The ”profiles” of these 82 shells were also analyzed. The
two-dimensional silhouette of each right valve from the animals
was recorded on a bright background using a video camera. A
computer program traced the actual outline of each valve, which
is defined to be "the locus of points at which brightness changes
from dark to light, or light to dark, on wvertical or horizontal
transects of the image.” The details of this technique are discussed
by Ferson, Rohlf and Koehn (1985).

Elliptic Fourier decomposition (Kuhl and Giardina, 1982) was
used to compute coefficients that describe shell shape. This is a very
general method that, by treating x-coordinates independently of
y-coordinates and by using only the first differences of change in
either direction, yields an asymptotically perfect fit to practically
any closed curve. The Fourier coefficients for the first four har-
monics for each shell were computed. Since x- and y- directions
are evaluated separately for sine and cosine terms, there are four
coefficients per harmonic. However, three coefficients of the 16

degenerate under normalizations for trace starting point and shell
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position, size and rotation. Therefore 13 nontrivial coefficients re-
mained; these were more than adequate to describe these simple
forms. Figure 10B displays a sequence of improving approximations
to a shell outline using 1, 2, 3, and then all 4 harmonics. The
coefficients constitute a numerical decomposition of the shell’s entire
two-dimensional shape. These coefficients were averaged element-wise
to obtain the mean shell form for each group.

Using NTSYS (Rohlf et al, 1982), a principal component anal-
ysis (PCA) and a UPGMA cluster analysis (Sokal and Sneath, 1973)
were performed on the computer-generated shell shape variables to
confirm that there was no unusual structure to the data. Following
Younker and Ehrlich (1977), the two groups (with and without large
pea crabs) were compared for central tendency in the multivariate
space of these shape variables. Since a test for multivariate
heteroscedasticity (Poole, 1974 p 367) revealed a highly significant
difference between the variance-covariance structures of the two
groups (F = 382, 91 df, P < .001), Mahalanobis D? statistic was
calculated as a measure of distance between central tendencies. Iis
significance was evaluated with a randomization test (Sokal and
Rohlf, 1983 p 787). Although the Fourier coefficients were arith-
metically normalized for scale change (Kuhl and Giardina, 1982), to
be conservative, I wused a multivariate analysis of covariance
(MANCOVA) with mussel length as the covariate to examine sta-
tistically any effect of length on shell shape. For purposes of dis-

play, the linear discriminant function separating the groups for these



Fourier descriptors was computed. This use of the discriminant
function is a distribution-free technique (Lachenbruch, 1975) appro-
priate for use on heteroscedastic or non-normal populations.

To test the robustness of the linear discriminant functions, both
the measured dimensions and the computer-generated Fourier coeffi-
cients of shape were used to “predict” the presence or absence of
a pea crab in a small group of shells removed from the population
at random. One to ten percent of the valves were removed in
twenty such random partitions and tested against the linear
discriminant functions generated by the larger remaining set of shell
shapes. The relative predictive power of the hand-measured versus

the computer-generated variables was calculated.

RESULTS

A) Incremental growth

In the original population dissected (n = 199), 137 musscls (69%)
contained a pea crab. Of these, sixty-one mussels (31% of the total
number of mussels and 45% of those containing crabs of any size)
had large pea crabs (females > 6 mm). Seventy-six mussels (38%
of the total and 55% of those with crabs), had small pea crabs
(males, or females < 6 mm). Sixty-two mussels (31%) contained no
pea crab. Over the size range 50 to 90 mm in length (as shown
previously in Figure 9), there is no significant correlation between

the size of pea crab and the size of mussel host (P > .18; R2 = .005).
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Following the three month field experiment, the 102 animals
were re-measured, opened, and the presence (or absence), sex, and
size of pea crab were recorded. Thirty-nine mussels (39%) contained
a pea crab of any size. Thirty-five mussels (35% of the total
number of animals and 90% of those with any size of crab) con-
tained a mature female crab, and 60 mussels (or 61%) contained
no crab at all. Only 4 mussels had small pea crabs within their
mantle cavities. These mussels were not resting on the substrate,
but were suspended in a cage; therefore, small pea crabs attempting
to change hosts might be lost from the sample by falling to the
bottom. Because the infestation level of small pea crabs had dropped
from 38% to 4% over the 3 month period of the growth experiment,
the frequency of switching hosts appears to be quite high. The
difference in frequencies was significant at the P < .001 level by
a goodness of fit G-test using Williams' correction (Sokal and Rohlf,
1983 p 704). The percentage infestation by large female crabs did
not decrease over the time of the experiment (in each case, 31%
of the total mussel population had mature female symbionts), indi-
cating that they neither escaped nor died. Therefore, normal mor-
tality does not account for this reduction in the number of small
symbionts found in mussels. However, since crabs attempting to
change hosts would likely be lost from the sample by falling to
the substrate, a high frequency of host-switching may account for
reduced infestation by small crabs. As well, personal laboratory

observations over many years confirm small pea crabs frequently
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are seen outside hosts, presumably in the process of host-switching.
In any case, one can infer rather confidently that only large female
pea crabs remain within their hosts over long periods of time.

There were 42 mussels analyzed from the Port Jefferson group,
29 from the Poquott treatment, and 31 from the Shinnecock site.
Using original shell length as the covariate, 1 did a multivariate
analysis of covariance (MANCOVA) on measured increments for the
three shell dimensions (Al, Aw, Ah) after the short-term growth ex-
periment. The MANCOVA detected no significant differences in
growth increment across the narrow size range of mussels used. Thus,
the choice of a constrained size range of mussels seems to have
controlled for allometric dependence of growth on size. Under Wilk’s
criterion (Rao, 1973 p 555), there is a highly significant effect due
to site (F = 6.59; P < 0.005). The mussels growing in the envi-
ronments designated ’high-nutrient’ grew substantially more, especially
in the length dimension (3.1 + 0.1 mm for Port lJefferson, and 3.0
+ 0.2 mm for Poquott), than mussels growing in the ’low-nutrient’
environment (24 mm + 0.1 mm). This result supplies biological
confirmation of the expectation based on chemical and energy ana-
lyses of nutrient levels in these environments.

The analysis also detected a significant effect on growth rate
due to infestation by large pea crabs (F = 291; P < 0.038). Since
the bulk of this effect was contained in the length increment, I
did a (univariate) two-way analysis of variance to explore this dif-

ference. In this closer look, however, 1 observed an interesting and
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significant interaction between pea crab infestation and site effects.
In particular, there was little change in mussel growth increment
due to pea crabs in the high-nutrient environment. The mean for
Port Jefferson mussels without large pea crabs was 3.2 mm, and
30 mm for those with large pea crabs. Poquott mussels averaged
30 mm increase in length when uninhabited, and 2.8 mm with a
symbiont. In the nutrient-poor environment, on the other hand, the
presence of an adult female crab (= 6 mm) resulted in a signif-
icantly lower growth increment in length (P < .01). Shinnecock
mussels grew 2.9 mm, on average, when no pea crab was present,
but only 20 mm when they contained a large pea crab. Figure
11 shows this variation between the two nutrient regimes. The
histograms represent frequencies in each size class; growth increments
range from 1 to 5 mm. The top two histograms (high nutrient sites)
show no difference in the distribution of growth increments for 1)
mussels without large pea crabs, versus 2) mussels with large pea
crabs. The lower histograms (3 and 4) depict growth increments at
the low nutrient site; panel 4 (mussels with large pea crabs) is
significantly skewed to the left (smaller increase in length) than
panel 3 (mussels without large pea crabs). Therefore, there is no
significant difference in the central tendency for growth increment
in length between mussels with and without pea crabs at a high
nutrient site, while when stressed in a low nutrient site, mussels

with large pea crabs suffer reduced growth rates. Note also that
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Relative frequencies of growth increments for shell length




both panels 3 and 4 show less growth than panels 1 and 2, re-
flecting the lower nutrient status of Shinnecock.

In no case was there detectable (univariate) width or height
differences attributable to the presence of pea crabs. However, width
and height change more slowly than length in a mussel, and the

3 month growth period did not result in detectable effects.

B) Overall shape analysis

The ratios of width to length (w/1) and height to length (h/1)
were computed using the measurements obtained by hand with ver-
nier calipers. Mussels were separated into two groups corresponding
to the presence or absence of a large pea crab. The plot of these
ratios is displayed in Figure 12. While a difference in central
tendency is obvious between the mussels with and without large pea
crabs, a great deal of overlap also exists. In general, the points for
mussels with large pea crabs (closed circles) are constrained to the
lower half of the plot while the mussels without large pea crabs
(open squares) show much more variation. Mahalanobis’ generalized
distance between the centroids of the points generated by the two
ratios was computed to be D? = .878. The probability of observing
such a large value by chance alone was estimated to be lower than
0.007 as determined by a randomization test involving 300 trials.

Using the 13 elliptic Fourier coefficients as shape descriptors, I
computed the mean shell shapes for mussels with and without large

pea crabs. Mahalanobis’ generalized distance D? between the
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width/length versus height/length for mussels

FIGURE 12. Plot of the ratios

used in the two-dimensional shell shape analysis
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multivariate means of these two groups is 2.62; the probability of
observing such a large value by chance alone was estimated in a
randomization test involving 500 trials to be lower than 0.005. Thus,
even though they are probably indistinguishable to a casual human
observer, the shell shapes are statistically significantly different be-
tween the two groups.

A more conservative test for difference in shell shape between
groups with and without pea crabs is an analysis of covariance that
accounts for allometry of shape with mussel size. 1 performed a
MANCOVA on these two classes of shells with length as the
covariate and the 13 shape coefficients as the dependent variables.
For Wilk’s criterion (Rao, 1973 p 555) I observed an F-value of
2.61, significant at P = 0.005, for an overall effect of classification
with respect to the presence or absence of a large pea crab.
Therefore, 1 conclude that the presence of a pea crab is associated
with a change in shell shape. The overall shell length effect was
not significant (F = 099; P > 047). Apparently, the arithmetic
normalization for the size of shell made in the elliptic Fourier
analysis removed any statistically detectable effect of length from
the remaining shape variables.

Figure 13 displays the mussel shapes distributed along the
discriminant axis based on the Fourier coefficients. Black mussels
represent animals with large pea crabs, gray mussels had small pea
crabs and white mussels had no pea crabs at the time of dissection.

This arrangement shows that spatulate mussels indeed separate from
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ungulate ones and that the latter tend to have large pea crabs. This
pattern corresponds to the expectation derived from Seed (1968) under
the assumption that harboring a pea crab is in fact associated with
a reduced growth rate.

Despite the difficulty in interpreting the linear discriminant
function for heteroscedastic populations, I thought it interesting to
compare the robustness of these two ways for assessing shell shape.
Using only the hand-measured variables of length, width and height,
“teaching” sets correctly classified on average only 51% of the shells
in the corresponding ”testing” sets. Using the 13 Fourier coefficients
(which describe the entire shell outline, but not width per se) "un-
known” mussels were correctly classified as with or without large
pea crabs 67% of the time under the same circumstances. The
calculated error rate is conservative in that it is an estimate of the
“actual” error rate rather than the “apparent” error rate
(Lachenbruch, 1975 p 30). The mussels tested in each case were
separated from the population before the discriminant function was
computed. Actual error rates can be considerably greater than ap-
parent rates (which are calculated by testing the same animals that
produced the discriminant function), for example, if outliers are in-
cluded in the set to be “tested” but not in the "teaching” set. The
computation of the discriminant function by the more conservative
technique I employed, is therefore independent of the mussels subse-

quently used to test it
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The complete life history of a mussel is unknown; a currently
uninhabited mussel that housed an adult pea crab in the past and
grew less as a result, will be misclassified when sacrificed, as
“without pea crab”. It is likely that some of the "white” and "gray”

mussels on the left side of the histogram fall into this category.

DISCUSSION

The nature of the host-crab relationship has been the subject
of much speculation in the scientific literature for over forty years.
Most evidence to date implies that the pea crab is not the desirable
"guardian of the Pinna” as Aristotle claimed, but is more of a
parasite than a commensal.

The short-term field study indicates that the mere presence /
absence of a pea crab may not be the appropriate criterion by
which to divide bivalve groups when investigating deleterious effects
of pinnotherids. Male and small female pea crabs are not really
‘present’ over long periods because they can and do move freely
from host to host. The fact that a potential host is empty when
an experimenter opens it provides no information about the recent
past. A large pea crab may have recently died, or a small pea crab
may have just moved out. Fortunately, 1 was able to quantify the
frequency of small crab host-switching by suspending infested mussels
in a wide mesh cage 2 meters above the substrate. If a pea crab
attempts to migrate under these conditions it falls to the ocean

bottom and is lost from the population. While a host on the bottom
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could easily be re-entered, a pea crab cannot readily return to sus-
pended hosts. All three experimental areas had been studied exten-
sively to assure that indigenous pea crab populations were not present
and that recruitment would not confound results.

Work by Pregenzer (1981) corroborates these findings. He ar-
tificially implanted P. hickmani in a raft population of M. edulis
and, after 4 months, found 46% of the female pea crabs and 100%
of the male pea crabs had vacated their hosts. Unfortunately, he
does not report the sizes of pea crabs either lost or remaining. In
my experiment, mussels lost 44% of the total number of crabs
present, and 90% of the small ( < 6 mm) crabs. Based on this
information, ] maintain that to isolate long-term effects of pea crabs
on host physiology, only adult females should be considered as ’in-
festing” The short-term effects of small pea crabs on elastic phys-
iological responses in the host (e.g., oxygen consumption, feeding rate,
byssal thread production) remain of interest.

In a three-month experiment, mussels both with and without
symbiont pea crabs were grown under two nutrient regimes. Under
high nutrient conditions, there were no statistically significant effects
on growth increment duc to pea crab infestation for length, width
or height of the mussel host. However, under lower nutrient con-
ditions, length increment was significantly reduced among mussels
harboring large pea crabs compared to their uninfested neighbors.
If such conditions represent a nutritional stress on mussels, it appears

that pea crab infestation retards growth in mussels that are already
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nutrient-limited. Therefore, under a low nutrient regime, two mussels
of the same age would not be the same size if one has been har-
boring a large pea crab.

The work of Newell et al (1982) showed there are marked
differences in availability of energy between a site near the Port
Jefferson and Poquott locations and one near the Shinnecock site.
(Their Figure 2, p 302, shows an average of 50 joules/l1 at the high
nutrient site over the summer months versus 20 joules/l1 at the low

nutrient site for the same time period.) They note (p 307

At Stony Brook food is most abundant in the late spring
and summer when mussel feeding rates are al a maxi-
mum. In contrast, the Shinnecock population faces low
levels of energy in the seston .. during the same time
of the year.

Wilbur and Saleuddin (1983) in a recent review article on
shell formation, discuss the relative energy invested in shell pro-
duction versus somatic growth in molluscs. They report that the shell
organic matter, though small on a weight basis (less than 10% -
Price et al, 1976), may constitute between one-third and one-half
of the total body organic matter. Based on these estimates,
one-quarter to one-third of the total energy of growth may be re-

quired for shell deposition (Griffiths and King, 1979):2

(2) This range may be conservative in that it does not include the energy of
active ion transport, metabolic steps in the synthesis of shell organic matrix,
or secretion of organic compounds by the mantle epithelium (Wilbur and
Saleuddin, p.278).
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From such estimates, though incomplete and rough, it is
clear that the shell represents a very considerable in-
vestment of the total energy required for growth in some
molluscs.

External morphology in mussels is known to depend on growth
rate. A slowly growing mussel records its growth history in the
elongate or “ungulate” shape of its shell. A fast-growing mussel
records its history in a triangular or “spatulate” shell shape (See
Figure 10A.). Thus shell form represents an integration of physio-
logical status over the long term.

Associated with a slightly recurved shell shape is an increase
in the width to height and width to length ratio, resulting in a
“tumid” (Lewis and Powell, 1961) appearance. This, in fact, is what
my measured ratios of shell parameters reflect. An analysis of
variance of the ratios of these shell measurements revealed that the
presence of a large pea crab results in significantly larger ratios
of width to height (0.821 + 0.011) than for those mussels without
large symbionts (0.755 + 0.008). The ratio of width to length was
0.392 + 0.004 for inhabited mussels and 0.383 + 0.003 for animals
without large pea crabs.

Using animals grown for several years in a uniform and evi-
dently nutrient-rich environment (Gay Head, Massachusetts), 1 nu-
merically characterized shell shapes for individuals that had been
infested with pea crabs for a year or more and for individuals that
were free of pea crabs. The bed from which these mussels were

obtained was an extensive and robust population from which thou-

60



sands of individuals had been harvested over a two-year period (pers.
comm. F. Valois, Marine Biological Laboratory, Woods Hole,
Massachusetts). Presumably then, this was a nutrient-rich environ-
ment. If pea crab presence exerts a subtle influence on host growth
rates in apparently high food areas, the long term effects should
be reflected in ultimate shell shape. Two mussels of the same length
would quite likely then not be the same age.

I corrected for allometry of shape due to size and, therefore,
confined the analysis to shape itself. By doing so, 1 was able to
differentiate between slightly ungulate mussel shapes characteristic
of the presence of large pea crabs, and more spatulate mussel shapes
characteristic of uninfested mussels. Over the long-term, pea crabs
appear to retard host growth rates under conditions that may be
only periodically stressing, or even optimal.

The readily obtainable measurements of length, width, and height
do not characterize the complete shape of a mussel shell, and serve
as poor discriminators between ungulate and spatulate forms.
Subsegently, using these dimensions for prediction gave results that
were scarcely better than is to be expected by chance.

The 13 cocfficients generated by the elliptic Fourier analysis
are much better in separating “unidentified mussels” into appropriate
groups of ”with large pea crabs” and “without large pea crabs.”
Initially I was concerned that the two-dimensional representation of
the mussel shell would be insufficient for discrimination because

width, per se, cannot be measured. The addition of measured width
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to the 13 variables generated by the Fourier analysis also gave a
significant value (3.1) for Mahalanobis D? but a plot of the linear
discrimination did not improve the separation of mussel shells. Four
mussels changed position slightly on the axis, but it did not affect
the relative groupings of ”“with” and “without” pea crabs. It is
difficult to evaluate the significance of the added variable statis-
tically, because the requirements for normal theory considerations -
homoscedasticity - are not met.

Width is obviously an important component of shell shape.
Yet, there is no apparent improvement in the ability to separate
mussels along a discriminant axis using width in addition to the
coefficients generated from the shell profile. This implies that by
characterizing the two-dimensional shell configuration, Elliptic Fourier

analysis includes some information about width.

Conclusion

Pea crabs living within the mantle cavities of a wvariety of
bivalve hosts have adverse effects on several measured parameters.
In blue mussels (Mytilus edulis L), the crab Pinnotheres maculatus
(Say) steals food strands and causes gill lesions. 1 studied the
long-term stress of P. maculatus on its host by measuring shell
accretion in the field, and by numerically characterizing shell form.
Shell shape in M. edulis is presumed to reflect environmental and
physiological history. Growth increments were measured in mussels

with and without large pea crabs over a three-month period at two
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sites with high and low nutrient regimes. When growth was
measured by change in shell length, significant differences between
these mussel groups occurred at the low nutrient site. This difference
was not significant at sites where mussels enjoyed a high nutrient
regime. To integrate very long-term disparity in growth rates asso-
ciated with infestation, mussels were recorded and analyzed for shell
shapes with a video digitizer. Elliptic Fourier approximation com-
pletely characterized the two-dimensional silhouettes of shells in such
a way that the allometric dependence of shape variables on shell
size could be easily removed. For mussels from Gay Head,
Massachusetts, (under an evidently high nutrient regime), this method
detected significant shell shape differences between infested and
non-infested mussels. Thus, even in benign environments, pea crab

infestation appears to be a chronic stress to M. edulis.
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CHAPTER 3: Oxygen consumption

INTRODUCTION

Pea crabs (Pinnotheridae), are considered to be commensals by

some (Rathbun, 1918; Dales, 1966; Barnes, 1980) and parasites by

others (Pearce 1966; Orton, 1920; Stauber, 1945 and Cheng, 1967).

These small (about 2-15 mm across the carapace depending on the
species) decapods are common inhabitants of the mantle cavity of
marine mollusks. In bivalves, they remain positioned on the host’s
gill by clinging to the ctenidial filaments with their legs; here they
have access to food aggregated by the mussel and remove mucous
strings en route to the mouth (Orton, 1920; Stauber, 1945). As
a result of the symbiont’s activities, the gills of the host are often
damaged (Christensen and McDermott, 1958; Pearce, 1966).

Stauber (1945) noted that at the site where Pinnotheres ostreum
clings to its host, Crassostrea virginica, the gills become eroded and
showed a ”"marked thickening.” Additionally, there was extensive
shortening (in height) of one or more demibranchs. Jones (1977)

also reported that erosion of the gill demibranchs was common in
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mussels (Perna canaliculus) inhabited by P. novaezelandiae; damage
was most conspicuous at the anterior part of the mussel, just
posterior to the labial palps. McDermott (1961) cited gill and palp
erosion in M. edulis associated with the presence of P. maculatus,
and suggested that demibranch erosion is particularly marked when
the pea crab is "in the early stages of development.”3

Pregenzer (1978) demonstrated that the presence of P. hickmani
is associated with decreased pumping rate in Mytilus edulis; particles
of neutral red dye were removed from the water more slowly by
infested mussels than by mussels without symbionts. He suggested
that a pea crab affects the water current flowing through the host
(ventilation rate) in addition to disruption and consumption of food
strands. By altering the integrity of the mussel gill, filtration may
be slower or less efficient due to backwash of water already depleted
of food.

At the same time, pea crabs may influence oxygen consumption
by the host, because the gill is the respiratory organ of the bivalve.
Damage to individual gill filaments may result in impaired ability
to extract oxygen from the water. However, the gill in Mytilus

edulis (the host involved in this study) is very flexible, maintaining

(3) Presumably, he is referring to the hard-shell stages of the male and immature
female pea crabs. While males remain of this form for their entire life,
females are only hard-shelled for the mating swarm. (See life history of
Pinnotheres maculatus in Chapter 2.) The hardened carapace of these stages
would be more irritating to the tissues of a mussel than the soft-shelled
morphs characteristic of mature female pea crabs.

65



a variety of responses to regulate gas exchange quickly. These fall

into two general categories:

1. altering the pumping (ventilation) rate of water through the
mussel, and

2. altering efficiency of extracting oxygen from a constant flow
of water.

The gill has a large surface area and a rich supply of blood.
The actual volume of blood in each individual filament is low
compared to the volume of water flowing through the mantle cavity.
Thus, the partial pressure of oxygen does not differ significantly
across filaments regardless of their position in the gill. The diffusion
distance of oxygen from water into blood is small. There is no
respiratory pigment in Mytilus; the oxygen carrying capacity of the
hemolymph has been estimated to be that of seawater (Bayne, 1971).
Under normal environmental conditions oxygen available to the gill
is utilized at efficiency levels of only 3 to 10% (Bayne, 1976).
Bayne (p 159) noted:

Under certain circumstances this ef ficiency may be in-
creased considerably, up to 30% or more and this pro-
vides one way in which a mussel may vary its rate of
consumption of oxygen in order to meet a variable
metabolic demand. However, calculations suggest that a
high proportion of the total oxygen consumed may be
used to support the 'respiratory pump’; this, and the high
energetic costs of increasing ventilation rate impose an
upper limit to the operation of the respiratory system.
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Under conditions of hypoxia, Bayne (op. citz.) showed the rate
of ventilation increases in mussels as oxygen pressure drops to 75%
of normal values (ie, from 160 to 120 PO, mm Hg); at lower
pressure, ventilation rate drops dramatically. Increasing the flow rate
of water through the mantle cavity as a means of increasing oxygen
uptake is not an optimal compensatory approach; the necessary in-
crease in metabolic activity is itselfl expensive, and consumes sig-
nificant amounts of oxygen. The cost of ventilation increases
exponentially (Widdows, 1973); this mechanism is, therefore, an
energetically-limited way of increasing oxygen uptake.

To increase the efficiency of extracting oxygen from a constant
current of water, mussels can alter the degree of contact between
water and blood by a) ventilating a greater proportion of the gill
filaments, or b) directing more blood to the gills (Bayne, Widdows,
and Thompson, 1976). [Because mussels do not have a complete
branchial circulation, blood can be returned to the heart directly
from the organs without passing through the gills.

The actual rate of perfusion of the gills with blood may also
be wvaried by regulation of the heartbeat. Elevated heart activity
facilitates oxygen uptake from the seawater by increasing the amount
of blood (per unit time) passing through the gill filaments where
oxygen is absorbed.

To my knowledge, no one has investigated the effect of pea
crabs on host oxygen consumption. This experiment was run to

determine how respiration rates in mussels respond to the presence
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of a pea crab. Specifically, 1 wanted to know if Pinnotheres

maculatus:

1. affects oxygen consumption in the mussel Mytilus edulis con-
comitant with disrupting gill filaments or

2. causes no discernible difference in mussel respiration rates either
because the damage is not significant, or because one or more
of the compensatory mechanisms available to mussels (described
above) may be counteracting a pea crab’s effect.

Oxygen consumption rates for mussels with and without
symbionts were measured. Respiration rates for individual pea crabs
living within the experimental animals were also measured, and the
oxygen requirement of pea crabs, relative to host oxygen consump-
tion, was calculated. These values were used to determine possible
effects of pea crab sex and size on host oxygen uptake. The response
of mussel respiration to symbionts is compared to other short and

long-term stresses affecting oxygen consumption in bivalves.

METHODS

Mytilus edulis from a population known to be heavily in-
fested with pea crabs (69%) were supplied by the Marine Biological
Laboratory, Woods Hole. The mussel bed was located off of Gay
Head, Martha’s Vineyard, Massachusetts at a depth of 40 meters.
The animals were brought to the Ilaboratory and maintained in
Instant Ocean Aquaria at their natural ambient temperature (15°C.)

and salinity (33 ppt). The mussels were fed daily with the flagellate
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Tetraselmis suecica at “high food” levels (cell densities approximating
10,000 cells mll), based on the assumption that mussels are
metabolically active and feeding continuously in such a suspension
(Willemsen, 1952; Theede, 1963; Walne, 1972; Winter, 1973;
Thompson and Bayne, 1974). These conditions were maintained for
12 weeks prior to experimentation to insure acclimation to the lab-
oratory regime.

Oxygen consumption rate \?O2 (ml O, h1) was monitored in
a closed system using a Radiometer PO, electrode following the
technique described by Crisp et al. (1978). Each mussel was placed
in a 300 ml glass chamber with water flowing through at a rate
of about 90 ml min’l; the mussel was allowed to filter undisturbed
for two hours before experimentation. The chamber had 3 ports -
one each for water inflow and outflow, and the third for the oxygen
electrode (Figure 14). The mussel was positioned on a perforated glass
plate above a stirring bar. At the beginning of the experimental
period, the inflow and outflow valves were shut and the stirring
bar was activated. Measurements were recorded for 20 minutes with
a Beckman macro oxygen electrode attached to a Beckman Model
160 Physiological Gas Analyser and a chart recorder. Oxygen con-
centrations were never allowed to drop below 70% saturation. The
inflow and outflow valves were re-opened at the end of a reading;
the animal was permitted to filter in flowing water undisturbed for
another hour, then a second reading was taken in the same manner.

The mussels were not fed during the experiment
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FIGURE 14. Experimental chamber for measuring oxygen
consumption in mussels.
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All measurements were made at normal temperature and salinity
(15°C. and salinity of 33 ppt). The results obtained from the two
twenty-minute measurement periods were averaged for each animal
(N = 35). Both oxygen consumption per hour (VO,) and oxygen
uptake expressed per gram of mussel tissue (QOz) were calculated
for each animal.

Mussels measuring 50 to 90 mm (approximately 0.8-1.6 g dry
tissue weight) were taken at random for measurement. Animals of
this size are capable of housing an adult pea crab; moreover, within
this range, there is no correlation between the size of pea crabs and
the size of their mussel hosts. (See discussion in Chapter 1.) After
measurement, the mussel was sacrificed. If a pea crab was present,
VO, was immediately determined for the isolated crab by repeating
the technique described above. Both mussels and crabs were oven
dried at 60° C for 24 h to obtain dry weights. Oxygen con-
sumption rates for those mussels containing pea crabs were calculated
by subtracting the crab’s oxygen consumption (VO,) from the initial
reading since that measurement represented the combined oxygen
uptake for the mussel and crab. Crabs were sexed and no females
were gravid.

An analysis of covariance was performed on the weight-specific
oxygen consumption of mussels with pea crab size as classes. Absence
of a pea crab was designated size "0”. Immature female and all
male pea crabs (corresponding to a carapace width of less than 6

mm) were termed size “1”. Female pea crabs greater than 6 mm
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in size with a globose body form characteristic of maturity (at least

one year old) were classified as size 727

RESULTS

Mussel respiration

Crab-infested mussels had a significantly lower rate (P < .001)
of oxygen consumption per hour (‘\702 = 0.352 + 0.010 ml h'1) than
did non-infested mussels (\702 = 0.578 + 0012 h7). Although
mussels were chosen randomly from the 50-90 mm shell length size
class, 1 used QO, (oxygen consumption per gram of mussel tissue)
in the subsequent analysis of covariance (ANOVA) to correct for
any bias in sampling. There was a highly significant effect of size
of pea crab (P < .0009) on weight-specific oxygen consumption
(QO,) indicated by the results of the analysis of covariance (Table
5). As expected, a significant effect of mussel weight on QO, (P
< .0001) was also apparent. There was no interaction between size
of pea crab and mussel body weight (P > .13). Contrasts of factor
level means of QO, for 1) mussels with and without pea crabs and
2) mussels with small ( < 6 mm) versus large ( > 6 mm) pea crabs
were calculated (Neter and Wasserman, 1974 p 468). These results
indicate there is a significant difference between all mussels with
pea crabs and all mussels without pea crabs. While the

“presence/absence” of a pea crab has a highly significant effect on
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Source df
Model 5
Error 29

Corrected total 34

Source df

Size pea crab 2
Body weight ]
Bodywt * sizepc 2

Contrast df

with vs without 1
small vs big 1
without vs big ]

TABLE §
Analysis of covariance of weight-specific oxygen consumption
(QO,) of mussels with no, small, or large pea crabs.

Sum of
Squares

0.5259

0.0524

0.5783

Type 11
Sum of
Squares

0.0327
0.2007
0.0079

Sum of
Squares

0.0288
0.0047
0.0318
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Mean F Pr>F C.V.
Square
0.1052 58.24 0.0001 11.4886
0.0018 Root Mse Mean
QO,
0.0425 0.3699
F Pr > F
9.05 0.0009 * * *
11113 0.0001 * * *
2.20 0.1294
F Pre o F
15.95 00004 * * *
2.59 0.1182
17.62 0.0002 * * *

There is a highly significant effect of pea crabs on oxygen consumption.
The contrast statement shows that presence of any size pea crab resulls in
a significant decrease in measured oxygen uplake. A large pea crab does not
produce a detectably dif ferent effect than a small pea crab.

As expected, there is a highly significant ef fect of body weight on QO since
this is a measure of oxygen consumption per gram of body weight. There is
no significant interaction between size of pea crab and body weight.



mussel respiration (P < .0004), there is no detectable difference be-
tween harboring small and large pea crabs (P < .12).

Table 6 displays the means and standard errors of QO, and
body weight for mussels without pea crabs (0), with small pea crabs
(1), and with large female pea crabs (2). Body weights do not differ
significantly among the groups. Weight-specific oxygen consumption
among mussels without pea crabs (0.506 ml O, h! g!) is signif-
icantly different from that among mussels with either small (0.292
ml O, h'l g1) or large pea crabs (0.328 ml O, h! g1). However,
the mean respiration rates for mussels with small pea crabs and those
with large pea crabs are statistically the same.

A plot of QO, versus body weight shows this relationship is
quite similar between mussels with and without pea crabs (the slopes
are -0.35 and -0.28 respectively) but the latter had uniformly higher
oxygen consumption (Figure 135). Open squares mark the oxygen
consumption of those mussels without pea crabs. The closed circles
represent presence of pea crabs larger than 6 mm across the carapace
(ie., adult females at least one year old); the open circles indicate
immature female or male pea crabs. The expected trend of decreasing

weight-specific metabolic rate is apparent for all mussels.

Pea crab respiration

The relationship between pea crab sex, body size and oxygen
consumption rate for P. maculatus is shown in Figure 16. This

species of pinnotherid has dwarf males; only female pea crabs grow
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FIGURE 15. Plot of oxygen consumption versus body weight
in mussels with and without pea crabs

® No Pea Crab
Small Pea Crab
= Large Pea Crab

® O

—-95% confidence limits
of regression

B.30 —

002 (weight specific 02 consumption)

5 1o | | | |

8.58 B.75 1:88 1.25 1.58 15
Mussel body weight (g)







(B) LHOIIM ANQ
10°0

| __.____ I

88.°0 = 4
Gg=u
9z9:0M 6€1°0 = 20N

2000

00



78

TABLE 6
Mean Oxygen Consumption (QO, = ml O, hl g1)
and body weights (g) for
mussels with no, small, and large pea crabs.

KEY:

o
Il

pea crab absent;
immature female or male pea crab (<6 mm);
2 = mature female pea crab (6 mm or larger).

—
Il

Means

Size crab N QO, Std Error Body Weight Std Error

0 11 0.506 0.032 1.189 0.082
] 14 0.292 0.025 1.256 0.069
2 10 0.328 0.021 1.134 0.084

Therefore, oxygen consumption of mussels without pea crabs is significantly
higher than for mussels with pea crabs. There is no detectable dif ference
between the effect of a small pea crab and that of a large pea crab.

Mussel body weights were not significantly dif ferent across the three classes.



to be greater than 6 mm across the carapace and reach weights of
greater than 0.03 g. Because of this sexual dimorphism in size, and
because male pinnotherids are not obligate symbionts, one might
expect their effect to be less than that of female pea crabs. On
the other hand, because they retain a hard shell all their lives, males
might be more irritating to a host than females which assume a
soft-shell after the mating swarm (see Chapter 1, Life History).
However, the open circles on the graph designate primarily male
pea crabs, and they fall at both the highest and lowest levels for
animals with pea crabs. For the smaller size crabs, male and female
crabs do not differ in either body weight or oxygen consumption.
The mean value for pea crab VO, is 0013 ml h'l; it equals 2%
of the oxygen consumed by mussels without pea crabs, (average
\'/’O2 = 059 1 h'l) and 4% of that of mussels with large pea crabs
(average VO, = 036 1 h!). The modal respiration rate for the
symbiont was 2.9% of the host’s respiration; 4 of the pea crabs’

values exceeded 5% of the host’s respiration rate.

DISCUSSION

Bayne et al. (1973) describe three levels of oxygen consumption
in M. edulis: standard, routine, and active. The standard rate is
associated with negligible filtration activity representing a low
steady-state such as would occur under starvation conditions. Maxi-
mum oxygen consumption - active - is a short-term response (6

hours to several days) and is associated with high filtration rates
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typical when a previously starved animal is fed. Respiration even-
tually declines to a steady state level intermediate between the
standard and active levels (see Bayne et al., 1973, Fig.l, p 183).
This routine level reflects acclimation to current conditions and oc-
curs within 2 weeks following a large temperature change (Widdows
and Bayne, 1971), and after 10 days of normal feeding following
a 2 week period of starvation (Thompson and Bayne, 1972). While
the standard and maximum levels represent responses to changed
conditions, the routine level is established and maintained as long
as ambient conditions are above the maintenance requirement. |
measured routine rates of oxygen consumption since the animals
were maintained in the laboratory under constant temperature
(15°C.), constant salinity (33 ppt), and high food conditions for 12
weeks prior to measurement. Because the hosts were confined during
oxygen measurements, rates reflect minimal activity - primarily
ciliary action as well as some residual expenditure related to food
processing. Only minimal locomotion and byssus production occurred
during measurement.

The experimental musscls were sacrificed just prior to spawning.
Gametogenesis is a time of particularly high energetic demand, usu-
ally corresponding with high levels of oxygen consumption. Thus,
the measured rates reflect the routine respiration rates for an ener-
getically demanding time of the year.

There are several possible explanations for the decreased rate

of oxygen uptake in crab-infested mussels:
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1. Lowered oxygen availability due to respiration of the crab.

2. Reduced 7effective” gill area in the mussel due to pea crab
damage.

3.  Slower metabolism in mussels with pea crabs reflecting a gen-
erally weakened condition from continuous stress of supporting

a symbiont.

1. Decreased oxygen availability: Seawater at 13°C., 33 ppt salinity
contains approximately 3.8 ml O, 11, a mussel of 1 g dry weight
pumps approximately 2 1h1 of water and uses approximately 0.6
ml O, per hour (Bayne, 1976). The average crab in this study (0.02
g) consumed 0012 ml O, h1, which should allow sufficient oxygen
to supply the mussel. The rate of oxygen consumption of an average
crab (weighing 0.02 g) with respect to that of its host mussel is
inconsequential; it represents about 2% of the infested mussel’s '\'702.
In only one case did pea crab respiration exceed 8% of a mussel’s
respiration rate; values ranged as low as 0.7%. Because all meas-
urements were made at oxygen concentrations exceeding 70% satu-
ration, oxygen never became limiting to the experimental animals.
Bayne (1976 p 198) identified the ”critical tension” at which the
scope for activity (e, the difference between the standard and
routine metabolic rate) begins to decline to be about 50% air satu-

ration:
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Between this incipient limiting tension, however, (about
80 mm Hg in Fig. 5.31) and 160 mm Hg PO, (or dir
saturation), the limiting ef fect of changes is minimal..

Bayne et al. (1976) showed that even at pressures about 30% of
normal, Mytilus is able to maintain a rate of oxygen consumption
that is higher than a ’standard’ rate for starved mussels. Therefore,
the decreased oxygen consumption observed in infested mussels is
not due to any limitation of oxygen in the water, but reflects a

real metabolic response to the presence of a pea crab.

2 and 3. Weakened condition of host.: Distinguishing which of
the two proposed mechanisms (gill damage or decreased metabolic
rate) is responsible for observed differences in mussels with and
without pea crabs is difficult; the physiological result will be ef-
fectively the same in cither case.

Bayne et al. (op. cit.) note that cilial movement bears an ex-
ponential relationship with oxygen consumption; therefore, small
changes in gill movement cause large changes in respiration rate.
As discussed in the introduction to this chapter, many rtesearchers
have noted gill damage in bivalve hosts harboring pea crabs. Reduced
ciliar activity - due to tearing of the gills or disruption of water
currents - would result in a reduction of oxygen consumption for
a routine ventilation rate in mussels with pea crabs.

Lowered mussel respiration can result from stresses other than

gill damage. Mussel respiration under poor nutrient conditions is
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lowered because part of the gill becomes inactive. Dral (1968)
demonstrated that under conditions of low food, Mytilus may actu-
ally use less than half of the gill area to move water through the
mantle cavity. Such a decrcase in surface area would diminish gas
exchange and the effectiveness of oxygen extraction, thereby de-
creasing respiration.

Many other studies have found reduced respiration rates to be
a likely responsc to stress. Bayne et al. (1975, p 678) showed that
under low food rations, oxygen consumption of mussels is less than
at high rations. Similarly, under artificially imposed conditions of
low oxygen, feeding rate is depressed. Bayne, Thompson, and

Widdows (1976) note:

Under normal circumstances, PO, is high but, teleologically
speaking, food input must be maximised, so the strategy
adopted is the development of a large surface area with
a high ventilation rate and a low oxygen utilisation ef-
ficiency. During regulation to low PO,, adjustments to
provide an adequate oxygen supply are essential, and a
reduction in food intake is inevitable.

However, Bayne et al. (1973) found that over a range of
temperatures from 5 to 25°C, normally fed Mytilus showed a re-
markable capacity to adjust rates of oxygen consumption to constant
or routine levels. Presumably, such stresses as low food and tem-
perature changes produce predictable but reversible changes in oxygen
consumption; if the stress 1is continuous, metabolic rate may
equilibrate at a lower level

Bayne (1980) suggests:
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When viewed in energetic terms, and given a constant
supply of food, a slight depression in respiration may
be an advantage to the individual, since the rate of
metabolic energy loss is a negative value in the
energy-balance equation. An enhanced metabolic rate may
be energetically damaging. On the other hand, a depressed
rate of oxygen consumption may often signify a narcotic
effect on the locomotion or on the feeding behaviour
of the organism.

Because mussels with pea crabs have reduced oxygen consump-
tion levels relative to uninfested mussels maintained under the same
conditions, the symbionts must be considered stressing. If damage
to the mussel is reversible, respiration rates would be expected to
return to routine levels following the cessation of the stress, ie., if
a pea crab vacates the bivalve.

I attempted to control host-switching by small pea crabs and
examine the reversibility or persistence of a pea crab effect on
mussel metabolism. My efforts to cage individual animals in the
laboratory prior to experimentation were unsuccessful. Fine mesh
cages (1 mm) became coated with debris quickly, and mussel mor-
tality increased greatly under these conditions. Wider mesh cages (3
mm) allowed immature female and male pea crabs to escape.
Therefore, 1 was unable to determine length of residence for small
pea crabs before oxygen consumption measurements were made.
However, field studies (described in Chapter 2) allowed me to estimate
the frequency of pea crab movement between hosts. Suspending
mussels 1 m above the sediment for 3 months resulted in a loss

of 89% of those pea crabs less than 6 mm across the carapace. It
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appears that symbionts attempting to change hosts in this situation
fall to the substrate and are lost from the population. Male pea
crabs can swim; females can maneuver less well, and in their
soft-shelled post-mating stages are easy and desirable prey to preda-
tors. It is unlikely that females can return to a suspended population
of hosts (In my field experiment, only 1 of the 4 small pea crabs
remaining in the suspended populations was female.) Switching at-
tempts made on the benthos would be more successful with other
hosts proximal and the irregularities of the mussel bed affording
protection from predators. Large pea crabs (C 6 mm, ie, mature
females) are physically unable to leave their hosts because the mussel
gape is not large enough (Irvine and Coffin, 1960; Wells, 1940).
Laboratory experiments provide corroborative evidence. Eighty
small pea crabs (immature females and male) placed in a tank with
20 (uninfested) mussels all managed to invade hosts successfully
within 24 hours. When the host/symbiont ratio is more equal, pea
crabs appear to prefer an empty host. Twenty small pea crabs
assorted in twenty available mussels over an eight hour period as
follows: sixteen of the mussels contained single pea crabs, 2 contained
a pair of males, and 2 contained no pea crab. Since there appears
to be a high rate of movement by male and immature female pea
crabs, it follows that several of the mussels | measured for oxygen
uptake should have recently acquired or lost a small pea crab. Be-
cause they were maintained in the laboratory, small pea crabs could

readily switch hosts. Figure 15 shows the regression lines for
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weight-specific oxygen consumption for mussels without pea crabs
(upper line) and with pea crabs (lower line). On the latter, mussels
with large pea crabs (6 mm) are marked by closed circles, and those
with small pea crabs by open circles. The open circles could rep-
resent recently invaded hosts; likewise, mussels without pea crabs
plotted on the upper line may have just been vacated. Because these
points do not grade into each other or overlap, it appears that
mussels adjust to the presence or absence of a pea crab very quickly.
This suggests that the effects of