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ABSTRACT  Giant scallops, Placopecten magellanicus, respond to the presence of starfish predators with an escape response
consisting of a series of rapid valve adductions that allow the scallop to jump or swim away from the predator. To evaluate the
coordination of the activity of the tonic and phasic muscles during such escape responses, we recorded their force production by
attaching a force gauge to the shell ot intact scallops and then stimulating the scallops with starfish. These recordings showed series
of phasic contractions (claps) separated by prolonged tonic contractions. Numerous characteristics could be quantified from these
recordings including the maximal force, mean force during the first minute, force, frequency and number of claps per series, as well
as the force and duration of tonic contractions. The number of claps per series declined and the duration of the tonic contractions
increased as the escape response continued. For most scallops, phasic and tonic contractions produced similar levels of force that
changed little during the escape responses. The alternation between phasic and tonic contractions suggests that periods of tonic
contraction allow the phasic muscle to recuperate and facilitate subsequent phasic contractions, Principal component analysis (PCA)
confirmed the coordination between the phasic and tonic adductor muscles, because characteristics of each type of contraction, were
closely associated. This method combines the advantages of stimulation of scallops by their predators with the simplicity of force gauge
measurements. Force production during escape responses by individual scallops was highly reproducible, suggesting these measure-

ments have considerable potential for tracking changes in the physiologic status of giant scallops.
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INTRODUCTION

Scallops possess a stereolypic escape response that allows
them, through a series of rapid valve adductions or claps, to jump
or swim away from their predators. This response relies on con-
traction of the adductor muscle that works in opposition to the
hinge ligament, the action of which is to separate the valves. The
literature consensus is that claps are produced by contractions of
the large phasic portion of the adductor muscle, whereas slow
movements and maintenance of a given shell opening are achieved
by the contraction of the smaller tonic portion (Chantler 1991,
Wilkens 1981). Beyond its role in controlling the movements of
the shell, the adductor muscle plays a central role in the storage of
energetic reserves. The concentration of muscle glycogen changes
considerably during the reproductive cycle of most scallops
(Brokordt & Guderley 2004a) and muscle protein levels may de-
crease if environmental food availability is inadequate to support
gametogenesis. The mobilization of muscle glycogen to support
the energetic requirements of other tissues has led to the sugges-
tion that muscle glycogen levels reflect the energetic condition of
scallops (Fleury et al. 1996, Maguire et al. 1999). As performance
of repeated escape responses is reduced during gametogenesis and
after spawning in Chlamys islandica and Euvola ziczac (Brokordt
et al. 2000a, Brokordt et al. 2000b), mobilization of muscle mac-
romolecules seems to compromise scallop performance. Effec-
tively, the simultaneous changes in the levels of glycogen and in
the activities of glycolytic enzymes in the adductor muscle may be
linked with the decreased capacity to repeat escape responses
{Brokordt et al. 2000a.b; Brokordt & Guderley 2004b). This sug-
gests, in turn, that escape response capacities may reflect the
physiologic status of scallops.

*Corresponding author. helga.guderley@bio.ulaval.ca

force production, muscle contraction, escape response, tonic muscles, Placopecten magellanicus, scallop

Evaluation of the contractile performance in scallops has been
carried out in 2 complementary fashions: quantification of the
escape response by observation of the performance of the intact
scallop (visual observations, video-recording or pressure measure-
ments) and measurement of the contractile properties of isolated
fibers from the phasic adductor muscle. During quantification of
escape responses, scallops are stimulated with their predator and
the number and frequency of claps as well as the duration of the
response are measured (e.g.. Manuel & Dadswell 1991, Legault &
Himmelman 1993, Barbeau & Scheibling 1994, Brokordt et al.
2000a, Brokordt et al. 2000b). The mechanical performance of the
adductor muscle during escape responses has also been monitored
by sonomicrometric evaluation of the length of the adductor
muscle coupled with a pressure sensor near the hinge (Marsh et al.
1992). These high-resolution measurements during swimming by
Argopecten irradiens concentricus indicate the length changes and
the power produced by the adductor muscle (Marsh et al. 1992).
The contractile properties of the striated phasic adductor muscle
measured n vitro are typical of a fast muscle, with speeds of
contraction and tensions similar to those of vertebrate fast glyco-
Iytic fibers (Olson & Marsh 1993). When the in vivo length
changes are used to evaluate contractile properties in vitro, it is
apparent that the muscle does not operate on the isotonic force
velocity curve (Marsh & Olson 1994). These approaches provide
considerable insight into the working of the phasic adductor
muscle, but the co-ordination of the tonic and phasic portions of
the muscle during activity by scallops remains little known. Re-
peated clapping leads to accumulation of anaerobic end-products
in the phasic and tonic portions of the adductor muscle of Pla-
copecten magellanicus (de Zwaan et al. 1980), suggesting partici-
pation of both portions during extensive clapping activity.

The power produced and the energetic cost of activity by the
two sections of the adductor muscle differ considerably. The rapid
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contractions of the phasic portion permit it to generate more power
than can be achieved by the slow contractions of the tonic muscle.
However, the phasic portion requires high rates of ATP generation
to produce tension, whereas most of the tension produced by the
tonic portion is generated by the catch mechanism. Phasic con-
tractions are primarily supported by generation of ATP from ar-
ginine phosphate through the arginine kinase reaction, with only
30% of the ATP used during exhaustive escape responses arising
from anaerobic glycolysis and octopine generation (de Zwaan et al.
1980, Livingstone et al. 1981, Chih & Ellington 1983, Chih &
Ellington 1986). Fatigue from extensive phasic contractions seems
related to decreases in the free energy change of ATP hydrolysis
with repeated contractions (Bailey et al. 2003). Catch allows pro-
longed contraction at little metabolic cost, but only allows limited
movement.

Measurements of muscle strength using a force gauge have
been proposed as a means of testing the vitality of scallops (Fleury
et al. 1997). This approach records the force that can be maintained
by the valves of scallops. The rapidity of force production indi-
cates whether it originates in the phasic or tonic portions of the
adductor muscle. Here we report an approach in which a force
gauge is used to monitor force production by juvenile giant scal-
lops (Placopecten magellanicus (Gmelin)) during escape re-
sponses from starfish. Essentially, the valves of the scallop are
maintained open at a distance similar to that used during routine
respiration, one valve is fixed to the test stand and the other is
connected to the force gauge. The mantle of the scallop is then
stimulated with the starfish (Asterias vulgaris) and the contractions
of the adductor muscle produce changes in force that are continu-
ally monitored. Phasic contractions are apparent as rapid peaks,
whereas tonic contractions cause gradual changes in force that can
be maintained for prolonged periods. We compared the character-
istics of the escape response measured by the force gauge with
those determined by visual observation of escape responses of
unrestrained scallops. We also assessed whether individual differ-
ences in force production were reproducible.

MATERIAL AND METHODS

Scallop Holding Conditions

Juvenile Placopecten magellanicus (shell height 46.1 £ 2.3
mm) were obtained from Petoncles 2000 (Cap aux Meules, les Iles
de la Madeleine, P.Q. Canada) and held in pearl nets in the nearby
Lagune de Havre aux Maisons until approximately 2 weeks before
use. They were then brought to the MAPAQ wet laboratory at
Havre aux Maisons where they were held in running seawater
pumped from the lagoon. During the measurements using the force
gauge, water temperature was approximately 6°C whereas during
the behavioral observations of escape responses, water temperature
was approximately 9.5°C. Salinity was 32%o throughout the ex-
periments. Before measurements using the force gauge, scallops
were individually identified with tags (Hallprint) that were at-
tached with cyanoacrylic glue. The scallops were left to recuperate
for several days after tagging. Asterias vulgaris (Verrill) (70 mm)
were obtained from local fisherman and were maintained in sepa-
rate holding tanks for several weeks. Starfish were fed with mus-
sels once weekly.

Behavioral Observations of the Scallop Escape Response

These tests followed the method used by Lafrance et al. 2002,
except that the tanks in which the escape responses were measured
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contained 40 L and the water temperature was 9.5°C. The scallops
were stimulated unti) no further claps were elicited by the touch of
an Asterias arm during 1 min. We measured the total number of
claps, the maximal number of claps per series, and the duration of
the response. We calculated the mean clapping frequency by di-
viding the total number of claps by the time elapsed between the
start of the test and the last clap.

Measurements of Force Generation During Escape Responses

During transfer of the scallops from the holding tanks to the test
stand, the experimenters maintained the valves shut. The valves of
the scallops were then placed between a flat hook protruding from
the manual test stand (Mecmesin test stand Hersham, West Sussex,
England www.mecmesin.com) and a similar hook protruding from
the extension of the force gauge (Mecmesin Advanced Force
Gauge, AFG-250N). Hereafter this will be called the muscle meter.
The scallops (n = 20) were in air during the test. The manual test
stand was adjusted to separate the valves (Fig. 1) by a distance
similar that observed in resting scallops ventilating normally. For
our scallops, the separation was approximately 16 mm, an angle of
20° (Table 1). Scallops could, by opening their valves further,
detach themselves from the hooks, but this occurred infrequently.
Once positioned on the muscle meter, the scallops were continu-
ally stimulated with an arm of the seastar, Asterias vulgaris, during
200 s. Instead of ending the recordings after a given time without
a clap as during our behavioral observations (see earlier), we used
a fixed duration of testing. Recordings from the force transducer
were taken at a frequency of 10 Hz and stored on an IBM personal
computer using Data Plot (1.03, 1997) before transfer to spread
sheets for graphical presentation and analysis of the patterns of
force generation (see results). To evaluate the reproducibility of
these measurements, scallops were tested one day, returned to their
holding tanks and the second test was carried out 2-3 days after the
first test.

Statistical Analysis

As each scallop was measured twice on the force gauge, we
compared the first and second values of the various characteristics
to assess the repeatability of the estimates, using paired r-tests,
with an « of 0.05. Statistical comparisons were done with JMP IN
(SAS). Principal components analysis of these characteristics as
well as ANOVAs and a posteriori comparisons (Newmann &
Keuls) of the responses during the different series were carried out
using XLSTAT 7.1. (Société Addinsoft) http://www.xlstat.com

RESULTS

Characteristics of the Force Recordings During Escape Responses

Scallops responded to having their valves separated by the
muscle meter by resisting further opening. This was indicated by
an increase in force production. At the first resistance provided by
the scallop, the experimenter stopped increasing the separation
between the valves and maintained the opening at a distance typi-
cal of resting scallops. Continual stimulation with the seastar elic-
ited a typical response by the scallops (Fig. 2). Almost all scallops
reacted immediately to this stimulation with a rapid series of claps,
followed by a tonic contraction. This tonic contraction was gen-
erally followed by another series of claps, and then again by a tonic
contraction. Some scallops managed to carry out 7 series of claps,
separated by tonic contractions, during the 200 s measurement
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Figure 1. Force gauge on its test stand with a scallop in position for
force measurements. Scallop (Placopecten magellanicus) on force
meter being stimulated with a starfish (Asterias vulgaris)

period. Occasionally scallops made exceptionally strong claps,
with a force change that was more than twice that of the average
clap.

Analysis of Force Recordings

To analyze these force recordings, we evaluated a variety of
characteristics: maximal force (Fmax), mean force during the first
minute of stimulation (Fmln), number of series of claps (Nps),
number of tonic contractions (Ntc), number of claps per series of
claps (Npcl, Npc2, Npe3 ete) mean force change per series of
claps (Fpem|, Fpem2, Fpem3 ete), clapping rate during each series
(rpel, rpe2, rpe3 ete), force change and duration of the tonic con-
tractions (Ftel, Fie2, Fie3, etc and Dicl, Dte2, Dic3 etc, respec-
tively), maximum number of claps per series (Npc max), mean
clapping rate (rpem) and total number of claps(Npctot). We also
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noted when tonic contractions were continuing at the end of a
recording and the mean basal force present throughout the record-
ing. This basal force was subtracted from the force values to obtain
the force developed during the phasic and tonic contractions.

An alternation between series of claps and individual tonic
contractions was present in all the recordings examined (Fig. 2).
The alternation was reflected in the fact that the number of series
of claps was practically identical to the number of tonic contrac-
tions (Table 1). Typically the maximal number of claps occurred
during the first series and was equivalent to approximately half of
the claps made by the scallop during the escape response (Fig. 3,
Table 1). In these tests, the last clap occurred after approximately
2 min of stimulation. The clapping rate in the different series
varied less than the number of claps per series, but both decreased
as the escape response progressed, particularly during the first test
(Fig. 3). The decrease in clapping rate was particularly pronounced
when scallops made more than 4 series of claps in 200 s, (data not
shown). The shortest interval between successive claps consis-
tently occurred at the start of the escape responses, leading to a
maximal clapping frequency of 1.2 claps s™'. Whereas the claps in
the first series tended to be the strongest, the mean increase in
force changed little during successive series of phasic contractions
(Fig. 3).

The duration of tonic contractions increased as the escape re-
sponse progressed (Fig. 3). In fact most escape response tests
ended with an extended tonic contraction that was not finished at
the end of the 200 s recording period. The increase in force during
the tonic contractions was similar to the force increase during claps
and changed little as the escape response progressed (Fig. 3). An
exceptional scallop (1 of 20, interestingly the only one with albino
pigmentation) showed limited development of tonic force between
the series of claps.

In spite of the underlying alternation between phasic and tonic
contractions, the two portions of the muscle contracted simulta-
neously during at least a portion of many escape responses (Fig. 2).
Such simultaneous contractions typically occurred during de-
creases in tonic force production.

Principal Components Analysis

The force recordings generated many parameters, some of
which may reflect similar underlying phenomena. To evaluate
links among the parameters, we applied a principal components
analysis to these data. The first axis, defined primarily by the rates
of clapping and the total number of claps, explained 30% of the
variability in the data. Force values were centrally positioned in
this plot. The second axis explained 27% and the third explained
17% of the variability. On the plot generated by the first two axes
(Fig. 4), the close positioning of the number of tonic contractions
(Ntc) and the number of series of claps (Nps) reflected that series
of claps are separated by tonic contractions. Similarly, the maxi-
mal force generated by phasic contractions (Fpemax) and the mean
force generated during the first minute (FmIn) were closely posi-
tioned. The data obtained during successive series (rates of phasic
contractions (rpcl-3). duration of tonic contractions (dtc 1-3),
force of tonic contractions (ftc 1-3), number of phasic contractions
(Npe 1-3) and rate of phasic contractions (rpc 1-3) were consis-
tently found in similar sections of the PCA plot.

Repeatability of Force Recording During Escape Responses

When escape responses were repeated within 72 h on the same
scallops, virtually all aspects of the escape responses remained
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TABLE 1

Characteristics of force production and contractile patterns during escape responses of juvenile Placopecten magellanicus, shown as X = s.d.
The two series of measurements were separated by at least 48 h of recuperation in running seawater. The P value indicates the probability
that the values differed (paired t-tests). The codes given after the name of each variable are those shown in the plot of the principal
components analysis.

Ist Measurement 2nd Measurement P
Number of series of claps (Nps) 37+1.5 42+ 1.5 166
Number of tonic contractions (Ntc) 355+ 1.6 417+ 1.5 .085
Maximum force, N (Fmax) 393+ 1.0] 388 +0.71 0.83
Basal force, N (Fb) 1.22 = 0.68 0.75+0.40 0.02
Total net force Ist min, N (FmlIn) 0.87 = 0.44 0.96 +£0.32 0.48
Maximum claps/series (Npc max) 9.35+55 77+33 0.25
Total number of claps (Npc tot) 186+7.4 185+52 0.94
Time of last clap (tlpc) 118 +43 126 £ 38 0.49
Overall clapping rate, claps s™' 0.17 £0.09 0.16 £0.05 0.46
Shortest interval between two claps, s 1.00 £ 0.43 1.02 £0.37 0.96
Highest clapping rate, claps s™' (rpc max) 1.22 +0.60 1.14 £ 0.51 0.73
Time of last clap, s (tipc) 118 +43 126 + 38 0.49
Opening angle (°) (Op) 17.75£2.22 13.00 £ 1.73 0.09

unchanged (Table |; Fig. 2, 3). Both the values of the different
parameters and the change in these values as the escape test pro-
gressed were similar between the two tests. The maximal force,
mean force during the first minute, number of series of claps,
number of tonic contractions, maximum claps per series, total
number of claps, time of last clap, overall clapping rate, shortest
interval between successive claps and highest clapping rate did not
differ in these measurements (Table 1, paired r-tests). The changes
of the clapping frequency, tonic and phasic force production, du-
ration of tonic contractions and the number of claps per series as
the escape response progressed also did not differ between the first
and second tests (Fig. 3). Only the force change during claps was
somewhat higher during the second escape tests, but this was only
significant during the first series of claps.

Comparison of Force Recordings With Behavioral Observations of
Escape Responses

When the escape responses of unrestrained juvenile Pla-
copecten were tested in aquaria following our standard protocol,
the maximal number of claps per series (8 + 3.7) was similar to the
values obtained using the muscle meter. The mean rate of clapping
(0.167 £ 0.07 claps s™') was the same as the rates observed on the
muscle meter. This similarity is even more interesting in light of
the fact that these behavioral observations were made at a slightly
warmer temperature (9.5°C vs. 6°C) than the force measurements.
On the other hand, the total number of claps was twice that on the
muscle meter (39 = 12), and the duration of the clapping response
(4.2 £ 1.9 min) was greater than the time at which the last clap was
observed using the muscle meter (Table 1). As the tests with
unrestrained scallops were carried out in water, the scallops could
“chose” the opening of their valves and their rate of ventilation,
perhaps their escape responses could last longer and include more
claps.

DISCUSSION

In nature, force production by the scallop adductor muscle
leads to slow movements adjusting the opening of the valves dur-
ing tonic contractions or to rapid movements, in the form of jumps
or swims, taking the scallop away from a potential predator. For a

scallop confined to a force transducer and being touched by a
“seastar” the need for a response would seem more intense. None-
theless, the frequency of claps and the maximal number of claps in
a series were similar to values observed during visual observation
of escape responses and to those obtained at 12°C for escape
response tests carried out on similarly sized juvenile Placopecten
(Lafrance et al. 2002). On the other hand, the total number of claps
and the duration of claps were lower in our measurements on the
muscle meter. This difference may be caused by the fact that the
muscle meter tests were carried out in air. However, the similarity
of the clapping rates and of the maximal number of claps in a
series suggests that the basic patterns of muscle contraction did not
differ in the two types of tests.

The most dramatic pattern we observed in these experiments
was the alternation between phasic and tonic contractions. We
suggest that the tonic contractions may represent a mechanism
whereby the phasic muscle is given time to recuperate from its
rapid contractions. Contractions by the striated adductor muscle
primarily use ATP generated from arginine phosphate by the ar-
ginine kinase reaction (Chih & Ellington 1983, Thompson et al.
1980, Bailey et al. 2003). The phasic adductor muscle in resting
scallops contains high levels of arginine phosphate (typically 30
mM; (Livingstone et al. 1981, Chih & Ellington 1983, Bailey et al.
2003), but these only suffice to support a limited number of con-
tractions. Anaerobic glycolysis cannot provide ATP at rates that
are as rapid as those provided by the arginine kinase reaction. The
activity of arginine kinase in the phasic adductor muscle of Pla-
copecten was approximately 2500 L.U. g~' wet mass whereas that
of octopine dehydrogenase was only 60 1.U. ¢~' wet mass (Jans-
soone & Guderley, unpublished). Such relative values are also
found in Chlamys islandica and Euvola ziczac (Brokordt et al.
2000a, Brokordt et al. 2000b). Recovery of the phasic muscle
could occur through production of ATP by oxidative phosphory-
lation or by anaerobic glycolysis. This ATP would then be used to
reconvert arginine to arginine phosphate. The use of anaerobic
glycolysis is analogous to the mechanism proposed to occur during
the valve closure that follows exhausting escape responses in some
scallops (e.g., large Placopecten, Chlamys islandica, Pecten maxi-
mus; Gade et al. 1978, de Zwaan et al. 1980, Livingstone et al.
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Figure 2. First and second force recordings during escape responses by two juvenile Placopecten. Sustained force increases were considered to
be tonic contractions whereas the sharp peaks were considered to be phasic contractions. Force recordings were separated by 48-72 h.

1981, Bailey et al. 2003). The difference is that we propose this is
occurring during the pauses between claps in the escape response.
In a natural escape response an increase in tonic tension would
protect the scallop against the predator by decreasing the separa-
tion between the valves. That the duration of tonic contractions
tends to increase during the escape response speaks to increasing
fatigue of the phasic muscle perhaps because of decreases in the
free energy change of ATP hydrolysis (Bailey et al. 2003).
Phasic and tonic contractions developed similar levels of force
in these tests, although some individuals made extremely strong
claps. Whereas contraction frequency and duration changed as the
escape responses progressed, tension development remained
stable. For an individual muscle, tension development in a given
stimulation regimen is a direct function of sarcomere length. Op-
timal overlap between thin and thick filaments in phasic muscle
occurs at the valve separation maintained during routine ventila-
tion (Marsh & Olson 1994). The similarity of force development
during successive phasic contractions is compatible with the sug-
gestion that scallops do not stretch their adductor muscle much
beyond the length allowing optimal sarcomere length before ini-

tiating contractions. The overall similarity of force development
during phasic and tonic contractions is intriguing particularly as
the striated adductor is considerably larger than the smooth adduc-
tor. This speaks to the greater efficiency of the tonic contractions.
The exceptional, extremely strong claps shown by a few individu-
als may correspond to multiple stimulation leading to summation
of force development.

Although our technical approaches differed considerably, the
highest clapping frequency obtained in our recordings is close to
the values presented by Marsh & Olson (1994) for Argopecten
irradians. Using sonomicrometry to assess the length change of
the adductor muscle during swimming of scallops in vivo, they
show the interval between successive claps to be 0.6 s. This gives
a frequency of 1.6 claps s™', which is in the range of the 1.2 claps
s} we found for Placopecten. Considering that these values were
obtained with different species and at different temperatures (6.5
vs. 10°C), the agreement is good. This rate may be limited by the
capacity of myosin ATPase to achieve sarcomere shortening as
well as the capacity for Ca™* uptake by the sarcoplasmic reticulum.
In our recordings, the highest frequencies of contraction occurred
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at the beginning of the escape responses, both when assessed as the
interval between successive claps and the overall frequency per
series of claps. The highest clapping rate is approximately twice
the highest rate sustained during a series. The reduction in clapping
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components analysis of the overall characteristics of the force record-
ings during escape responses of Placopecten magellanicus.

frequency and force production as the escape responses progressed
is in agreement with the fatigability of the phasic adductor muscle
identified by Olson & Marsh (1993). The agreement of our maxi-
mal clapping rates with those obtained using radically different
approaches gives further support to the validity of our force re-
cordings as a means of assessing the performance of the scallop
adductor muscle.

Use of a force meter to assess muscle performance is a tech-
nically simple, fairly inexpensive and portable approach. Position-
ing a scallop for a force measurement takes little time and does not
injure the animal. The animal can be studied directly after being
positioned on the test stand. Stimulation of the scallop with its
predator is an efficient means of eliciting phasic and tonic adduc-
tions. Tonic contractions are virtually impossible (o assess during
visual observations of escape responses. The equipment required
can easily be transported to remote locations, although electricity
is required for the operation of our force gauge. These advantages
coupled with the high precision of the data recording make this a
highly promising method for evaluating the vitality of scallops or
establishing the impact of treatments used during culture or the
impact of cycles in food availability or reproductive investment.
Monitoring a dynamic behavior such as the scallop escape re-
sponse from a predator using the muscle meter provides consid-
erably more information than available through direct observation
of an escape response and is much less invasive than the implan-
tation of electrodes and pressure gauges. Furthermore, because
99% of the work during scallop swimming is used to form pro-
pulsive jets (Cheng et al. 1996), a stationary animal will have
similar energy expenditures for valve adductions as a mobile ani-
mal. Finally, our results show that this technique is reproducible
and provides values for muscle performance characteristics that
are similar to those given by other, much more invasive, tech-
niques.
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