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Abstract We employed a novel technique to quantify
how blue mussels Mytilus edulis react to predation risk
in their environment by quantifying mussel gape using
a Hall sensor attached to one shell valve reacting to a
magnet attached to the other. Change in gape angle
per second (CHIGA) versus gape angle plots resulted
in a distribution with a boundary, which defined the
maximum CHIGA of a mussel at all gape angles.
CHIGA boundary plots for all individual mussels were
similar in form. However, the CHIGA boundary
increased in extent with mussel length (maximum
CHIGA for mussel valve closures for mussels 2.98 and
79.6 mm long were —1.5 and —11°~!, respectively),
showing that larger mussels opened and closed most
rapidly. Mussel extract added to the seawater, a factor
believed to signal predation, caused mussels to close
significantly faster than otherwise (P <0.001). This
approach for assessing how mussels react to their envi-
ronment indicates that mussel response to predation is
graded and complex and may well indicate animal-
based assessments of the trade-off between effective
feeding and the likelihood of predation.
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Introduction

Animal behaviour (e.g., Scott 2004) is normally
assumed to lead to maximized lifetime reproductive
success (e.g., Clutton-Brock et al. 2004) and specific
reactions to environmental variability constitute a part
of this behaviour. Documentation of behaviour with
survival value is common in vertebrates (e.g., Vilensky
1987; Bertram et al. 1997; Sandercock and Heckman
1997) but reports are notably lacking in sessile mol-
luscs, primarily due to the difficulty of quantification of
behaviours that occur in these generally small animals
whose behaviour is characterized by minimal move-
ment carried out over comparatively long time periods.
Such movement may, however, be critical in survival
and its quantification may provide insights into strate-
gies and environmental conditions of consequence for
this important animal group.

There is significant commercial mussel production in
over 40 countries world-wide (FAO 1999) and mussels,
particularly Mytilus edulis, have been proposed as
potent bioindicators. However, this is largely based on
assessment of changes in animal body composition and
is thus only undertaken when the animals are sacrificed
(e.g., Fisher etal. 1996). However, DeZwart et al.
(1995) did employ mussels as bioindicators using
remote-sensing technology, but see Wilson et al. (2005)
for criticism of the DeZwart et al. (1995) “mosselmoni-
tor”. We propose that appropriate assessment of
behaviours denoting mussel well-being should help
improve mussel cultivation and may increase the utility
of mussels as bioindicators of environmental condi-
tions (e.g., Fisher et al. 1996). Accordingly, we show
here how new sensor and logging tag methodology
(Wilson et al. 2005) can be used to quantify mussel
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gape and the change in gape angle per second in live
blue mussels M. edulis in order to elucidate how these
animals react to changes in their environment.

Materials and methods
Opverall experimental design

We used the methods developed by Wilson et al.
(2005) to quantify gape angle in blue mussels M. edulis.
Briefly, this involved using a Hall sensor (a transducer
for magnetic field strength) attached to one mussel
valve and a small magnet attached to the other valve.
Variance in gaping extent produced a corresponding
variance in the magnetic field strength perceived by the
Hall sensor. This was recorded by a logger. Since Hall
sensor output is proportional to magnetic field strength
and angle of impingement, the transducer output has
to be calibrated by comparing shell gape angle with
sensor output, over a wide variety of angles, and curve-
fitting the data (for details see Wilson et al. 2002, 2005;
Wilson and Liebsch 2003). This curve-fit can then be
used to determine any gape angle by converting the
transducer output accordingly.

The logger used for the work was a 13-channel JUV-
Log, equipped with 12 Hall-sensor (Siemens KSY 10)
channels and one temperature channel, each with
22 bit resolution. The unit had a 512 Mbyte RA mem-
ory and could record at rates of up to 2 Hz. The mag-
nets used were 5 x5 x2mm neodymium boron
magnets.

Collection and maintenance of mussels

Inter-tidal mussels were collected from LR SS630875
Swansea Bay, Wales, UK at low tide and transferred to
a flow-through aquarium system within 2 h. Magnets
and Hall sensors were glued to mussel shells using
Aquarium Sealant (Geocel, Plymouth, UK) before the
mussels were replaced in an aerated flow-through
aquarium system for at least a week before being used
in experiments. Experiments with mussels took place
from October 2005 to June 2006.

Measuring gape angle in standard conditions

In order to determine how six mussels (mussel length
see Table 1) reacted to standard conditions, the log-
ger recorded gape angle at 2 Hz for multiple periods
of ~5 days. At this time the individual mussels were
kept in separate aquaria. Mussels were subject to a
daily regime of 13 h light and 11 h dark, water tem-
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perature 16 £ 0.3°C and each fed a mixed algal diet of
~100 million Tetraselmis suecica and ~1,000 million
Thalassiosira weissflogii cells day™' at 40 + SD 3.1
cells pul =1,

Measuring gape angle in non-standard conditions

Mussels were subject to the same daily feeding and
light regime as in standard conditions. The reaction of
six mussels to the chemical stimulus of an injured
M. edulis was recorded by the logger while a damaged
(shell cracked) 55 mm long conspecific was placed in a
1.51 tank supplied with filtered, aerated seawater
draining into a 501 tank containing six mussels
equipped with Hall sensors. Loggers recorded for
~4 days before and after the application of the injured
mussel and the procedure was repeated six times with
both fresh filtered seawater and a new injured mussel.

Calculation of CHIGA

The Hall sensor data were converted into gape angle
and plotted against the change in gape angle (con-
verted to standardized units of degrees per second, but
measured over intervals of 0.5 s) to produce a charac-
teristic pattern, which we shall subsequently refer to as
the CHIGA (CHange In Gape Angle per second) pat-
tern (Fig.1). The density of the points within the
CHIGA pattern reflects the incidence of the particular
conditions of change in gape angle per second as a
function of gape angle, but the boundaries represent
limits in the change in gape angle per second (Fig. 1).
The ease with which these boundaries could be
detected depended on the length of the data set and
the conditions under which the mussel was held (see
Fig. 4 and Results). Two non-linear curves were fitted
to describe these boundaries using Table-curve (giving
7 better than 0.99), one which corresponded to mussel
opening (solid line in Fig. 1) and one for mussel closure
(dashed line in Fig. 1) (see Table 1). These equations
were used to predict the maximum CHIGA for any
gape angle during both opening and closing events.
We reasoned that proximity of any particular tem-
poral sequence of points describing a change in valve
gaping during opening or closure events to the bound-
aries (defined by our equations in Table 1) indicated
the extent to which the mussel was relaxing (abduc-
ting) or contracting (adducting) its adductor muscles in
relation to the maximum rate of change achievable.
Since the shell opening process is passive, mediated by
the elasticity of the hinge (Ruppert et al. 2004), the
most relaxed adductor muscles (anterior and posterior)
results in fastest opening. Conversely, since shell gape
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Table 1 Best-fit relationship between change in gape angle per second (CHIGA) (°s™") to define the boundary (y) and gape angle (x)

(see calculation of CHIGA in Materials and methods)

Mussel
length (mm)

Valve
movement

Relationship

29.8 Opening

y = (a+ bx + c/x + dx? + elx® + fii® + glx® + hx*)

a 1.5888486 b —0.52408928 ¢ —0.35121223 d 0.19131119 e 0.029613084 f —2.80E—02 g —8.63E—04

h 1.22E-03
Closing

y = (a + bx + cx?lnx + dx® + ee")

a 0.058736807 b —0.55896575 ¢ 0.1513833 d —0.037638453 e 0.000702693

34.6 Opening

y = (a+bx0.5 + cx + dxl.5 + ex® + %5 + g + ha®d + ix* + jx* + kxd)

a —3.2201826 b 28.261003 ¢ —98.470003 d 192.8207 e —231.32861 f1.79E + 02 g —9.21E + 01 h
3.11E + 01 i 6.66E + 006 j 8.17E—01 k —4.37E—-02

Closing

y=(a+cx+ex® + g+ ix!)/(1 + bx + dx® + X + ha* + jx°)

a 0.03826436 b —0.30557562 ¢ —0.3008307 d 0.054804004 ¢ 0.063870721 f —5.85E—03 g —4.58E—03
h2.99E—04i1.10E—04 j —5.27E—-06

38.7 Opening

y=(a+bx+cx?+dx® + ex* + i’ + gx® + ha + ix®)

a —0.029847969 b 1.3726608 ¢ —1.435414 d 0.91228114 ¢ —0.37543336 f9.52E—02 g —1.40E—02 h

1.10E—03 i —3.48E—05
Closing

y = (a+bx + cx? + dx> + ex* + fr°)

a 0.017766632 b —0.50999977 ¢ —0.090428403 d 0.094381006 e —0.019634252 f1.25E—03

44.7 Opening

y = (a+cx+ex® + g+ ix*)/(1 + bx + dx® + 3 + hx')

a —0.09611428 b 0.051349164 ¢ 0.68877847 d —0.013542099 e —0.12260023 f4.14E—04 g 7.69E—03

h2.90E—06i —1.65E—04
Closing

y=(a+bx+cx®+dx®+ex* + O+ gx® + hx” + ix® + jx + kx'0

a 0.11750452 b —1.147895 ¢ 1.6774392 d —1.4270188 e 0.57351823 f —1.27E—01 g 1.66E—02 h
—1.31E-03i 6.22E—05j —1.61E—06 k 1.76E—08

54.6 Opening

y = (a+ cx + ex?)/(1 + bx + dx* + %)

a —0.009530934 b 0.48840935 ¢ 0.47804793 d —0.046097521 e —0.053146559 f —2.10E—03

Closing

y =(a+cx+ex? + g+ ix*)/(1 + bx + dx? + 3 + hx* + jx°)

a —0.017200221 b 0.36103367 ¢ —1.278371 d —0.38897404 ¢ 0.80373711 f8.35E—02 g —1.72E—01 h
—5.01E-03i1.09E—-02 j 1.08E—05

79.6 Opening

y =(a+bx +cx?+dx® +ex* + O + gx® + hx” + ix®)

a 0.03040645 b 1.0774803 ¢ —0.35758174 d 0.069764735 e —0.00723012 f4.21E—04 g —1.39E—05 K

2.45E—-07 i —1.79E—-09
Closing

y=(a+bx+cx?+dx® + ex* + i° + gx® + ha + ix®)

a 0.19715819 b —1.3270658 ¢ 0.43059846 d —0.1084851 e 0.013337685 f —8.59E—04 g 2.97E—05 h

—5.20E-07 i 3.63E—09

closure is active, the faster the adductor muscles con-
tract, the closer the CHIGA approaches the boundary
defined by the equations.

Calculation of P

In order to work out how quickly mussel opening or
closing events related to maximum rates of opening or
closure, the first observed gape angle (a,,) in an opening
or closure event was taken and the next angle (a, + 1)
predicted (A, + 1) according to the boundary equation
(see Table1). The difference (D) between the next
observed (a, + 1) and next predicted (A, + 1) angle was
calculated. The process was then repeated using the next
gape angle in the opening or closure sequence. This pro-
cess was repeated for the entire opening or closure event
and YD calculated (an integral units °%0.5 s71).

In order to correct for gape angle-dependent
CHIGA (cf. Fig. 1), this integral x 2 (units °*s~!) was

subsequently divided by the total movement in
degrees of the closure or opening event, to give a
final value for the proximity of the closure or open-
ing event to the maximum. This value termed P
(units °s~!) (see Table 2 for a worked example of cal-
culating P) is an arbitrary but relative scale. P per-
mits comparison between mussels that open and
close at different maximum rates. P avoids the bias
that bigger mussels close quicker than smaller mus-
sels (see Results). CHIGA was recorded at 2 Hz to
capture the form and accurate speed of the fastest
closures.

Statistical analysis
(Paired) t-tests were carried out to test for significant
(P < 0.05) differences in valve closure rates of six mus-

sels before and after exposure to a chemical signal
from an injured conspecific.
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Fig. 1 Change in gape angle per second (CHIGA) versus gape
angle for a single 44.7 mm long mussel using data acquired over a
period of 7 days at a rate of 2 Hz. The mussel was held in standard
conditions (see Measuring gape angle in standard conditions) and
stressed by calibration (see Overall experimental design and see
Results). The solid line delineates the edge contours indicating
maximum CHIGA during opening, the dashed line that during
closure

Results

Mussels were substantially disturbed during and for at
least 24 h after calibration of gape angle. However, cal-
ibration of gape angle against Hall sensor output
proved unproblematic although ten to fourteen cali-
bration readings over a wide range of gape angles were
needed to produce best-fit functions with correlation
coefficients in excess of 0.97. Blue mussels gaped in the
range of 0-24°. The vast majority of mussel gape clo-
sure (>97%) and subsequent opening (>98%) events
followed a specific, recognizable pattern consisting of a
relatively rapid closure followed by a slower opening,
this latter having a roughly logarithmic form (Fig. 2).
In the examples of mussel closures (Fig. 3a) the vari-

ance in rate of valve closure was most reduced between
about 4.3 and 2.9° and valve opening (Fig. 3b) between
about 1.3 and 2.3°

The logging time required to acquire well-defined
boundaries to the CHIGA pattern varied considerably
between mussels. For example, the time taken to reach
the boundary at a gape angle of 5° for six different mus-
sels varied between 8 and 94 h (Fig. 4). CHIGA bound-
ary plots for all mussels were similar in form. However,
the extent of the CHIGA boundary increased with
mussel length (maximum CHIGA for mussel valve clo-
sures for 29.8 and 79.6 mm long mussels were —1.5 and
—11°s7!, respectively, while openings were 1.0 and
3.6°s71, respectively).

Contour plots of the incidence (frequency) of
CHIGA versus gape angle indicated the prevalence of
particular responses (e.g., Fig. 5). For instance, over
5 days the mussel in Fig. 5 was closed or nearly closed
for between 0 and 1° 6% of the time and spent 89% of
the time open 6 between 6 and 11° (Fig. 6). This partic-
ular animal spent only 5% of its time gaping between 1
and 5°.

From 0 to 48 h after calibration of gape angle, 18%
of openings had P-values of >7.43 (Fig. 7a) and 24% of
closures had P-values <—0.04°s~' (Fig.7b) (data
derived from a 54.6 mm long mussel). No valve open-
ing occurred between P-values of 2.59° and 7.43°s7!
and no valve closure between P-values of —0.04° and
—0.186°s".

Mussels closed rapidly and almost instantaneously
upon exposure to the chemical stimulus of an injured
conspecific (e.g., Fig. 8). The mussels closure P-values
were significantly higher (i.e., indicating slower closure
rates) (t —10.21, P < 0.001) immediately prior to expo-
sure to the seawater in which the injured conspecific
was housed (mean P-values = —0.772°s~! + SD 0.441)
than immediately after (mean P-values = —0.021°s! +
SD 0.012). In other words mussels closed slower in a
predation risk free environment than in an environ-
ment where predation of conspecifics was simulated.

Table 2 Worked example of the calculation of P for a closure event from a 44.7 mm long mussel

Observed
closing 0.5 571 (°)

Predicted maximum
CHIGA (°s™!) from
equations (see Table 1)

Predicted next
angle 0.5 s~L if closing
at maximum rate (°)

Difference between predicted
next maximum angle 0.5 s~}
and observed next angle 0.5 s~ (D)

5 —2.097498429 3.951 —0.55

45 —1.998271261 3.501 —-0.5

4 —1.893258608 3.053 0.053

3 —1.510913916 2.245 —0.26

2.5 —1.203356009 1.898 —0.1

2 —0.855283769

Total closure S D=-1.357°%0.5s""
5-2=3°

P=3 D x 2 + total closure (°) = —0.905°s~"
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Fig. 2 Examples of the most
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common form of mussel valve 10
closure and subsequent open-
ing events. Note the faster 1
rate of closure compared to 8
opening with the rate decreas-
ing near the endpoints of both 1
closure and opening events 6
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Detailed examination of mussel response after simu-
lated proximate predation typically showed a short
period of rapid opening and closure over a small range
of gape angles (0-2°) before one or several long slow
openings (e.g., inset of Fig. 8). In an environment with-
out injured conspecifics, opening P-value for the
34.6mm long mussel was 0.949°s~! while stressed
opening had P-value of 20.531°s7!.

Discussion

This work takes a previously described methodology,
developed to examine mussel behaviour via changes in
mussel gape (Wilson et al. 2005) and proposes an ana-
lytical treatment which further enhances our ability to
quantify how mussels react to their environment. The
results obtained in this study concur broadly with those
presented by Wilson et al. (2005). For example, the
individuals used in this current study showed frequent
closure events and these were most likely due to the
elimination of faeces and pseudo-faeces from the
exhalant siphon (e.g., Gosling 2003). However, from
our observations we speculate that mussels may also
close to create a water current to try and remove the
build up of faeces and pseudo-faeces around their
gape, which may be restricting water flow into the
inhalant siphon. We note that mussels are also known
to close as a response to suboptimal algal concentra-
tions for efficient filtration, to prevent desiccation, in
response to sudden changes in salinity and as a mecha-
nism against predators e.g., Gosling (2003). Mussels
open primarily to filter feed, absorb oxygen and elimi-
nate waste. Although the incidence of opening and clo-
sure events was documented to some degree by Wilson

T T T T
100 150 0 50

T T r T T 7 T 1
100 150 0 50 100 150 O 50 100 150

Time (s)

et al. (2005) these authors made no mention of the var-
iability in the rate at which mussel gape angle changed
and the present study shows how important this is in
assessment of mussel behaviour.

Ruppert et al. (2004) reviews the mechanisms used
by bilaterally symmetrical shellfish to close or open
shell halves. The mechanism is ostensibly simple, con-
sisting of closure brought about by contraction of the
adductor muscle(s) while opening is passive, the force
being derived from the elastic hinge, we speculate
modulated by relaxation in the adductor muscle. Our
results clearly show that opening and closure events
have highly variable rates according to circumstance
although, generally, the variation in the rate of valve
closure and opening appears greatest at the beginning
and end of the closure (Fig.3a) or opening (Fig. 3b)
event. Some variation in muscle contraction speed
in molluscs can be attributed to muscle fibre types.
Ruppert et al. (2004) note that the use of “quick” mus-
cles produces a rapid closure, but one that causes
fatigue within a short period. Where mussels are to
remain closed for extended periods, the use of “catch
muscles” is apparently energetically more appropriate
although contraction speed is slow. Our work does not
allow us to determine the extent to which different
muscle fibre types might be used in the contraction
process but we propose that the intra-individual vari-
ability in closure and opening rates has survival value.
Consequently, assessment of the rate of change of gape
angle can provide a measure of an animal’s assessment
of the environment.

Reduced rates of gape closure, which are exempli-
fied by high P-values, were greatest during low-risk
periods (no stimulus in the water relating to predation)
and likely to be caused mainly by contraction of
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“catch” muscles, especially before periods of extended
closure. P-values were lowest (with highest rates of clo-
sure) during conditions, which might be construed as
high risk (as exemplified by the presence of an injured
conspecific) and is likely to be caused by contraction of
“quick” muscles in response to perceived danger. This
reaction is supported by the literature, which docu-
ments that mussels rapidly close their valves when
threatened (Ruppert et al. 2004) by predators includ-
ing eider ducks, crabs, starfish, octopus and whelks
(Spencer 2002).
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In general, therefore, we propose that for any given
period during which multiple closure and opening
events occur, the higher the percentage of opening
events with P-values in excess of 7.43°~!, the more
stressed the mussels will have been. The lower the per-
centage of data with P-values greater than —0.04°s~!
the more stressed the mussels will have been during
closing. Consideration of all values together should
give an overall picture of how the animal perceives its
environment for the period under consideration
(Fig. 7). Cases where P-values are positive for a closure
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Fig. 4 Maximum recorded closure speed (°s™!) at a gape angle of
5° as a function of time for six different individual mussels (delin-
eated by different letters). Mussel length (mm) A 29.8, B 34.6, C
38.7,D 44.7, E 54.6, F79.6
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Fig. 5 Contour plot illustrating the relative incidence of CHIGA
versus gape angle for a 54.6 mm long mussel over 5 days. Units of
contour values is the number of observations

event or negative for an opening event indicate that the
change in gape angle per second has exceeded the defi-
ned CHIGA boundary. This can either be treated by
recalculating this boundary using a greater volume of
data (see below) or by simply accepting the value as an
extreme measure.

The extent to which the P-values recorded here can
be used as standard for M. edulis from any environ-
ment depends critically on our ability to define the
CHIGA boundary. This boundary is best approached
during closure by having animals that are stressed but,
conversely, best approached during opening by having
animals that are maximally relaxed. Obviously, both

% time

0 1 2 3 4 5 6 7 8 9 10 N
Gape angle (°)

Fig. 6 Gape angle versus percentage time plot for a 54.6 mm long
mussel over 5 days

these conditions have to occur during the calibration
period. The periods of no stress and stress must be
sufficiently spread apart to ensure mussels have recov-
ered from any previous periods of stress. From this
study it is recommended that CHIGA boundaries
should be obtained from recording mussel gape angle
over a period of >4 days with the act of calibration of
gape angle against Hall sensor output acting as the
induced stressor at the end of the period of data log-
ging. Clearly, the longer the recording time, the more
likely the boundary will be well defined at its maximum
CHIGA (Figs. 1, 4). However, we note that CHIGA
increased as mussels grew (but insignificantly over
3 weeks) so this needs to be taken into account. Fur-
ther work might allow us to define standard CHIGA
boundaries as a function of mussel length, which would
preclude the onerous 4 day calibration period pro-
posed above, although it is likely that boundaries may
vary with a wide variety of environmental conditions
including temperature, food, salinity and oxygen levels.

A primary finding of the work conducted here is that
mussel gaping and closure does not represent a binary
behavioural state. Rather, that both gape angle and the
change in gape angle per second vary extensively and
that the ability to vary these presumably has survival
value. Mussels cannot feed unless they are gaping, and
increased extent of gaping leads to an enhanced ability
to feed (e.g., Jorgensen 1990). However, gaping mus-
sels are more susceptible to predation so it would seem
appropriate for animals to weigh up the balance of
advantages of food acquisition with the likelihood of
predation (cf. Perez-Tris et al. 2004). Mussels have a
suite of sensory systems such as pallial tentacles with
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Fig. 7 Frequency of openings a 8o
a and closures b versus P-val- 75
ue plot for a 54.6 mm long 70
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ibration of gape angle 65
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40 Increasing stress
35 <
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primary ciliary receptor cells as mechanoreceptors
(Ruppert et al. 2004), pallial eyes (ocelli), cerebral eyes
(cephalic eyes) and chemoreceptors, possibly including
osphradia (Ruppert et al. 2004; Leonard 1999), which
may be used to assess environmental quality so it is
appropriate that these animals display an appropriately
complex behavioural response.

Precise measurement of mussel response to environ-
mental conditions is not only useful in an animal life
history strategic sense, but also has real value in a bio-
indicator sense. Both Curtis et al. (2000) and DeZwart
et al. (1995) proposed using mussels for examining the
effects of pollution using shell movements although
since this publication, no formal procedure has been
developed. The system presented here allows mussel
response to be measured in real time without the need
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to kill the bivalve. This contrasts with many other
methods, which include measuring stress proteins e.g.,
HSP70 (e.g., Snyder et al. 2001) and immune changes
(Lacoste et al. 2002) where stress cannot be measured
in real time, or at the instant the stressor is applied.
The work presented here adds to the methodologies
already being used to quantify mussel response to the
environment. Typically, these are based on visual
observation techniques (e.g., Riisgard etal. 2003)
which have particular biases depending on e.g., water
turbidity or parallax errors, or the use of electrical coils
(e.g., Kadar et al. 2005) which give a binary output for
“open” or “shut” animals. Our work shows, however,
that changes in gape angle can be resolved finely and
that this information gives another quantifiable dimen-
sion of animal response to the environment. Further
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Fig. 8 Mussel gape angle
versus time for 34.6 mm long
mussel. The large arrow
indicates the time when the
mussel was stressed by being
exposed to water in which a
damaged conspecific was
housed. Closure P-value for
this was —0.009°s L. The inset
shows greater detail of how
the mussel responded to the
stressor. Unstressed opening
indicated by small arrows and
stressed opening indicated by
dashed arrows
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study is required in the laboratory to determine how
mussels react to particular conditions of food or preda-
tion and to examine how mussels in the wild react.
Determination of P-values has direct commercial value
as a tool to measure the performance of mussels in
suspended and bottom culture in terms of mussel
wellbeing and growth. P-values also have considerable
commercial potential when used on bivalve hatchery
broodstock where the environment can be manipu-
lated to produce optimal conditions for gamete
production. P-values used in conjunction with a tech-
nique currently being developed for measuring filtra-
tion rates using pressure micro-sensors and the current
techniques for measuring bivalve heart rates
(Depledge and Andersen 1990; Rovero et al. 1999) and
pumping behaviour (Mouabad 2001) have the poten-
tial to revolutionize our understanding of mussel
behaviour.
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