
Reference: Bioi. Bull. 176: 50-56. (February, 1989)

Ultrasonic Biotelemetry of Muscle Activity from Free
Ranging Marine Animals: A New Method for Studying

Foraging by Blue Crabs (Callinectes sapidus)

THOMAS G. WOLCOTTl AND ANSON H. HINES2

lDepartment ofMarine, Earth, and Atmospheric Sciences, North Carolina State University,
Raleigh, North Carolina 27695-8208, and 2Smithsonian Environmental Research Center,

P. O. Box 28, Edgewater, Maryland 21037

Abstract. The design and utilization ofa small (16 g in
air, 6 g in water) ultrasonic transmitter for animal track
ing and bio-telemetry of muscle activity are described.
To our knowledge this is the first use of such devices to
telemeter a specific behavior (ingestion) from a free-rang
ing marine predator. The transmitter produces regularly
recurring short tracking pulses, and long pulses triggered
by the action potentials ofa muscle. Pulses are transmit
ted through conductive estuarine water by a piezoelectric
ring transducer at a frequency of about 75 KHz. The
preparation of a subject animal, insertion of electrodes,
and attachment of the transmitter are described for the
telemetry of mandibular muscle contraction in the blue
crab. The transmitter provides a signal that corresponds
unequivocally with feeding activity and allows enumera
tion of bites required to consume a food item. Number
of bites, and feeding time, are both positively correlated
with the size of the prey specimen. As a test of the tech
nique's feasibility, a blue crab was equipped with one of
the transmitters and released in a subestuary of Chesa
peake Bay. The crab was tracked continuously for 96
hours while every contraction of the mandibular muscle
was recorded. The crab traveled 4000 m along the subes
tuary at an average speed of 12 m/h, but showed periods
of rapid movement of up to 325 m/h. The crab fed 2-7
times per day, with a feeding bout comprising 15-2750
bites. The limited data did not indicate that either move
ment or feeding exhibit a diel or tidal cycle.

Introduction
We describe the design of a new ultrasonic telemetry

transmitter for relatively small marine or estuarine ani-
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mals. In addition to producing a locating signal, it trans
mits a signal triggered by myopotentials occurring during
muscle contraction. Thus, if activity of a muscle can be
linked to a specific behavior, the transmitter can be used
to obtain detailed records of that behavior from animals
that cannot be directly observed. We use this device to
telemeter contraction of the mandibular muscle of blue
crabs (Callinectes sapidus) ranging freely in a subestuary
of the Chesapeake Bay. Here we provide preliminary
data on foraging activity, principally obtained from the
first few crabs on which the method was tested. Subse
quent papers will present the results oflarge-scale studies
which have followed.

Ultrasonic tracking is a well-established tool in fresh
water ecosystems, and is usually the only practical trans
mission mode in marine and estuarine waters which, be
ing conductive, rapidly absorb radio transmissions. [Use
of electromagnetic radiation in seawater is limited to
very low frequencies and short distances, e.g., Phillips et
al.'s (1984) system for studying the movements of rock
lobsters (Panulirus cygnus) near shore.]

Ultrasonic transmission has been used primarily to
track a wide variety of fish, as well as cetaceans, pinni
peds, turtles, sea snakes, and alligators (Stasko, 1975;
Stasko and Pincock, 1977). Several species of inverte
brates also have been tracked with ultrasonic telemetry,
including queen conchs (Strombus gigas) (Clifton et a!.,
1970), American lobsters (Homarus americanus) (Lund
and Lockwood, 1970), king crabs (Paralithodes kam
tschatica) (Monan and Thorn, 1973), Norway lobsters
(Nephrops norvegicus) (Chapman et al., 1975), prawns
(Macrobrachium rosenbergii) (Peebles, 1978), a por
tunid crab (Scylla serrata) (Hill, 1978), and spiny lob-
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Figure 1. Schematic diagram of the telemetry transmitter. The tri
angles in the astable multivibrator (A, B) and pulse former (C) represent
subunits ofa CMOS logic circuit (4049 hex inverter). The EMG ampli
fiers (0, E) are MC 1776 op amps configured as non-inverting amplifiers
with ac voltage gains of 100.

Technical details of the electronic design are presented
in Wolcott and Hines (1989), and detailed schematics
and component lists are available from the first author;
only a brief functional description of the circuit is given
here.

The amplitude of the useable signal from the muscle
of interest, the mandible closer, was estimated to be a
few hundred microvolts. To determine the amount of
voltage gain needed to switch the timing circuitry, proto
type amplifiers were constructed with micro-power inte
grated operational amplifiers, and tested by connecting
them to long wires from electrodes implanted in a crab
(see below) in an aquarium. (A similar determination
would have to be made each time the device is adapted
to a different system). Two op-amp gain stages, amplify
ing the biopotentials a nominal 10,000 times, proved ad
equate when followed by a single-transistor amplifier
that shifted the signal to logic levels. The logic level out
put serves as an input to the CMOS integrated circuit
used for all timing ofpulse signals.

The timing section of the circuit, an astable multivi
brator and pulse former, produces a regular, 15 ms long
"tracking pulse" at about 1 s intervals. A train of action
potentials from a muscle forces the pulse former into the
"on" state, producing a long, nearly continuous burst su
perimposed on the tracking pulses (see below). When
"on," the timing circuit turns on a low power ultrasonic
oscillator, which in turn drives a higher power output
stage connected via a matching transformer to the piezo
electric ring transducer. The latter converts the 75 kHz
electrical signal to acoustic (ultrasonic) vibration.

The transmitter was reduced to a printed circuit and
assembled using surface-mount components. A lithium
battery (CR-1/3-N, 160 mAh, 3 g), powered the trans
mitter for more than 2 months. Completed transmitters
were encapsulated originally by coating with melted vi
nyl-modified paraffin wax (KK731, U. S. Wax). To re
duce labor, later units were inserted into vinyl electrical
sleeving (Alpha PVC-80-5/8"), the ends glued shut, and

The ultrasonic transmitter (Fig. 1) produces regularly
recurring tracking pulses, and long pulses triggered by
the amplified action potentials of a muscle and lasting
for the duration of the contraction. The pulses are radi
ated from a piezoelectric cylinder and transmitted
through water as high-frequency (about 75 kHz) sound.

Materials and Methods

sters (Panulirus argus) (summarized in Herrnkind,
1980). All of these studies provided data on movements
offree-ranging animals, from which behavioral informa
tion (e.g., habitat utilization) could be derived.

Ultrasonic telemetry can be used to provide directly
more detailed behavioral information, in addition to lo
cation. Data on water temperature, depth, or swimming
speed or direction have been telemetered from various
vertebrates, providing such information as dive profiles
and thermal preferences (e.g., Nelson, 1978; Westerberg,
1984; Rubinoff et al., 1986; review by Wilson et al.,
1986). In some studies, ultrasonic biotelemetry has been
used to record physiological functions offree-ranging an-
imals, particularly heart rate in large vertebrates (e.g.,
Wardle and Kanwisher, 1974).

Bottoms and Marlow (1979) described the design ofa
small ultrasonic tag that uses changes in electrical imped
ance between two electrodes to transmit activity of a
moving part, e.g., heart rate or scaphognathite beat.
However, their tag was only tested successfully in the lab
oratory, providing preliminary data for heartbeat in a
crab (Cancer pagurus). Because their method uses con
tinuous transmission, it requires large battery capacity
and is not suitable for long-term monitoring ofsmall ani
mals in the field. Therefore we elected to telemeter be
havioral data by pulse encoding, keeping the duty cycle
ofpower-hungry output stages, and hence the size of the
battery needed, to a minimum.

Blue crabs were chosen as the study animal in develop
ing this system for several reasons. First, the crabs are
dominant benthic predators regulating the abundance
and species composition of epi- and infaunal communi
ties in oyster bars, beds ofsubmerged vegetation, and soft
bottom habitats throughout much of their range (from
Cape Cod to Brazil) (Virnstein, 1976; Holland et aI.,
1980; Laughlin, 1982; Hines et al., in prep.). Second, be-
cause this species forms the basis of a major commercial
and recreational fishery along the east and Gulf coasts
of North America, there is an extensive data base on its
physiology and ecology (Millikin and Williams, 1984).
Finally, we wished to develop a transmitter and tech
nique of wide applicability. A system sufficiently sensi
tive, small, and robust to be used on estuarine blue crabs
(15 cm carapace width) would also be suitable for a vari
ety ofother estuarine and marine species.
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Figure 2. Completed transmitters. Above: encapsulated with wax.
Below: encapsulated in vinyl sleeving. Hooked wire at right plugs the
oil-fill hole.

the package backfilled with mineral oil until all air bub
bles were eliminated (Fig. 2).

After some practice, we could prepare a crab, insert
the electrodes, and attach the transmitter to the crab in
about 20 min. We determined by dissections that, in the
blue crab, the muscles that close the mandibles originate
on the front of the exoskeleton, ventro-lateral to the eye
sockets (Fig. 3), where electrodes could be inserted con
veniently into the end of the muscle and immobilized by
fastening to the exoskeleton. Reference electrodes were
sited about I cm laterally to enter the hemocoel away
from any potentially interfering muscles. The surface of
the exoskeleton at the electrode sites was cleaned and
dried by swabbing with acetone. Using a small ball
tipped dental bit (no. 1/2), holes were drilled nearly
through the calcified layer of the exoskeleton at the de
sired locations, with care not to drill completely through
the exoskeleton. A patch of thin rubber (e.g., heavy den
tal dam) was glued to the area using a high-performance
cyanoacrylate glue (Dexter Hysol 2-C-500) to provide a
septum through which electrodes could be inserted with
out loss of blood. (Bleeding interferes with glue bonding
in addition to causing undesirable physiological effects.)

Electrodes were fabricated of number 0 stainless steel
insect pins cut into I cm lengths. The electrodes were
bent so that they penetrated about 3 mm inside the exo
skeleton. The active (muscle) electrode was angled to lie
parallel to the muscle fibers when the outside portion was
cemented flat to the exoskeleton. The reference electrode
was bent about 90 degrees to enter the hemocoel perpen
dicular to the skeletal surface. The distal ends of the
stainless steel electrodes were solder-tinned using phos
phoric acid flux, thoroughly rinsed with tap water, and

soldered to the transmitter's flexible leads of PVC-insu
lated no. 36 stranded copper wire. The electrode tips
were then pushed through the rubber septum and the
predrilled holes in the exoskeleton. The electrodes were
immobilized and waterproofed by gluing a second layer
of rubber over the entire area (Fig. 3).

The body ofthe transmitter, ifwax-coated, was affixed
to the crab with strips of thin rubber stretched over the
tag and glued to the carapace. Transmitters encapsulated
in vinyl sleeving were tied on with wire passed through
holes at each end of the package and passed around the
blue crab's large lateral spines (Fig. 3). Crabs were always
placed in a large aquarium after tagging, to verify elec
trode placement and transmitter operation. Their behav
ior was observed until they fed and transmitted appropri
ate signals.

Results

Crabs appeared to adapt readily to carrying the trans
mitters. Instrumented intermolt crabs were held in the
laboratory for as long as two months with no apparent ill
effects, or tracked in the field for up to three weeks before
being lost. Transmitters and attachments weighed about
15 g in air and 5.5 g in water when coated with wax, or
16 g and 6 g, respectively, when encapsulated in oil-filled
vinyl. The weight in air is about 7.5% that of alSO mm
carapace width (point-to-point), intermolt blue crab. In
water, the transmitters probably contribute drag and

Figure 3. Crab fitted with transmitter, showing locations and typi
cal electrode insertion. Right side of photograph: outlines on crab's
"face" delineate origins ofthe mandible muscle. Predrilled hole for the
active electrode is visible within the outline ofthe medial muscle origin;
that for the reference electrode is lateral to the outer muscle origin. Left
side of photograph: electrodes, inserted through rubber patch applied
over predrilled holes, and sealed with a second rubber patch.
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Figure 4. Sonographic representation of ultrasonic receiver output heard by operator. Top: tracking
pulses (short "beeps"). Bottom: feeding signals (long "screeches"). Record shows two "bites."

weight loads similar to those caused by the barnacles
sometimes found fouling crabs' carapaces. Despite the
additional drag and weight, the only effect ofa transmit
ter on a crab's behavior we could detect during careful
comparative observations, of either the same crabs be
fore and after tagging or between tagged and untagged
crabs in laboratory aquaria, was an occasional attempt
to preen or scrape the transmitter off. Tagged crabs oth
erwise exhibited normal behavior during all activities in
the laboratory, including walking, swimming, digging,
burying, and feeding. Moreover, when one large male re
leased in the field ceased to feed, we retrieved him to dis
cover that he was carrying a female in a precopulatory
embrace, indicating that transmitters do not seriously in
terfere with sexual activity. With reasonable care in
cleaning electrodes and electrode sites, no evidence ofin
fection or serious irritation was evident. Transmitters
would, of course, be cast off at ecdysis. One molt in the
laboratory showed that the soft crab could withdraw
from the electrodes with minimal damage, but had great
difficulty in escaping from the old exoskeleton because
the rubber patch prevented the dorsal carapace from lift
ing normally.

Laboratory observations ofcrabs equipped with trans
mitters verified that contraction of the mandibular mus-

cle produced a signal distinct from the regular locating
signal (Fig. 4). On the usual heterodyne-type (single con
version) ultrasonic receiver (e.g., Sonotronics USR-5),
the locating signal sounds like a short "beep," whereas
the muscle contraction produces a more prolonged
"screech." Only contractions of the mandibular muscle
consistently produced a signal; even a major startle re
sponse produced, at most, a short "beep." No other be
havior, neither escape responses, vigorous aggressive be
havior, nor the frequent activity of the maxillipeds, pro
duced spurious signals.

The theoretical threshold for biopotentials to trigger
output pulses was calculated to be 60-80 JlV. However,
the programmable operational amplifiers become rather
slow when operated at very low currents (10 JlA), and the
actual thresholds are somewhat higher. Minimum am
plitude is about 250 JlV for a 0.3 ms square-wave input
pulse, falling to about 200 JlV for a 4.5 ms input pulse.
By increasing the time constant ofthe first amplifier stage
the threshold can be lowered to about 100 JlV, at the risk
of passing increased low-frequency noise from electrode
artifacts.

In the laboratory, instrumented blue crabs gave a sin
gle contraction of their mandibular muscle at irregular
intervals averaging about an hour; rarely, a second con-
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Figure 6. Track of the test blue crab in the Rhode River. Crab was
released at position 1, moved rapidly to near the river mouth (positions
2-5), and meandered in a small area (positions 5-6) for the remainder
of the tracking period. It was subsequently recaptured in a crab pot at

boat, the crab was tracked continuously for 96 h by a
team of observers and the time of every bite was re
corded.

The signals from the transmitter could be received
from a range of 50-500 m, depending on weather condi
tions. Although a distinct thermocline did not form in
the estuary, a diffuse temperature gradient developed in
the water column during mid-day heat on calm summer
days, causing refraction of the ultrasonic signals and
greatly reducing range. The receiving range increased
substantially when temperatures were cooler at night
and/or when moderate breezes mixed the water column.
The crab could be located readily to within one meter
by triangulation with a directional hydrophone, and the
boat was maintained within 10m of the crab, anchoring
when the crab did not move. The crab did not appear to
respond to the presence ofthe boat.

The crab moved rapidly down the axis of the Rhode
River and nearly out into Chesapeake Bay in the first 15
h after release, but stopped near the mouth of the river
and spent the next 3 days meandering around an area
approximately 200 X 300 m (Fig. 6). The point-to-point
length of the track was 5130 m, for a net distance (short
est possible route) of 4213 m from release point to the
point where tracking was terminated 96 h later. Average
speed was 53 m/h with speeds ranging from 0 m/h during
inactivity to 371 m/h during directional movement,
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traction followed. These single (and rare double) con
tractions were not associated with any obvious behavior
and occurred while crabs were walking or inactive, while
on the sediment surface or buried. Three or more closely
spaced contractions of the mandibular muscle were al
ways associated with feeding, and the signal from each
contraction was distinct enough that the number ofbites
during feeding could be counted. As expected, feeding
clams (Macoma balthica) to the prototype instrumented
crab in a laboratory aquarium showed that the number
ofbites required to ingest a food item was positively cor
related with prey size (Fig. 5).

As a field test of the method's feasibility, a large (153
mm carapace width, point-to-point) intermolt male blue
crab equipped with one of the ultrasonic transmitters
was released on 28 July 1986, in the Rhode River, a shal
low (mean depth = 2 m, max. depth = 4 m), mesohaline
subestuary of central Chesapeake Bay (see Hines et al.,
1987a, b, for descriptions ofthe site and population biol
ogy of blue crabs in the subestuary). The crab was
trapped near the head ofthe subestuary and immediately
brought to the nearby laboratory, where it was fitted with
a transmitter and electrodes for the mandibular muscle,
as described above. Once fitted, the crab was held and
observed in a 200-1 aquarium until it fed on a small piece
of fish, confirming proper placement of the electrodes.
Within 12 h of capture, the crab was released near its
capture site. Using both directional and omni-direc
tional hydrophones with an ultrasonic receiver in a small

2 3
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Figure 5. Number of bites required by a large male blue crab to
consume prey items (clams, M acoma balthica) in the laboratory, as a
function ofprey size. (Bites = 22.7 x Weight +42.0; COIT. coeff. = .72).
Feeding was conducted by dropping clams into a 100 I aquarium of
Rhode River water at about 24°C, under subdued fluorescent light, and
observing the crab through a blind while recording the signal from the
transmitter.
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valuable behavioral information from a large number of
decapod crustaceans (e.g., tail flips or antennal move
ments in lobsters). We have successfully tested the trans
mitter in the laboratory on other muscles in the blue
crab, including those of the fifth pereiopods (swimming

Figure 7. Four-day feeding record ofthe crab along the track shown
in Figure 6. Circled numbers correspond to the numbered positions
along the track. Lines extending upward from the axis show feeding;
note that the number of bites is presented on a log scale. Isolated lines
may be equated with feeding bouts. Grouped lines represent 1 or more
bouts, lumped by the lO-min integrating period in this figure but resolv
able in the original data. Lines below the axis represent the number of
single (non-feeding) "bites" in each lO-min interval.
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Discussion

when the crab was probably swimming. During the first
15 h when the crab was moving rapidly along the axis of
the river, its average speed was 299 m/h; but during each
of the next three days when it was meandering around
near the mouth of the subestuary, its average speed was
8.6 m/h. Depths along the crab's track ranged from 0.5
m in sandy shallows near islands to 3 m on muddy bot
toms of the main channel. No relationship between
movement and time ofday or tidal cycle was apparent.

The feeding record showed a highly variable pattern of
2-7 feeding bouts per day. The feeding bouts consisted
of 15 to 2751 bites in 10 to 70 minutes and were readily
apparent against a background of occasional single, ap
parently non-feeding muscle contractions as observed in
the laboratory (Fig. 7). There were several periods lasting
10-170 minutes in which no bites were recorded. Feed-
ing activity occurred at all times of the day and night,
and there was no apparent relationship between feeding
activity and the tidal cycle. Almost no feeding occurred
when the crab was moving rapidly along the axis of the
river, and most of the feeding bouts occurred when the
crab meandered slowly around near the mouth of the
subestuary.

The test crab was caught on 2 August 1986, in a com
mercial crab pot just outside the muuth of the subes
tuary, and was returned to us with the transmitter in
working order.

Although telemetry of an animal's location provides
important data on movement rates, track, and habitat
selection, biotelemetry of physiological function along
with location can provide critical information on what
animals are actually doing and how they are utilizing the
habitat. Telemetry of muscular contractions provides
data on the frequency, time, and location of the behav
ior(s) associated with a muscle's activity. The techniques
we describe in this paper can be used on any muscle that
is accessible for electrode implantation in an animal
stout enough to carry the 5-6 g (immersed weight) tele
metry package. Large arthropods are particularly well
suited for this because many of their muscles originate
on exposed exoskeleton, making insertion and immobi
lization of electrodes relatively easy. The specificity of
the behavioral information derived from the telemetry
will depend on the degree of specialization of the mus
cle's function. The techniques presented in this paper
have allowed us for the first time to measure directly
feeding activity ofa free-ranging marine animal, by tele
metering contractions ofmandibular muscles.

Although the size of this transmitter and its simple
electrodes will prevent its use on very small animals or
very small muscles, it should be suitable for telemetering
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paddles) and the chelae. Signals from the former may be
useful in telemetering walking, swimming, and burying;
those from the latter, in distinguishing food manipula
tion and threat displays. Transmitters that will allow us
to monitor several muscles simultaneously are currently
under development.

How do blue crabs, as dominant predators, regulate
the abundance and species composition ofbenthic inver
tebrates (Virnstein, 1976; Holland et al., 1979; Laughlin,
1982; Hines et al., in prep.)? In the Rhode River, about
50% of their diet is clams (Macoma balthica and Mya
arenaria), and predation by crabs limits the abundance
ofclams during the warm summer months (Hines et al.,
in prep.). Biotelemetry offeeding activity in our test blue
crab revealed both the spatial and temporal patterns of
foraging, as well as providing a rough correlation be
tween the number of bites required to consume a food
item and its biomass (Macoma balthica requiring about
50-150 bites).

Further analysis in the laboratory may allow us to
differentiate types offood items by the biting pattern ex
hibited by crabs during feeding, because crabs pause in
their chewing while they use their chelae to manipulate
hard prey items like clams. The functional relationship
between the number of bites and size of the prey item
may provide information on the size-frequency distribu
tion of prey and food consumption rate of free-ranging
crabs in the field. Application ofthis "feeding telemetry"
technique to numerous crabs will provide the statistical
basis for assessing variation in foraging behavior among
individuals, as well as measures ofaverage feeding rates,
diel rhythms, prey patch choice, and prey size (Hines et
al., in prep.; Nye, in prep.).
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