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Abstract In vivo laboratory-based studies describing jaw-muscle activity and
mandibular bone strain during mastication provide the empirical basis for most
evolutionary hypotheses linking primate masticatory apparatus form to diet.
However, the laboratory data pose a potential problem for testing predictions of
these hypotheses because estimates of masticatory function and performance
recorded in the laboratory may lack the appropriate ecological context for under-
standing adaptation and evolution. For example, in laboratory studies researchers
elicit rhythmic chewing using foods that may differ significantly from the diets of
wild primates. Because the textural and mechanical properties of foods influence
jaw-muscle activity and the resulting strains, chewing behaviors studied in the
laboratory may not adequately reflect chewing behaviors of primates feeding in their
natural habitats. To circumvent this limitation of laboratory-based studies of primate
mastication, we developed a system for recording jaw-muscle electromyograms
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(EMGs) from free-ranging primates so that researchers can conduct studies of
primate jaw-muscle function in vivo in the field. We used the system to record jaw-
muscle EMGs from mantled howlers (Alouatta palliata) at Hacienda La Pacifica,
Costa Rica. These are the first EMGs recorded from a noncaptive primate feeding in
its natural habitat. Further refinements of the system will allow long-term EMG data
collection so that researchers can correlate jaw-muscle function with food
mechanical properties and behavioral observations. In addition to furthering
understanding of primate feeding biology, our work will foster improved adaptive
hypotheses explaining the evolution of primate jaw form.
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Introduction

There is a general consensus among biological anthropologists that the evolution of
the primate masticatory apparatus has been strongly influenced by diet. Over 30
years of experimental, laboratory-based research on captive primates has revealed
how jaw-muscle activity exerts external forces on the mandible, resulting in internal
stresses and strains during chewing and biting (Hylander 1977, 1979b, 1984;
Hylander and Johnson 1994; Hylander et al. 1987, 1992, 1998, 2000, 2005). Such
studies provide the empirical foundation for comparative studies linking jaw form to
masticatory stresses and the mechanical demands of diet or feeding behaviors
(Bouvier 1986; Bouvier and Hylander 1981; Daegling 1993, 2001; Hylander 1979a,
1985; Ravosa 1996; Taylor 2002; Vinyard et al. 2003; Williams et al. 2002; Wright
2005). Despite the numerous advances in our understanding of primate feeding
gained via experimental research, a major assumption of the studies is that feeding
behaviors observed in the laboratory accurately characterize feeding behaviors of
conspecific primates in their natural habitats.

In reality, the laboratory setting introduces variables that likely influence feeding
and chewing in captive primates, further limiting our ability to test adaptive
hypotheses. For example, Thompson et al. (2007) demonstrated that anesthetizing
and restraining captive Cebus apella alter their feeding behaviors. After recovery
from anesthesia, the restrained individuals chewed significantly slower than when
unmanipulated and sitting freely in their cages. Presumably, differences in chewing
speed may influence a number of variables associated with the mechanics of
mastication, including the rate of force production and power stroke length. In
addition, to elicit rhythmic mastication in the laboratory studies, researchers use
foods that are not consumed by primates in the wild, including almonds, monkey
chow, and hard and soft candies. More importantly, these foods may not adequately
represent the range of mechanical and textural properties of wild primate diets
(Williams et al. 2005). Because the physical, textural, and mechanical properties of a
food influence jaw-muscle activity and bone strain patterns (Agrawal et al. 1998;
Foster et al. 2006; Horio and Kawamura 1989; Hylander 1979b, 1984; Hylander and
Johnson 1994; Hylander et al. 1998; 2000; Mioche et al. 1999; Møller 1966;
Ottenhoff et al. 1996; Woda et al. 2006), the resulting chewing behaviors may not
adequately reflect chewing behaviors of primates feeding in their natural habitats.
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This is particularly important because primate foraging strategies are influenced by
food mechanical properties, which may account for morphological differences in
masticatory form and function between closely-related and sympatric species
(Elgart-Berry 2004; Kinzey and Norconk 1990, 1993; Lambert et al. 2004;
Overdorff and Strait 1998; Strait 1993; Vinyard et al. 2004; Wright 2005; Yamashita
1998, 2002).

To interpret laboratory-based data on primate mastication in a broader
evolutionary adaptive context, researchers must overcome the limitations imposed
by the laboratory setting and determine how diets correlate with masticatory function
in wild primates. More generally, they need to link masticatory function to selection
pressures experienced by primates in the wild. Bock and von Wahlert (1965; Bock
1980) made this general argument about laboratory-based experimental research
over 40 years ago, emphasizing that researchers studying the relationship between
form and function in an artificial context need to consider the limitations of their data
when inferring adaptation. Thus they encouraged researchers to bridge the gap
between understanding form-function complexes observed in the laboratory and
their biological role, or how they are used in the natural environment throughout the
life history of the organism. Given the long and productive history of laboratory-
based studies of primate mastication, the appropriate next step is to bridge the gap
and link experimental and ecological research programs.

There are 2 potential ways to address the limitations of the in vivo experimental
approach to studying primate mastication. A first step would be to provide captive
primates with the same foods consumed by conspecifics in the wild or with foods
that have similar mechanical properties. Though experimentalists typically do not
have access to the exact foods that primates consume in the wild, the mechanical
properties for many of the foods consumed by wild conspecifics of captive primate
are known (Lambert et al. 2004; Teaford et al. 2006; Wright 2005; Yamashita 1998).
However, there has been little effort to ensure that experimental foods match those
mechanical properties (Williams et al. 2005). Moreover, one still needs to account
for the potential confounding effects of the experimental setting and procedures on
primate mastication.

An alternative approach is to bring the laboratory apparatus to the field and record
in vivo data from primates feeding in their natural habitats. Until recently, this has
not been logistically possible for studies of primate mastication. Researchers cannot
use hard-wired electromyographic (EMG) systems that they use in the laboratory in
the field because they require an AC power supply, they tether the subject to the
system via connective cabling, and they are not portable. There are several battery-
powered off-the-shelf EMG systems available which transmit the amplified EMG
signal to a remote receiver using radio waves. However, these systems have a
number of features that make them unsuitable for field use on free-ranging
nonhuman primates: 1) Because they are designed for humans in clinical studies,
many of the systems are too heavy for most primates to carry. 2) They are not
sufficiently water-tight or rugged to withstand primate habitats. 3) Most systems are
too expensive, ranging between $14,000 and $25,000, to risk damaging in the field.
Unfortunately, more affordable systems do not adequately replicate EMG signals for
quantitative analysis. Instead, they simply provide a signal indicating whether a
muscle is active or not, which is primarily useful for monitoring mortality in free-
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ranging animals. Finally, all EMG telemetry systems have lower sampling rates than
hard-wired EMG systems. Hard-wired systems can easily sample EMGs at
10,000 Hz per channel and can theoretically have an unlimited number of channels.
For telemetered EMG, maximum sampling rate and the number of channels is
dependent on the amount of bandwidth available for data transmission, the
frequency components of the raw EMG signal, and the need to replicate the raw
EMG signal accurately with sufficient resolution to allow quantification.

Because of the lack of suitable EMG telemetry devices and the need for more
ecologically-relevant studies of primate mastication, we recently designed, devel-
oped, and tested a prototype of an EMG telemetry system to use on free-ranging
primates. The goal was to design a relatively inexpensive EMG telemetry system
that allows us to integrate laboratory-based methods for studying primate
mastication with field studies on primate feeding ecology. In addition to allowing
researchers to collect more naturalistic EMG data from primates during chewing, one
may use the system to collect data from species that cannot be obtained for
laboratory studies. Expanding the EMG sample to include a broader taxonomic and
morphological range of species can further increase our understanding of jaw-muscle
function in primates.

We tested the telemetry system on mantled howlers (Alouatta palliata) at
Hacienda La Pacifica in Costa Rica to demonstrate the feasibility of acquiring EMGs
from the jaw muscles of wild primates feeding in their natural habitats. Though our
ultimate goal is to determine how jaw-muscle activity varies with food mechanical
properties in wild primates, we restrict our discussion to the telemetry system and
provide data to demonstrate the feasibility of bridging the gap between laboratory
and field approaches in studies of primate mastication.

The EMG Telemetry System

The telemetry system consists of 3 main components: 1) an EMG unit that
acquires, amplifies, and transmits the EMG signal; 2) a standard FM radio receiver
(Kaito Model KA1103); and 3) a digital compact flash recorder (Marantz Model
PMD660). Whereas we purchased the FM radio receiver and digital recorder from
vendors, we designed and constructed the EMG unit especially for this project. The
EMG unit weighs 88 g and measures 2.5×4.0×6.5 cm (Fig. 1). It has inputs for
8 bipolar EMG electrodes, 4 ground wires, a battery charger, and an antenna. The
transmitter circuit requires 100 mW of electrical power that is supplied by 2 re-
chargeable polymer lithium-ion batteries. The batteries provide ca. 33 h of
continuous transmission. The unit is encased in a waterproof and rigid epoxy
compound for protection.

The circuitry for the telemetry unit consists of a low-noise differential amplifier
for each bipolar electrode, 2 4:1 multiplexers, and a stereo FM transmitter integrated
circuit that accepts the multiplexed EMG data streams at its right and left inputs
(Fig. 2). We sampled each EMG channel at 1600 samples per second. Each
multiplexer samples and rapidly switches among 4 EMG channels that are
combined, i.e., multiplexed, into a single data stream. Via multiplexing, the system
can transmit all 8 EMG channels through the left and right stereo channels of a
standard FM stereo radio transmission. An FM stereo transmission permits 30 kHz
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of total audio bandwidth, which should have afforded 3.75 kHz of signal bandwidth
for each of the 8 electrodes. However the practical limitations of off-the-shelf
transmitter and receiver components and the need for a simple method of
demultiplexing the received data limited us to 800 Hz of signal bandwidth (1600
samples per second) per electrode in this first version of the system.

The multiplexed data streams are transmitted as a continuous signal up to 50 m on
a selectable station within the 88–108 MHz commercial FM radio band. The range
of transmitters is limited by FCC Part 15, which regulates the transmitted power
level in this frequency band. The FM stereo radio receiver receives the data streams
and reproduces the left and right multiplexed EMG data streams as its stereo output.

Fig. 1 Superior (top) and right lateral (bottom) views of the telemetry system used to collect jaw-muscle
EMGs from wild mantled howlers. Contact pins are numbered as follows: 1, antenna; 2, 3, 4, 6, banks of
electrodes and ground pins; 5, battery charger. The antenna requires 1 pin only; the lower pin is to stabilize
the connection with the antenna plug. The 5 contact pins in 2–6 are placed in the following order: 1
bipolar electrode (2 pins), ground pin (1 pin), 1 bipolar electrode (2 pins). The battery charger is connected
to 2 pins at a time to charge each battery. The center pin is shared between batteries and connects to the
negative (–) lead of the first battery and the positive (+) lead of the second battery.

Telemetry for Assessing Jaw-Muscle Function 1445



We record the data streams at a 44.1-kHz sampling rate using the stereo microphone
input of the digital recorder. After we completed data collection, we downloaded the
multiplexed EMG data streams from the digital recorder in the form of a .wav file to
a laptop computer.

The transmitter applies a small DC bias to EMG channel 1. The DC bias is
simply a constant voltage offset to channel 1 relative to the other channels that
allows us to reconstruct the recorded multiplexed data streams. A custom-written
program in Matlab 7.0 uses the DC bias to synchronize and reconstruct the
8 individual EMG records from the multiplexed data streams. The DC bias on
channel 1 produces an audible high-pitched (1600 Hz) sound on the multiplexed
signal from the FM receiver. This allows the transmitter itself to function as a
radiotracking device.

Bipolar electrodes that acquire the EMG interference patterns are constructed
from nylon insulated nickel-chromium alloy wire (California Fine Wire Co.). One
end of each electrode wire is soldered to a contact pin and attached to the electrode
inputs on the unit. We removed ca. 1 mm of insulation from the tip of the opposite
end of the electrode wire for implantation into the muscle. The antenna is

Fig. 2 Block diagram of the circuitry for the EMG telemetry unit. Block arrows identify specific labeled
components of the circuitry only.
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constructed from stainless steel wire. We used a needle electrode (Grass Model E2)
as the ground wire.

The telemetry system cost <$1500 to build, $200 of which was for the
components needed to build the telemetry unit. The remaining costs were associated
with the FM receiver, compact flash recorder, compact flash cards, battery charger
(Hobbico Accu-Cycle ProSeries Elite), and other expendable materials.

Methods

Field Testing

We tested the EMG telemetry system during a 2 week field season at Hacienda La
Pacifica, Costa Rica. We successfully recorded EMGs from 2 male howlers, 1 adult
age ca. 9 yr (subject 1) and 1 juvenile, age ca. 3.5 yr (subject 2). We attempted to
record EMGs from 2 additional individuals, both female. However, the attempts
were unsuccessful due to weather-related and technical issues (subject 3) and limited
field time for observation (subject 4). Therefore, we restrict all further discussion of
implantation methods and results to subjects 1 and 2.

Per procedures outlined by Glander et al. (1991), we darted and captured
individuals via a CO2-powered gun that delivers a nonbarbed dart (Pneu-Dart®)
loaded with Telazol® (Fort Dodge) at a dosage of 25 mg/kg. Once we caught the
subjects, we transported them back to the research facility for electrode implantation.
We maintained immobilization with additional doses of Telazol IM (3–5 mg/kg) as
needed. We administered Lutoprofen® (2 mg/kg IM every 24 h) as an analgesic.

In subject 1, we placed electrodes in the left and right superficial masseter, deep
masseter, anterior temporalis, and posterior temporalis muscles. In subject 2, we
placed 2 electrodes in the left and right superficial and deep masseter muscles. To
insert the electrodes, we shaved the skin overlying the masseter and temporalis
muscles and along the midline of the back just caudal to the scapulae. We then
cleaned the areas with Betadine scrubs. We made small vertical incisions (ca. 1 cm)
in the skin overlying the masseter or the temporalis muscles on each side. We
inserted the exposed tips of each sterilized electrode into a sterile 30-gauge
hypodermic needle and bent the electrode wire back to lie parallel to the shaft of the
needle, creating small hooks in the wires. For each electrode, we inserted the needle
containing the exposed electrode tip into the target muscle through the incision until
the tip of the needle contacted bone. We then held the wires in place and removed
the needle, leaving the electrode in the muscle.

After electrode placement, we passed a sterile trocar subcutaneously from a
small incision between the shoulder blades to each incision overlying the jaw
muscles. We inserted the free ends of the electrodes and their attached contact
pins into the opening of the trocar. We then removed the trocar, pulling the
electrodes through the incision between the shoulder blades. We attached the free
ends of the electrodes to the transmitter at the appropriate contact pins via a
small plastic connector. Once all electrodes were in place, we closed the
incisions overlying the jaw muscles and between the shoulder blades via a
continuous subcuticular suture technique and absorbable suture (Ethicon J397H).
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We inserted the needle-end of the ground wire subcutaneously under the skin of
the back and sutured it in place. We connected the opposite end to the
appropriate contact pin on the telemetry unit. We then wrapped the entire
transmitter in elastic medical tape for additional protection and attached it to the
back of the subject with self-adhesive veterinary or elastic tape. Once the
transmitter was securely in place, we placed the subject in a vest especially
designed for primates (Lomir Biomedical) for further protection of the transmitter
(Fig. 5). As in previous field studies involving capture and release at Hacienda La
Pacifica, we allowed the subject to recuperate overnight in a burlap bag.

We released both subjects between 0800 and 0830 h the morning after
implantation in the location where we captured them. We followed them during
the day for 2 days to record EMG data and feeding behaviors. Once the battery
on the telemetry system ran out, or we recorded sufficient data, we recaptured
the subjects and transported them back to the research facility to remove the
electrodes and telemetry system. During the process, we removed all electrodes,
cleaned all incisions, and used a continuous subcuticular suture to close the
incisions on the subject’s face and back. We then placed the immobilized
subjects in burlap bags until they were alert enough to release at the recapture
site the following morning.

Results

On release with the telemetry system, both individuals immediately climbed a
nearby tree. We did not observe subject 1 feed on the day of release. We relocated
him the following day and recorded EMGs from a distance of ca. 25 m while he fed
extensively on young leaves of Astronium. Unfortunately, the battery died and
transmission ceased during feeding. We recaptured him to retrieve the telemetry
system when he resumed resting.

Subject 2 immediately moved to a food tree on release and in ≤2 h consumed
several mouthfuls of leaves from a vine of the family Combrataceae (Fig. 3).
Over the next 2 h he rested, and we were able to record EMGs during multiple
bouts of tooth grinding (Fig. 4). We recorded EMGs during numerous additional
feeding bouts on berries and leaves throughout the morning and early afternoon.
The following morning, we relocated subject 2 in the same general area and
recorded additional feeding bouts on berries and leaves over 7 h. We recorded
EMGs from >400 chews, mostly at ≤20 m. Once we collected sufficient data, we
captured him to retrieve the transmitter.

In addition to recording EMGs and feeding behaviors, we also observed the
subjects to gauge the effects of the implantation procedure and the presence of the
telemetry unit and vest on their behavior. Recuperation from the implantation
procedure was uneventful for both subjects, and neither one exhibited obvious side
effects associated with the implantation procedure. Moreover, the telemetry system,
electrodes, and vest did not appear to limit locomotion, postural or feeding behaviors
(Fig. 5), and other individuals did not react negatively to the subjects wearing the
vest. Finally, we observed subject 2 opportunistically several days later in the canopy
and he appeared to be in good condition.
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Discussion

We demonstrated the feasibility of acquiring EMG data from free-ranging primates.
During a relatively short field season, we tested the prototype and recorded the first
EMGs from primates feeding in their natural habitat. This technology represents a
major contribution to the tools available for studying primate mastication and
potentially other behaviors, e.g., locomotion. Our study is one of the first to integrate
laboratory-based in vivo techniques for understanding the dynamics of primate
mastication and biting with fieldwork on primate feeding ecology (Vinyard et al.
2004, in press; Yamashita et al. 2004).

Fig. 3 Examples of raw EMGs from subject 2 during the mastication of leaves. The top sequences shows
70 s of EMG from a chewing sequence that lasted about 160 s. The bottom sequence shows the raw EMGs
for a 3-s segment of this sequence. We show only 2 electrodes for clarity.

Fig. 4 Raw EMGs from subject 2 during tooth grinding.
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Though our pilot study was successful, we encountered several technological
challenges that limited the amount of data that we collected during the field season.
First, we expected that continuous transmission over a 33-h period afforded by the
batteries would provide sufficient data on each individual. However, given that 1 of
the 2 individuals did not eat the entire first day of recording and for part of the
second day, we need to collect data over a much longer period. Because batteries are
the heaviest and largest component of the telemetry unit, more powerful batteries,
which are typically larger, are not a viable option. One potential solution is to
prolong battery life by modifying the circuitry to include a microcontroller that
deactivates radio transmission when there is no EMG activity of significant
amplitude. When the subject begins to feed or to engage in other behaviors resulting
in an EMG signal, the system is activated and the EMG data streams are transmitted.
We estimate that the change to the circuitry will conserve battery life sufficiently to
allow us to record EMG activity for up to 1 week per individual.

Increasing transmission duration has other logistical and scientific benefits.
Foremost, it allows us to collect substantially more EMG data with a single
implantation procedure, reducing the risk of injury to the subject because of repeated
captures. In addition, increased transmission duration will allow us to record jaw-
muscle EMGs during the mastication of a potentially broader range of foods that will
likely occur over the week-long period. Because one of our primary goals is to
understand how jaw-muscle behavior changes with mechanical properties of food in
a wild primate, sampling EMGs during the mastication of as many foods as possible
during a single experiment is paramount. Finally, by recording EMGs over a longer
period, we will be able to assess the effects of anesthesia and handling on chewing

Fig. 5 Subject 1 (a, b) and subject 2 (c, d) wearing the telemetry unit and protective vest. Subjects
exhibited all of their normal locomotor, postural, and feeding behaviors while they were wearing the unit
and vest.
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rate and other variables that may influence the EMG data. Coupled with behavioral
observations before darting and captures, we will be able to select the EMG data
associated with the chewing behaviors that may be more representative of a free-
ranging primate. Moreover, foods eaten later may also be more representative of
actual dietary composition simply because the subjects may consume the first foods
encountered on release given that they will not have eaten for approximately 24 h.

Though we are optimistic about expanding the research beyond mantled howlers
at Hacienda La Pacifica, we recognize that the technology is not suitable for use on
all primate species. Researchers wishing to conduct similar studies must consider
their choice of species carefully. In addition to considering risks related to darting
and capturing primates, the telemetry system itself poses some limitations on which
species are suitable subjects. Whereas the mantled howlers exhibited no difficulty
with locomotion or assuming normal postural behaviors, the physical dimensions of
the current unit may simply be too large to allow smaller subjects to move freely
once it is attached. In contrast, the weight of the telemetry unit is probably a
negligible load for mantled howlers and even smaller primates to carry. Male and
female mantled howlers weigh ca. 5790 g and 4726 g, respectively (Glander 2006).
Thus, at 88 g, the telemetry unit is only 1.4% the body mass of males and 1.9% the
body mass of females. Considering that females carry their infants for ≤4–5 mo, at
which time they can weigh 600–850 g (Glander et al. 1991), or ≤18% of their body
mass, the added weight of the telemetry unit is negligible. Gursky (1998) provided
empirical evidence showing that tarsiers can carry radiocollars weighing as much as
7.6% of their body mass with no apparent negative effects on their behavior. Thus,
the added mass of the telemetry system we used probably would be negligible for
primates weighing ≤1150 g and likely interfere little with their behavior or
physiology. Taking this into consideration, in addition to modifying the circuitry to
increase battery life, we will also investigate ways to miniaturize the entire unit
further to broaden the range of species that researchers can study.

Finally, it is important to note that the mantled howlers at Hacienda La Pacifica
are ideal for this type of study for reasons beyond their body size. First, darting and
anesthesia protocols for mantled howlers are reliable. Second, because the canopy at
Hacienda La Pacifica is low, with almost all of the trees <20 m, and because mantled
howlers are diurnal, darting and capture are relatively easy. This also facilitates
observation and following subjects to collect behavioral data as they feed. Third, the
low canopy coupled with the flat terrain of Hacienda La Pacifica benefits signal
transmission and reception. Finally, mantled howlers are relatively sedentary and do
very little social grooming, reducing the likelihood that sutures or electrode wires
will be pulled out. We considered all of these factors in our selection of the species
for the pilot study, and they were undoubtedly integral to our successful recording of
jaw-muscle EMGs in a wild free-ranging primate on the first attempt.
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