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McGowan, C. P., H. A. Duarte, J. B. Main, and A. A.
Biewener. Effects of load carrying on metabolic cost and hindlimb
muscle dynamics in guinea fowl (Numida meleagris). J Appl
Physiol 101: 1060 –1069, 2006. First published June 29, 2006;
doi:10.1152/japplphysiol.01538.2005.—The goal of this study was to
test whether the contractile patterns of two major hindlimb extensors
of guinea fowl are altered by load-carrying exercise. We hypothesized
that changes in contractile pattern, specifically a decrease in muscle
shortening velocity or enhanced stretch activation, would result in a
reduction in locomotor energy cost relative to the load carried. We
also anticipated that changes in kinematics would reflect underlying
changes in muscle strain. Oxygen consumption, muscle activation
intensity, and fascicle strain rate were measured over a range of
speeds while animals ran unloaded vs. when they carried a trunk load
equal to 22% of their body mass. Our results showed that loading
produced no significant (P � 0.05) changes in kinematic patterns at
any speed. In vivo muscle contractile strain patterns in the iliotibialis
lateralis pars postacetabularis and the medial head of the gastrocne-
mius showed a significant increase in active stretch early in stance
(P � 0.01), but muscle fascicle shortening velocity was not signifi-
cantly affected by load carrying. The rate of oxygen consumption
increased by 17% (P � 0.01) during loaded conditions, equivalent to
77% of the relative increase in mass. Additionally, relative increases
in EMG intensity (quantified as mean spike amplitude) indicated less
than proportional recruitment, consistent with force enhancement via
stretch activation, in the proximal iliotibialis lateralis pars postac-
etabularis; however, a greater than proportional increase in the medial
gastrocnemius was observed. As a result, when averaged for the two
muscles, EMG intensity increased in direct proportion to the fractional
increase in load carried.

locomotion; oxygen consumption; muscle strain; electromyography

RESEARCHERS HAVE LONG SOUGHT to understand what factors
underlie the metabolic cost of terrestrial locomotion. Several
studies support the conclusion that much of the cost is dictated
by the need to generate muscle forces to support body weight
(29, 34, 45–47). One experimental design used to test this
hypothesis has been to place loads on animals and humans,
thereby increasing the forces that must be produced by the
muscles to run at equivalent speeds (13, 15, 30, 36, 46). The
results of these studies have reached differing conclusions
regarding the percentage of energy used in stance vs. that used
to swing the limbs, but all agree that supporting and acceler-
ating the mass of the animal constitutes a major portion of the
cost of locomotion.

There are several factors that influence how much force a
given volume of muscle can produce, such as the time course
of activation, operating length, and contractile velocity (33,

37). Kinematic patterns have traditionally been used to infer
underlying muscle contractile patterns, where changes in kine-
matics during loading experiments presumably reflect changes
in the contractile behavior of the muscles. In studies in which
there was no change in kinematics, it has been assumed that
operating length and shortening velocities of the leg muscles
were unaltered by load carrying (30, 46). However, in cases
where time of contact increased with load (32, 38), it is
possible that leg muscles shorten more slowly. A reduced
shortening velocity would allow a muscle to produce more
force, helping to offset the increase in muscle recruitment
required to carry a load. It is also possible that under an
increased external load, muscles may be actively stretched to a
greater extent than during unloaded conditions, further enhanc-
ing muscle force output (1, 17, 23, 31, 33. To our knowledge,
the effect of load carrying on muscle strain pattern has not been
directly measured. The purpose of this study was to explore
how trunk loading influences muscle contractile patterns (ac-
tive stretch and shortening velocity), limb kinematics, and
metabolic cost in guinea fowl during treadmill exercise.

In several studies, general kinematic patterns have been
measured to determine whether subjects altered their mechan-
ics in response to the load carried. In many cases there was
little or no significant change in the time of foot contact with
the ground or duty factor (9, 15, 30, 36, 42, 46), and oxygen
consumption increased in nearly direct proportion to the in-
crease in load carried. However, other studies have shown that
stride frequency (9, 13, 48) and ground contact time (32, 38)
may increase slightly during load carriage, and, interestingly,
in these cases the increase in oxygen consumption rate (V̇O2)
was less than one to one with respect to the load carried. In a
recent loading study, Marsh et al. (38) showed that guinea fowl
also increase their time of contact a small, but significant
amount (4%), when carrying a trunk load, and this corre-
sponded to an increase in metabolic rate that was 77% of the
load carried.

In this study we chose to examine the contractile behavior of
the iliotibialis lateralis pars postacetabularis (ILPO) and the
medial head of the gastrocnemius (MG), which are both known
to be active predominately during the support phase of the
locomotor cycle (25). These are also two of the larger hindlimb
muscles of guinea fowl. We sought to test the hypothesis that
a decrease in muscle fascicle strain rate (shortening velocity)
and/or enhanced stretch activation of the muscles would reduce
locomotor energy cost relative to the load carried. This reflects
the fact that both a slower shortening velocity and force
enhancement via active stretch likely reduce a muscle’s cost of
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generating force (33, 37, 40). We propose that changes in
kinematics, such as an increase in time of foot contact at a
given speed, may enable this reduction in fascicle shortening
rate, thereby allowing the muscles to more economically gen-
erate the forces required for weight support.

In the absence of changes in muscle contractile patterns and
limb kinematics, assuming that muscle forces are distributed
relative to their cross-sectional area (i.e., they produce equal
stress; Refs. 2, 4, 30, 44), we predicted that the increase in
recruitment in these muscles would be proportional to the
added load relative to the animal’s weight. We quantified
muscle recruitment in terms of EMG intensity, because EMG
intensity has been shown to correlate well with direct measure-
ments of muscle force in guinea fowl (14). We assumed that
the increase in metabolic cost due to a trunk load would be
proportional to the cost of producing force to support weight
during the stance phase of a stride. On the basis of recent work
showing that the relative metabolic cost of swinging the limbs
constitutes �25% of the total cost of locomotion (18, 28, 39,
41), we predicted that the relative increase in metabolic cost
would be �75% of the relative increase in weight due to the
trunk load carried.

METHODS

Animals and training. Six female adult guinea fowl (Numida
meleagris) with an average mass of 1.31 � 0.06 kg (� SD) were
obtained from a local breeder. Throughout the training and experi-
ments, the animals were housed at Harvard University’s Concord
Field Station in a large outdoor coop and given food and water ad
libitum. All housing, training, and experimental procedures were
conducted under protocols approved by the Harvard Institutional
Animal Care and Use Committee (protocol no. 20-09).

Three animals (average mass 1.32 � 0.02 kg) were selected at
random for the metabolic energy studies. These animals were trained
to run on a motorized treadmill (Proform, Logan, UT, model PFTL
08040, belt: 0.4 m wide, 1.0 m long) with and without a load of 0.286
kg (on average this represented 21.7% of the animals’ mean body
weight, which we report hereafter as �22% to reflect the slight
variation among animals) supported over their back. The load con-
sisted of a pack constructed of small lead grains in three plastic bags.
These were wrapped in elastic tape such that two of the bags hung
symmetrically on either side of the bird with the third centered over
the bird’s back. The packs were positioned approximately over the
animals’ center of mass (just anterior to the synsacrum as determined
from a frozen specimen) and secured with VetWrap. The VetWrap
was worn in both loaded and unloaded trials. The animals ran 3–4
days/wk for 6 wk before data collection. Each training session
consisted of three to five runs with and without the load, at speeds of
0.5, 1.0, and 1.5 m/s, each lasting for 5 min. At the time of data
collection, each bird could comfortably maintain the highest speed
while running with a 22% body weight load for 5 min.

Five animals (average mass 1.31 � 0.07 kg), including two used in
the metabolic trials, were selected for in vivo muscle measurements.
The three animals not used to obtain metabolic rate data were trained
using the same protocol for 3–4 wk before surgery and experimental
muscle recordings.

Metabolic rate measurements. Measurements of V̇O2 were col-
lected by using an open-circuit indirect calorimetry system (24) while
the animals walked or ran in a clear Plexiglas box (0.64 � 0.33 �
0.23 m) that was only open to the room at its base as it slid over the
moving treadmill belt. A mass flow pump (Flow-Kit model 500H,
Sable Systems International, Las Vegas, NV) pulled air from the front
of the box at a rate of 55 l/min. This rate was high enough to ensure
that all expired gas from the animal was collected. A subsample of the

mixed expired air was pulled from the main air flow at 200 ml/min
and passed through two columns filled with Drierite and Ascarite to
remove water and CO2, respectively. Oxygen content was analyzed
using a Sable Systems PA-1B Oxygen Analyzer (Sable Systems
International). The system was calibrated using nitrogen at a known
flow rate (V Series 16-bit volumetric gas flowmeter, Alicat Scientific,
Tucson, AZ) following Fedak et al. (24), which enabled the
calculation of V̇O2. Accuracy of the flow system was found to be
within �1%.

All trials lasted a minimum of 5 min, and oxygen consumption was
measured throughout the trial. V̇O2 was determined from the last
minute of the trial when it was clear that oxygen consumption had
reached steady state. Speeds (0.5, 1.0, and 1.5 m/s) and loading
conditions were randomized, and trials for each condition were
collected on different days, with no more than three trials being
collected from any one animal on a single day to ensure that the
animals were sufficiently well rested to readily perform the exercise.
All V̇O2 values measured were below the maximal rate of oxygen
consumption for guinea fowl (20). Resting V̇O2 values were collected
as the guinea fowl sat quietly for 10 min inside the box darkened with
a towel covering before exercise trials were conducted. Data were
collected at 100 Hz using a 12-bit analog-to-digital (A/D) converter
(Digidata 1200B system, Axon Instruments, Union City, CA) and
analyzed using AxoScope software (v 8.2, Axon Instruments). Met-
abolic power was calculated from V̇O2 assuming an equivalence of
20.1 J/ml O2 (8).

Muscles. To evaluate support phase muscle function, we sampled
EMG and fascicle strain from two major limb extensors: the ILPO and
the MG (Fig. 1). The ILPO is the largest muscle in the hindlimb; it
originates on the dorsolateral iliac crest, the terminal iliac process, and
the posterior ischium and inserts on the patellar tendon, giving it an
extensor moment at both the hip and knee (25). The MG is primarily
an ankle extensor, with the majority of its origin arising from the
tibiotarsus; however, a small portion of the MG originates on the
patellar tendon, acting to extend the knee as well. EMG studies have
shown that both of these muscles are predominately active during
stance (25). In addition, recent blood flow studies have shown that

Fig. 1. Schematic diagram of a guinea fowl hindlimb showing the anatomy of
the iliotibialis lateralis pars postacetabularis (ILPO) and the medial head of the
gastrocnemius (MG), highlighted in gray. Sonomicrometry (SONO) crystals
are indicated by black circles. Crystals were implanted approximately midbelly
in both muscles. EMG electrodes (not shown) were implanted adjacent to each
pair of SONO crystals. The lateral gastrocnemius (LG) and iliotibialis lateralis
pars preacetabularis (ILPR) are indicated for reference.
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these two muscles, along with a few other muscles in the leg, receive
a disproportionate increase in blood flow, relative to their mass,
during exercise (21, 39) and during trunk loading (22).

Surgical procedures and electrode design. Before in vivo record-
ings, sonomicrometry (SONO) crystals and electromyography (EMG)
electrodes were implanted in the ILPO and MG with sterile surgical
technique. The animals were anesthetized with isoflurane gas deliv-
ered via a mask. Animals were induced at 4% and maintained
throughout the surgery at 1–3%. The surgical field was plucked of
feathers and sterilized with an antiseptic solution (Prepodyne, West
Argo, Kansas City, MO). Three small incisions were made in the skin:
just above the hip, on the lateral side of the thigh parallel to the femur,
and along the medial surface of the shank parallel to the tibiotarsus.
After being sterilized (Nolvasan Solution, Fort Dodge), the EMG
electrodes and SONO crystals, which had previously been soldered
into a micro-connector plug (3 � GM-6 Microtech, Boothwyn) and
embedded in waterproof epoxy, were passed under the skin through
the incision over the hip and fed subcutaneously to the target muscles.

Each pair of 2.0-mm piezoelectric SONO crystals (Sonometrics,
London, ON, Canada) was implanted in the muscles by forming two
small pockets in the muscle with the tips of a sharp pair of scissors.
The pockets were spaced �10–15 mm apart and were arranged
parallel to the muscle fascicles. Because the MG is a unipennate
muscle, the depths of the crystals were adjusted to match the penna-
tion angle of the muscle. After insertion, the crystals were aligned to
maximize their signal-to-noise ratio by monitoring their output on an
oscilloscope. Once a good signal (high signal-to-noise ratio) was
obtained, the opening was sutured, and the lead wires were anchored
to the surface of the muscle belly by use of 4-0 silk suture. In the
ILPO, the crystals were implanted in the middle third of the muscle
belly, whereas in the MG the crystals were implanted midbelly,
spanning most of the muscle fascicles’ length (Fig. 1).

Two fine-wire bipolar EMG electrodes (offset twist hook, 0.5-mm
bared tips with 1-mm spacing) were inserted into each muscle adja-
cent to the placement of the SONO crystals, using a 21-gauge
hypodermic needle and secured to the muscle belly with 4-0 suture
near their insertion site. The EMG electrodes were constructed from
insulated fine silver wire (0.1-mm diameter, California Fine Wire,
Grover Beach, CA). After all electrodes were implanted, the skin
incisions were closed with 3-0 suture and the connector plug anchored
above the hip. The wing feathers were trimmed so they did not
obscure the limb, joint centers of rotation were palpated, and nontoxic
white paint was applied and marked with black ink for obtaining basic
joint kinematic data. The animals were administered an analgesic and
antibiotics and given 24 h to recover.

In vivo data and video collection. In vivo muscle data were
collected while the animals walked or ran on a motorized treadmill
(Woodway USA, Waukesha, WI) over a speed range from 0.5 to 3.0
m/s in 0.5 m/s increments, with and without a 0.286 kg (�22% body
wt) load. During data collection, a lightweight shielded cable ran
between the external connector attached above the animal’s hip and
the recording equipment. Outputs from the EMG electrodes were
amplified � 1,000 and filtered (10-Hz to 10-kHz band pass) by using
Grass P511 preamplifiers (Grass-Telefactor, West Warwick, RI).
Signals from the SONO crystals were connected to a sonomicrometry
amplifier (Triton 120.2, Triton Technology, San Diego, CA) and
monitored via an oscilloscope (Tektronix 2235A, Tektronix Texas,
LLC, Richardson, TX). Outputs from the SONO and EMG amplifiers
were sampled at 5 kHz by use of a 12-bit A/D converter (Digidata
1200B system, Axon Instruments) and stored on a personal computer.
High-speed video (250 Hz, Photron Fastcam-X 1280 PCI; Photron
USA, San Diego, CA) was recorded from the lateral view simulta-
neously with muscle measurements and was synchronized to the
muscle recordings via a posttrigger pulse that stopped the video and
was recorded by the A/D converter.

Muscle length change and shortening velocity. Fractional changes
in muscle fascicle length were determined following Biewener and

Corning (5). The sonomicrometry signals were corrected for the offset
error introduced by the faster speed of sound propagation through the
epoxy lens of the crystals relative to the muscle (determined to be 0.82
mm for the Sonometrics 2.0-mm crystals) and for the 5-ms delay
introduced by the Triton 120.2 amplifier’s filter. Changes in distance
between crystal pairs were normalized to muscle fascicle strain by
dividing by a rest length recorded when the animals stood quietly.
Fascicle strain recorded locally within the region of the muscle
sampled was assumed to be indicative of the full length of the fascicle,
as well as the entire muscle. In the MG, this is more likely the case,
as the crystal spacing spanned the majority of the fascicles’ length.
Given the complex architecture of the ILPO, this may not be as valid
an assumption. Preliminary results (10) have shown that some re-
gional differences in fascicle strain within the ILPO occur during
unloaded locomotion. Despite this possibility, we assume here that
changes in strain pattern due to loading observed locally at the
sampling site are representative for the whole muscle.

In vivo data from unloaded and loaded conditions were analyzed
for four speeds: 0.5, 1.0, 1.5, and 3.0 m/s. This speed range was
selected because it includes all of the speeds for which metabolic data
were collected, as well as the highest speed for which we were able to
obtain recordings from the animals during steady running. For each
condition, five strides were selected for analysis and were used to
create individual means for each variable. Foot-on and foot-off times
were determined from the video data. Strain patterns observed in each
muscle were separated into regions of shortening and lengthening
based on inflections in the pattern throughout the stride cycle. Because
we were primarily interested in muscle strain during stance, mean
fascicle strain rates were measured by dividing the highest magnitude
strains recorded during stance by the time over which they occurred.

Kinematics. Ten consecutive strides were selected from the video
data for kinematic analysis. Stride time, stance time, and swing time
were determined for all speeds and conditions (at 250 Hz, errors in
time are likely to average one frame, or 0.004 s). A subset of three
trials from unloaded and loaded conditions at 0.5, 1.0, 1.5, and 3.0 m/s
(for a total of 24 trials) was selected from these data for more detailed
joint kinematic analysis. Markers at the posterior iliac process, hip,
knee, ankle, and tarsometatarsal-phalangeal joints were digitized by
use of a customized MATLAB (v.6.5, The MathWorks, Natick, MA)
routine (coded by T. L. Hedrick, University of Washington) and
filtered by a quintic spline fit to known root mean square data, using
the generalized cross-validatory/spline (GCVSPL) program (49). Be-
cause of the skin movement over the knee during locomotion, the
coordinates of the knee joint were calculated by generating the
equations for circles centered at the coordinates of hip and ankle, with
the length of the femur and tibiotarsus being their radii, respectively.
The knee joint location was determined by the intersection point of
these two circles that most closely matched the digitized knee point.
The other intersection point was always clearly incorrect. These
coordinates were used to calculate mean joint angles at the hip, knee,
and ankle throughout the stride.

EMG analysis. EMG data were analyzed for the same five strides
selected for muscle fascicle strain analysis. Several variables were
quantified for each signal, including onset time relative to foot-on,
duration, and intensity. EMG burst onset and offset were determined
by eye, and EMG intensity for a single burst of activation was
determined by averaging the spike amplitude of the rectified EMG
signal. EMG intensities were then converted to a relative scale for
each muscle by dividing this value by the largest value recorded in
that muscle for that animal. Thus, for a given animal, the largest burst
intensity recorded in a given muscle was assigned the value of 1, and
all other bursts from that muscle ranged between 0 and 1 (26). Two
EMG electrodes were implanted in each muscle to ensure that at least
one reliable signal was recorded. In cases in which both EMG
electrodes provided signals, the values for the two signals were
averaged.
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Statistics. The effects of speed and load were assessed by a
mixed-model ANOVA, which included individual as a factor. A
general linear model that included first order interaction effects was
used to determine significant differences in muscle fascicle strain and
strain rate, as well as EMG intensity and timing variables. All tests
were conducted in Systat (version 10.2 for PC) with a significance
level of P � 0.05. Population means for each variable were calculated
from the average for each individual, and are reported with standard
errors, unless otherwise noted.

RESULTS

Metabolic rate. Consistent with previous studies, there was
a significant increase in metabolic power with speed and with
a �22% body wt trunk load at each speed (Fig. 2A; P �
0.001). For both unloaded and loaded conditions, metabolic
power increased linearly with speed over the range measured.
The ratio of loaded to unloaded metabolic power was not
significantly different between speeds and averaged 1.17 �
0.02 (Fig. 2B). The load carried by the birds yielded a loaded
to unloaded weight ratio of 1.22 � 0.02; thus the increase in
metabolic energy rate at each speed represented 77% of the
increase in weight.

Kinematics. Load carrying resulted in little or no significant
difference in kinematics at any speed. Stride time, stance time,

and swing time were very consistent and nearly identical
between loaded and unloaded conditions (Fig. 3). Although
there were changes due to speed, joint kinematics at the hip,
knee, and ankle were largely unaffected by load carrying at
any given speed. Average joint angles for one speed, 1.5
m/s, are shown in Fig. 4 and are consistent with those
observed at the other speeds. The only significant deviation
from the stance phase pattern observed during unloaded walk-
ing and running occurred at the knee during the last 35% of
stance (Fig. 4B), when the knee underwent less extension in

Fig. 2. A: metabolic power increased significantly with both speed and load
(P � 0.001). The load carried averaged 22% of body mass, representing a
fractional weight increase of 1.22. B, the fractional increase in metabolic
power (loaded/unloaded) was not significantly different between speeds and
averaged 1.17 across speeds. Error bars represent �1 SE.

Fig. 3. Stride times (A), stance times (B), and swing times (C) measured across
a wide range of speeds did not differ significantly during loaded vs. unloaded
conditions. All variables were measured at the same speeds. Graphed data
points are offset slightly on the x-axis for clarity. Error bars represent �1 SE.

1063LOAD CARRYING IN GUINEA FOWL

J Appl Physiol • VOL 101 • OCTOBER 2006 • www.jap.org

 on S
eptem

ber 15, 2006 
jap.physiology.org

D
ow

nloaded from
 

http://jap.physiology.org


loaded trials. This difference was only seen at the two fastest
speeds (1.5 and 3.0 m/s).

Muscle strain and shortening velocity. Load carrying pre-
dominately resulted in increased active stretch of the ILPO
during stance at all speeds (Fig. 5). The ILPO consistently
underwent an active stretch at the beginning of stance followed
by a shortening phase and subsequent short, brief stretch at the

Fig. 5. Mean in vivo muscle fascicle strain patterns recorded from the ILPO
across all animals (n � 4) plotted vs. percent of stride for all speed and load
conditions. Relative timing of EMG onset and duration during unloaded
(black) and loaded (gray) conditions are shown as thick bars at each speed. The
ILPO is active before foot down with EMG onset occurring during the swing
phase, except at 0.5 m/s, in which the error bars extend beyond the y-axis.
Shaded areas indicate stance phase. Dashed lines and error bars represent �1
SE. Note: thickness of the EMG bars does not indicate relative intensity.

Fig. 4. Average joint angle patterns for 1 complete stride at 1.5 m/s are plotted
for loaded vs. unloaded conditions. No significant differences in joint angular
motion due to loading were observed at the hip or the ankle at any recorded
speed. The knee showed a slight but significantly greater flexion during the last
35% of stance at 1.5 and 3.0 m/s (not shown). Shaded area represents stance
phase. Dashed lines represent �1 SE.
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end of stance. The initial stretch occurred as the knee flexed,
whereas subsequent muscle shortening occurred during (and
likely contributed to) hip extension. The final stretch of the
muscle occurred as both the knee and the hip flexed at the end
of stance. Because this last stretch likely occurs when force in
the muscle is low, we chose to focus our analysis on the
dominant stretch-shortening cycle of the muscle that occurs
over the majority of stance (Fig. 7, inset). During load carrying
the ILPO tended to be relatively shorter (mean difference:
3.4 � 1.1%) at the onset of foot contact at all speeds, although
this difference was not significant (P � 0.157). Both speed and
load had a significant effect on the magnitude of stretch in the
ILPO (P � 0.007 and P � 0.010, respectively); however, only
speed had a significant effect on shortening magnitude (P � 0.02;
see Fig. 7A). No effect (P � 0.18) of load carrying was observed
with respect to the amount of ILPO shortening at all speeds.

In general, the MG underwent relatively less strain during
stance than the ILPO (Figs. 6 and 7) but showed the same
nonsignificant trend of contracting at relatively shorter length
(mean difference 4.7 � 0.8%) at the onset of foot contact
during loaded conditions. Notably, the MG began showing an
initial phase of stretch at 1.0 m/s during loaded trials (Figs. 6
and 7B), which is typically considered to be the transition
speed between walking and running in these animals (25). The
magnitude of this stretch was relatively small (�5%) and was
not related to an observable shift in joint kinematics at either
the ankle or the knee. Other than for beginning its contraction
at a shorter length, this initial stretch due to load was the only
significant difference in muscle fascicle strain found in the MG
at the three higher speeds (Fig. 7B, P � 0.001).

Mean muscle fascicle strain rate was determined during the
primary stretch and shortening periods for which strain was
measured. By definition, positive values represent stretching
velocities and negative values represent shortening velocities
of the muscle (Fig. 8). In the ILPO, both the velocity of
stretching and shortening increased significantly with speed
(P � 0.013 and P � 0.001, respectively) but were unaffected
by load (P � 0.213 and P � 0.187, respectively). At the
highest speed, the shortening strain rate tended to be less
during loaded trials; however, this difference was not signifi-
cant (P � 0.09 at 3.0 m/s). Consistent with the lower strains
observed in the MG, strain rates were also relatively lower in
this muscle than in the ILPO (Fig. 8). Because there was no
initial stretch in MG in the unloaded condition, loading had a
significant effect on lengthening velocity (P � 0.001); how-
ever, shortening strain rate was not significantly affected by
load (P � 0.214). As with the ILPO, fascicle shortening rate
increased significantly with speed in the MG (P � 0.005).

EMG activity. Running speed and load carrying had a
significant effect on relative EMG intensity (mean spike am-
plitude); however, only speed had an effect on EMG duration
and timing. In the ILPO, both speed (P � 0.001) and load (P �
0.019) caused a significant increase in EMG intensity (Fig.
9A). The relative increases in intensity between loaded and
unloaded conditions were not significantly different across
speeds, averaging 17%. The MG showed a similar trend, with
EMG intensity increasing significantly with both speed and
load (Fig. 9B; P � 0.001 for both). Relative increases in EMG
intensity due to load were again not significantly different
across speeds, but were higher than those found in the ILPO,
with a mean increase of 27% across speeds. EMG duration was

not effected by load but decreased significantly with speed in
both muscles (P � 0.001, Figs. 5 and 6). The timing of EMG
onset was also unaffected by load carrying; however, the time
of activation before foot contact increased significantly with
speed in both muscles (P � 0.05).

DISCUSSION

A main goal of our study was to test whether the contractile
patterns of two major hindlimb extensors of guinea fowl are

Fig. 6. Mean in vivo muscle fascicle strain patterns recorded from the MG
under all conditions, plotted as in Fig. 5.
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altered by load-carrying exercise. We hypothesized that a
decrease in muscle fascicle strain rate (shortening velocity) or
enhanced stretch activation of the muscles, both of which
might reduce the muscle’s cost of generating force, would

produce a reduction in locomotor energy cost relative to the
load carried. We proposed that changes in kinematics, such as
an increase in time of foot contact at a given speed, may enable
this reduction in fascicle shortening rate, thereby allowing the
muscles to more economically generate the forces required for
weight support.

Our results show that, when guinea fowl were loaded with
�22% of their body weight, their limb kinematics did not

Fig. 7. Mean fascicle strains measured for the ILPO and MG under all
conditions. A schematic (inset, top center) denotes the periods during limb
support when lengthening (positive) and shortening (negative) strains were
quantified from the recorded in vivo strain patterns. A: for the ILPO, both
speed and load had a significant effect on fascicle stretch, whereas only speed
had a significant effect on shortening. B: for the MG, only loading had a
significant effect, increasing fascicle stretch at the three fastest speeds. No
significant effect on shortening strain was apparent, and no differences due to
speed were observed.

Fig. 8. A: in the ILPO, lengthening (open symbols) and shortening strain rate
(filled symbols) were not significantly different between unloaded (black) vs.
loaded (gray) conditions at any speed. B: in the MG, only lengthening strain
rate increased significantly with load; however, this largely reflects the fact that
there was no lengthening during unloaded locomotion. Strain rate increased
significantly with speed in the ILPO under both conditions and in the MG
when animals were loaded.
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change at any given speed. Although no significant changes in
shortening velocity of the ILPO and MG were observed, active
fascicle stretch during early stance increased in both muscles at
nearly all speeds during loaded conditions. Increased active
stretching enhances force production (40) and, as a result,
likely increases a muscle’s economy for generating force (6,
45). For the two muscles we examined, the increase in force
required to carry the additional load was also clearly achieved
through an increase in muscle recruitment, as indicated by an
increase in EMG intensity. In the ILPO, the increase in EMG
intensity was less than proportional to the increase in weight;
supporting our interpretation that force enhancement via
stretch may facilitate the ILPO’s force production. In the MG,
the increase in EMG intensity was greater than proportional to
the load. The collective results from EMG analysis and meta-
bolic energetics suggest that, on average, increases in leg
muscle recruitment during stance are proportional to increases
in trunk-supported weight.

Kinematics. On the basis of previous work (15, 30, 36, 42,
46), our null hypothesis was that kinematics would not be
significantly changed during load carrying. However, on the
basis of the observations that some animals and humans alter
their kinematic patterns to some degree when carrying a load
(9, 13, 32, 38, 48), we proposed that muscle function might
also be altered under these conditions. In this study, we found

no significant changes in time of contact and only small
changes in joint angle kinematics due to an �22% body load
at any speed. This differs slightly from recent observations of
Marsh et al. (38) in a similar load-carrying study of guinea
fowl, who found a small 4% increase in time of contact. In the
present study, we also observed a slight decrease in knee
extension during stance; however, this was only significant at
the two fastest speeds measured (Fig. 4). Thus our kinematic
results support the null hypothesis of our study. It should be
pointed out that all of the animals in our study underwent a
relatively long training period and were well accustomed to
running with the added load at the time of data collection. It is
possible that greater differences in kinematics would be ob-
served when the animals carried the load for the first time.

Muscle strain and strain rate. One of the primary goals of
our study was to determine whether muscle contractile strain
pattern was influenced by load carrying. Specifically, would
changes in contractile strain pattern reduce a muscle’s cost for
generating force? Two possibilities were examined: lower
strain rate and increased stretch at onset of muscle activation.
Consistent with the results for time of foot contact, we found
no significant changes in fascicle shortening rate due to load
(Fig. 7). The reduction in knee extension during loaded running
at higher speeds was associated with a trend toward reduced
fascicle shortening in the ILPO (Fig, 6), which was significant
at the highest speed. However, the duration of muscle short-
ening decreased during this time as well, resulting in mean
shortening velocities that were not significantly different be-
tween loaded and unloaded conditions. Importantly, however,
we observed a significant increase in the degree of active
fascicle stretch early in limb support during knee and ankle
flexion. The magnitude of fascicle stretch increased under
loaded conditions at all speeds in the ILPO and all except at the
slowest speed in the MG (Fig. 7). Active stretch of whole
muscles and isolated muscle fibers generate more force per unit
muscle (1, 17, 23, 31, 33), with the amount of force enhance-
ment being shown to be rate dependent. Thus both the in-
creased magnitude (Fig. 6) and rate (Fig. 7) of stretch of the
ILPO suggest that the muscle produces more force per active
volume of recruited fibers during loaded vs. unloaded exercise
conditions. The magnitude of force enhancement due to stretch
remains uncertain but is likely to range up to 1.75 times a
muscle’s isometric force (3, 7, 16, 23). In addition to our
hypothesis that active stretching at the beginning of stance may
serve to improve a muscle’s force output, Marsh (37) sug-
gested that it may also play a role in providing stability. Thus,
despite finding no change in limb kinematics, our hypothesis
that this would correspond to no changes in muscle contractile
pattern is unsupported. Given the complex interplay of muscle-
tendon force transmission and length change, perhaps this is
not surprising.

The fascicle strain patterns of both the ILPO (Fig. 4) and the
MG (Fig. 5) for normal and load-carriage conditions indicate
that the two muscles contract with limited length change
(isometric) during the stance phase of the stride at slower
speeds, or with increasingly stretch-shortening behavior at
faster speeds. This behavior is consistent with the function of
these muscles serving mainly as struts to stabilize the limb for
more economical weight support and to facilitate springlike
behavior of the limb as a whole (6, 10, 14, 37). For both
muscles, net shortening strain of the fascicles was �10% and

Fig. 9. In both the ILPO (A) and the MG (B), relative EMG intensity (mean
spike amplitude; see text for details) increased significantly with speed and
load. Error bars represent �1 SE.
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much of this shortening occurred late in stance when muscle
and ground forces are declining, suggesting that the amount
of work performed by these muscles is relatively small.
Interestingly, the MG shows less net shortening than the
lateral gastrocnemius (14) over a range of speeds of loco-
motion, suggesting that the lateral gastrocnemius performs
most of the muscle work at the ankle joint. However, the
isometric or stretch-shortening behavior of the MG is con-
sistent with significant elastic strain energy storage in the
Achilles tendon shared by these two muscles, and this is borne
out by the flexion-extension behavior of the ankle joint itself
(Fig. 3).

Muscle recruitment and metabolic cost. Because the ILPO
and MG are actively recruited to support weight during stance,
we predicted that the relative increase in EMG intensity of
these muscles would be proportional to the relative increase in
weight carried by the animal. This prediction assumes that the
contractile pattern in these muscles is the same for both
unloaded and loaded conditions; however, this was not the
case. In the ILPO, the average increase in EMG intensity was
17% for a 22% load (Fig. 10), consistent with force enhance-
ment due to increased active stretching of the muscle in early
stance. By comparison, the average EMG intensity in the MG
increased by 27%, in addition to undergoing greater active
stretch during load carrying. This suggests a disproportionately
greater increase in force production than required to support
the additional load against gravity. One possible explanation
for this is an increased need for braking and propulsive ground
forces during loaded exercise. Adding a load to the body
increases the mass that must be accelerated as well as sup-
ported against gravity, increasing the work that must be done.
Recent modeling (19, 35) and experimental studies (11, 12, 29)
of humans suggest that this cost is between 30 and 45% of the
total cost of locomotion and the work is primarily done by
ankle extensors (27, 43). It is also important to note that the

relationship between EMG intensity and muscle force produc-
tion is complex and likely nonlinear, given the recruitment of
progressively larger fibers (faster motor units) at faster speeds
and greater loads. Finally, there is little evidence to date that
different limb muscles share equally in supporting additional
loads that animals may carry. Consequently, differences in
recruitment level and force output by different muscles may
be expected to vary. Nevertheless, despite these caveats, our
results based on our recordings of the ILPO and MG clearly
indicate that the increased force requirement of load carry-
ing is met mainly by increased muscle recruitment, which
together matched the �22% body wt load that the animals
carried.

We also expected that increases in muscle recruitment for
greater force production would be associated with increases in
the recruited volume of active muscle and thus should be
reflected in changes in metabolic cost. Averaged across speeds,
the relative increase in metabolic power was 17%, which
corresponded to 77% of the relative increase in trunk-sup-
ported weight (Fig. 10). This is nearly identical to the increase
in EMG intensity in the ILPO (Fig. 10). The fractional increase
in blood flow to the ILPO during trunk loading (�18%) is also
nearly identical to the increase in EMG intensity (22). Given its
large size (26) and disproportionately high blood flow during
exercise (21, 22, 39), the activity of this muscle likely has a
large influence on the overall metabolic cost of locomotion in
guinea fowl. However, the fractional increase in blood flow to
the MG during trunk loaded running (22) is far less (�6%)
than the increase in EMG intensity that we observe here (27%).
Several factors, such as the degree of active stretching and
subsequent shortening, differences in fiber type, and possible
regional differences in recruitment levels within the two mus-
cles at different levels of exercise intensity, are likely to
influence EMG intensity and blood flow in different ways. To
date, the relationships among EMG activity, blood flow and
whole animal metabolic cost have yet to be explored in detail.
Consequently, our differing results for these two muscles
indicates that EMG intensity alone is not a reliable predictor of
metabolic cost.

Recent studies of metabolic cost distribution between stance
and swing phases suggest that swing phase accounts for �25%
of the total cost of locomotion (18, 28, 38, 39, 41). Therefore,
given an average increase in EMG intensity of stance phase
muscles that is directly proportional to the increase in load
(22% for each) we predicted that metabolic cost would increase
by 75% of the increase in load, or by 16.5%. Our observation
of a 17% increase in metabolic cost is consistent with this
prediction. Thus, even though overall patterns of kinematics
and energetics suggest little or no change in the contractile
patterns of the muscles during loading, our results show that
this is clearly not the case for the guinea fowl ILPO and MG.
It is also evident that muscles in the leg do not all respond to
loading in a uniform manner and likely serve multiple func-
tions in addition to weight support. Additional work is needed
to test the generality of our results for other limb muscles and
other animals. Nevertheless, the results for the two hindlimb
muscles studied here show that care must be taken when
making simplifying assumptions regarding muscle function in
relation to load-carrying exercise.

Fig. 10. Fractional increases in metabolic power and EMG intensity in both
muscles averaged across 0.5, 1.0, and 1.5 m/s were not significantly different.
Dashed line represents the fractional increase in mass due to load (1.22). EMG
intensity for 3.0 m/s was not included because oxygen consumption data were
not available at this speed.
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