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ABSTRACT The study of human evolution depends
upon a fair assessment of the ability of hominin individ-
uals to gain access to necessary resources. We expect
that the morphology of extant and extinct populations
represents a successful locomotory system that allowed
individuals to move across the environment gaining
access to food, water, and mates while still maintaining
excess energy to allocate to reproduction. Our assess-
ment of locomotor morphology must then incorporate
tests of fitness within realistic environments—environ-
ments that themselves vary in terrain and whose nego-
tiation requires a variety of gait and speeds. This study
assesses muscular activity (measured as the integrated
signal from surface electromyography) of seven thigh
and hip muscle groups during walking and running

across a wide range of speeds and inclines to systemati-
cally assess the role that morphology can play in mini-
mizing muscular activity and thus energy expenditure.
Our data suggest that humans are better adapted to
walking than running at any slope, as evidenced by
small confidence intervals and even trends across speed
and incline. We find that while increasing task intensity
unsurprisingly increases muscular activity in the lower
limb, individuals with longer limbs show significantly
reduced activity during both walking and running, espe-
cially in the hip adductors, gluteus maximus, and ham-
string muscles. People with a broader pelvis show signif-
icantly reduced activity in the hip adductor and ham-
string muscles while walking. Am J Phys Anthropol
143:601–611, 2010. VVC 2010 Wiley-Liss, Inc.

In the study of human locomotion, it has been gener-
ally suggested that muscle activity, as measured using
electromyography (EMG), will offer important clues to
selective pressures shaping the locomotor elements of
human form (Basmajian, 1972; Zihlman, 1978; Tuttle et
al., 1979; Stern and Susman, 1981; Marzke et al., 1988;
Lieberman et al., 2006). Despite that humans perform a
relatively small array of gaits [e.g., walking and run-
ning, although for skipping, see Srinivasan (2006)], they
perform them over a wide variety of terrain and with
varying speed combinations. Consequently, effectively fil-
tering through possible selection pressures on locomotor
morphology requires a systematic comparison of mor-
phology (lower limb length and pelvis breadth being a
reasonable place to begin), in addition to the systematic
comparison of the activity of human locomotor muscula-
ture across gait, speed, and incline [for lower limb mus-
cle activity during other activities—throwing, digging,
gathering, etc.—see Marzke et al. (1988)]. Building eco-
logical models of mobility [e.g. (Foley, 1992; Foley and
Elton, 1998; Kramer, 2004)] depends upon accurate
assessments of the benefits of bipedalism, and the bene-
fits of bipedalism cannot be understood without better
modeling of the influence of variable terrain and nonle-
vel surfaces. To this end, integrating the interactions
between speed and incline is vital for understanding
selection on hominin locomotor morphology, such as
lower limb length and pelvis shape (width).
In addition, previous studies have made much of the

fact that certain muscle groups in people are larger than
in nonhuman primates (e.g., gluteus maximus) (Stern

and Susman, 1981; Lovejoy, 1988; Marzke et al., 1988;
Lieberman et al., 2006) or smaller than in nonhuman
primates (e.g., hip adductors, biceps femoris, and medial
hamstrings) [for chimpanzees: (Thorpe et al., 1999)].
This has prompted a series of studies suggesting the
expansion of the gluteus maximus in particular in
response to upright posture (Stern and Susman, 1981;
Lovejoy, 1988), throwing (Marzke et al., 1988), or to run-
ning (Lieberman et al., 2006). For example, Lieberman
et al. (2006) suggest that the larger size of the gluteus
maximus is attributable to increased activity during run-
ning as compared to during walking. The logic being
that the larger muscles have more actin-myosin cross
bridges in parallel and thus habitually produce more
force, specifically during the activities that the muscle
has evolved to perform. However, it seems logical that
any lower limb locomotor task of high intensity (here we
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will test increases in both speed and incline) will cause
an increase in gluteus maximus activity, as part of a sys-
tematically more intense engagement of the lower limb
musculature. We thus expect the activity (integrated
EMG) of several lower limb and pelvic muscle groups to
increase during intense human locomotion, such as that
experienced while moving up sloped terrain and/or at
the higher speeds within each gait.
In better understanding the relationship between mus-

cle form (size) and function (activity levels), it is valuable
to not simply look at which locomotor conditions (gait,
speed, and incline) produce muscle activity increases,
but also at the range of locomotor conditions that can be
produced with relatively consistent muscle activity levels
within and between individuals. In those situations
where we do not see substantial increases in muscular
activity level or variability, we might expect those activ-
ities to cost less metabolic energy and thus be more effi-
cient [c.f. (Zange et al., 2008; Hepple et al., 2010)]. In
general, individuals able to negotiate variations in slope
and speed with minimal increases in muscular activity
will require less locomotor-related metabolic energy
(Reilly et al., 2007), leading to an increase in their repro-
ductive fitness (Gibson and Mace, 2006).
It is reasonable to suppose that changing the morphol-

ogy of the locomotor apparatus could lead to a minimiz-
ing of muscular activity during habitually practiced
forms of locomotion. Previous work has suggested a close
relationship between metabolic cost, muscular force, and
morphology [body or limb mass: (Taylor et al., 1982;
Myers and Steudel, 1985); lower limb length: (Kramer,
1999; Steudel-Numbers and Tilkens, 2004); pelvis width:
(Rak, 1991; Wall-Scheffler et al., 2007)]. Because we see
variation in the postcranial morphology of hominins, in
particular, in lower limb length and pelvic breadth, we
need to continue to work toward understanding the func-
tional significance of the variation. Some models purport
direct energetic benefits of long limbs (Steudel-Numbers
and Tilkens, 2004; Steudel-Numbers et al., 2007) or a
broad pelvis (Wall-Scheffler et al., 2007), but typically
these models are only assessing single speed, single
task, or single postcranial variable. What we seek to
assess in this research is how postcranial morphology
(specifically lower limb length and pelvis breadth) inter-
acts with muscle activity and thus impacts locomotor
costs across multiple gaits, inclines, and speeds.
We specifically address the following questions:

(1) Does gait affect the pattern of muscle recruitment?
(2) Does incline affect the pattern of muscle recruitment?
(3) If yes to 1 and 2, is the pattern associated with
increased speed (via changes in gait) different from that
of increasing incline? (4) Are the effects of incline, speed,
and gait additive or interactive? (5) How does morphol-
ogy affect muscle recruitment pattern(s)?

WHICH MUSCLES TO CHOOSE?

In the study of human locomotion, thigh and
hamstring muscles have been reasonably well-studied.
During running, the hamstrings are activated before
footstrike (Gazendam and Hof, 2007) and at push-off
(Fields et al., 2005); the quadriceps are active during
early swing phase (Swanson and Caldwell, 2000) and
seem to be controlling the position of the body’s center of
mass after landing (McClay et al., 1990; Fields et al.,
2005). The hip adductors are continuously active
throughout the running gait and function in stabilizing

the pelvis (with respect to the thigh) during stance and
vice versa during swing (McClay et al., 1990). The glu-
teus maximus and medius become active in late swing
and are generally considered to be decelerating the thigh
and assisting in stabilizing the thigh and pelvis through-
out early stance (McClay et al., 1990; Fields et al., 2005).
During walking, the gluteus maximus, medius, and

vastus lateralis provide the majority of support during
early stance (Gazendam and Hof, 2007) and prevent the
dropping of the body’s opposite side (Knutson and Soder-
berg, 1995). Gluteus medius activity is extended at
higher speeds and shows involvement during late-swing
phase to increase stability and well as late stance phase
to help clear the foot from the ground (Knutson and
Soderberg, 1995). Although the hamstrings and rectus
femoris do not seem to offer much support during stance
on level surfaces, the rectus femoris, in particular, seems
to offer some support of the knee at upward elevation of
the center of mass (Tokuhiro et al., 1985) during incline
walking. Other quadriceps muscles are likely also
involved in the stabilizing of the knee as the torso is car-
ried forward (Basmajian, 1967). Additionally, the quadri-
ceps and hamstring muscles (acting antagonistically) are
significant during phase transitions (from swing to
stance, and from stance to swing as speed increases)
(Knutson and Soderberg, 1995). The hamstrings are
active during the latter half of swing for decelerating the
shank (Knutson and Soderberg, 1995; Gazendam and
Hof, 2007), and both hamstrings and quadriceps are
vital at the onset of stance to stabilize the knee joint
(Tokuhiro et al., 1985; Knutson and Soderberg, 1995).
Although a consensus seems to exist in the literature

that, within a gait, moving from a level to inclined sur-
face increases muscular activity (Swanson and Caldwell,
2000; Lay et al., 2007), recent research suggests in run-
ning this may relate to the speed at which an incline is
taken, with faster speeds eliciting more activity at high
inclines (Yokozawa et al., 2007). Walking studies have
rarely reported EMG results of incline walking at more
than a single self-selected speed [(Tokuhiro et al., 1985;
Kawamura et al., 1991; McIntosh et al., 2006; Lay et al.,
2007) though see Arendt-Nielsen et al. (1991)], so much
needs to be done in this area. Examining the possible
overlap between gait, speed, and incline in their influ-
ence on muscle activity seems a key next step in our
understanding of selection pressures related to locomo-
tion.

METHODS

Detailed methods have been laid out in Chumanov et
al. (2008), however, a brief summary follows. We col-
lected data on 34 human subjects (17 males and 17
females) between the ages of 18 and 37 (mean 5 22.9);
each signed a written informed consent form approved
by the UW-Madison IRB. The protocol consisted of walk-
ing and running on a treadmill at a series of randomly
ordered speeds and inclines (www.random.org). The
speeds consisted of 1.2, 1.5, 1.8, 2.7, and 3.6 ms21. Par-
ticipants walked at 1.2, 1.5, and 1.8 ms21 and ran at 1.8,
2.7, and 3.6 ms21. Inclines included 0% (08), 10% (5.78),
15% (8.68), and 20% (11.58). Each incline was performed
at each speed/gait for a total of 24 conditions. Although
we purposely chose individuals from a wide range of
morphologies, we did ask each individual to do the same
wide range of tasks. Because we are assessing the
relationships between morphology, muscle activity, and
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locomotor conditions, looking at the effect of increasing
absolute speed and incline for individuals differing in
size and morphology was of particular interest. In addi-
tion, as individuals can spend part of their locomotory
time moving with other individuals of different sizes
(Kramer, 1998; Pontzer and Wrangham, 2006; Costa,
2010), assessing the impact of the range of activity has
implications for selection on the mobility strategies of
the group.
Each subject had EMG surface electrodes placed on

seven thigh and hip muscle groups following Basmajian’s
protocol (Basmajian and Blumenstein, 1989), which
ensured each EMG reading is coming from the muscle of
interest (Clancy et al., 2002; Rainoldi et al., 2004) (see
Fig. 1). Proper electrode placement is further important
to maximize electrical activity recording of the desired
muscle while minimizing the crosstalk that can occur
from adjacent muscles. As such, placement of surface

electrodes is typically near a motor endplate of the mus-
cle while maintaining adequate distance from neighbor-
ing muscles (Kamen and Caldwell, 1996). Once placed,
these electrodes were secured with athletic tape and not
moved for the duration of the trial (all 24 conditions)
ensuring consistent and comparable readings for each
individual. The muscle groups included the hamstring
muscles [biceps femoris and medial hamstrings (which
include semitendinosus and semimembranosus)], two
quadriceps muscles (vastus lateralis and rectus femoris),
hip adductors, hip abductors (gluteus medius), and the
gluteus maximus. We decided to consider two groups of
hamstrings and two of quadriceps to assess differences
in activation between two muscles that have somewhat
similar anatomical locations.
All EMG signals were first full-wave rectified and low

pass filtered using a sixth-order Butterworth filter with
a cutoff frequency of 50 Hz. For each participant, the

Fig. 1. This illustrates the anterior and posterior views of the pelvic and thigh muscles used in this study and the placement of
the EMG electrodes. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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mean activity for each muscle was found during the
slowest walking speed (1.2 ms21) on a level surface; this
value was then used as the normalization factor. EMG
signals vary from day to day, person to person (Kadaba
et al., 1989; Knutson and Soderberg, 1995) based on
placement (i.e., how close you get to the motor neuron
will change the signal intensity), and so normalization is
necessary to compare between subjects (essentially
brings all participants to the same base level). The
actual factor used for normalization is not as important
as the consistency between participants (Burden et al.,
2003). Integrated muscle activities were found using the
trapezoidal method, a numerical method for estimating
integrals, which uses the idea that point-to-point
changes can each be represented as a trapezoid. The
area for each trapezoid can then be found and summed
to get an overall representation for the integral (Kaw
and Egwu, 2009). Each muscle integrated activity was
further divided by the respective normalization factor.
Essentially, integrated muscle activity is a measure of
how active the muscle is over time. Mathematically, it is
the area under the curve after the EMG has been recti-
fied and low-pass filtered. Peak muscle activity and
onset of muscle activity are less desirable measures,
because they will vary depending on electrode place-
ment, subcutaneous fat, and participant hygiene
(Kleissen et al., 1997). The order of speed-incline combi-
nations was randomized for each participant, with �10 s
of data (a minimum of five strides) recorded for each con-
dition. The choice to use five gait cycles was based on
Kadaba et al. (1989) who demonstrated repeatable kine-
matic, kinetic, and EMG data during locomotion from as
few as three gait cycles (Kadaba et al., 1989). Our kine-
matic data varied less than 2.58 within each condition
for all measured angles leading us to conclude that five
strides for each condition were sufficient to accurately
characterize the locomotion pattern.
Anthropometric measurements [mass, stature, bitro-

chanteric breadth, bi-iliac breadth, thigh length, and
shank length (medial and lateral)] were taken on each
participant (Chumanov et al., 2008) (Table 1). Thigh
length was obtained by measuring the distance between
the proximal portion of the greater trochanter to the lat-
eral midpoint of the knee (equal distance between the
femoral epicondyles and the tibial plateau). Lateral
measures of the shank included the distance between
the lateral midpoint of the knee to the most lateral por-
tion of the lateral malleolus. Together, thigh length and
lateral shank length constituted the total length of the
lower limb. Medial length of the shank was also taken,
following Porter (1996) in order that a correlation could
be made between the external measures and skeletal
measures, and thus crural index could be calculated
(Porter, 1996). All lower limb measurements were col-
lected using an anthropometer.

Statistical analysis was accomplished using SPSS 17.0
for Windows (now called PASW Statistics). Repeated
measures ANOVA’s, t-tests, and predictive regressions
were used to test the relationships between muscle activ-
ity, anthropometrics, and task.

RESULTS

When speed is held constant

A repeated measures ANOVA was used to determine
the importance of gait and incline in determining activ-
ity in each of the seven muscle groups when speed was
held constant at 1.8 ms21 (the highest walking and the
lowest running speed). The repeated measures ANOVA
were run both including 0% grade locomotion and not
including 0% grade locomotion. The difference between
these two models is essentially the difference between
being on a level or not (all five inclines) and whether
once you are on an incline, the steepness of the slope
continues to increase activity. Figure 2 illustrates these
relationships. Particularly interesting to note when
viewing Figure 2 is that the relationship between walk-
ing and running changes based on incline. Whether
walking requires more activity in a muscle than does
running often changes between the lowest inclines and
the highest (rectus femoris, hip adductors, and gluteus
maximus being good examples) when speed is held con-
stant. For all muscle groups, irrespective of whether 0%
grade was included, incline was of highly significant im-
portance (P \ 0.001). When 0% grade was included, the
interaction between gait and incline was also significant
for all muscle groups (P \ 0.03); however, when inclines
above 0% grade were considered, only the rectus femoris,
biceps femoris, and hip adductors (P \ 0.04) had signifi-
cant interactions between gait and incline. When all
inclines were included, gait had a significant impact on
the model (P \ 0.01) for all muscle groups except rectus
femoris, gluteus medius, and hip adductors. When 0%
grade was not included, gait was not significant for rec-
tus femoris and gluteus medius.

When each gait is assessed separately

For walking. A repeated measure ANOVA was run for
each muscle group assessing the roles of incline and
speed (1.2, 1.5, and 1.8 ms21) on each muscle group’s
activity. Sex was also included in the model as a
between-subject’s factor [previously published research
showed significant differences between the sexes
(Chumanov et al., 2008)]. All muscle groups had a highly
significant relationship with incline (P \ 0.001) (see
Fig. 3). All muscle groups except for gluteus maximus
had a significant relationship with speed (P \ 0.006 for
all other groups; P 5 0.3 for gluteus maximus). The
interaction between speed and incline was more variable
and depended both upon the muscle group and whether
0% incline was included in the model [i.e., whether three
inclines (10, 15, and 20%) were included or 4 (0, 10, 15,
and 20%). When all four inclines were included, hip
adductors, rectus femoris, vastus lateralis, medial ham-
strings, and biceps femoris all showed significant inter-
actions between speed and incline (P \ 0.008); gluteus
medius and gluteus maximus did not (P [ 0.357). When
level treadmill walking was not included, biceps femoris
and medial hamstrings did not show a significant inter-
action between speed and incline (P [ 0.160). Thus, for
the hip adductors (which remain active throughout the

TABLE 1. Participant anthropometric measures
[mean (standard deviation)]

Measure Male (N 5 17) Female (N 5 17)

Stature (cm) 182.3 (7.97) 166.5 (9.1)
Mass (kg) 79.8 (13.0) 61.0 (6.9)
Lower limb length (cm) 88.5 (5.1) 80.0 (4.6)
Bitrochanteric breadth (cm) 31.0 (2.1) 30.3 (2.0)
Biiliac breadth (cm) 27.0 (2.0) 25.5 (1.6)
Crural index 0.86 (0.04) 0.83 (0.06)
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Fig. 2. This is a boxplot of the impact of elevation and gait when speed is held constant (1.8 ms21). A boxplot shows the median
value and the range and thus displays the distribution of a dataset.
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stride) and the quadriceps (activity occurs early in
stance phase), speed exacerbates the effects of increasing
incline itself (from 10 to 15% for example as seen in

Fig. 3) and significantly increases the activity of these
muscle groups (see Fig. 4 for activity patterns across the
gait cycle). For the hamstrings (activity late in swing

Fig. 3. Each line represents the mean and 95% confidence intervals of the muscle activity during walking at each speed and incline
position. The axes are the same as for Figure 5 to allow direct comparison of the much reduced variability of muscle activity during
walking, suggesting much stronger selection pressures on economic walking. Speeds were 1.2 (slow), 1.5 (medium), and 1.8 (fast) ms21.
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phase), once a person begins on an incline, speed has
less of an exacerbating effect on activity. Sex showed sig-
nificant interactions with the activity of the gluteus
medius and speed (P\ 0.05).

For running. As with walking, a repeated measure
ANOVA was run for each muscle group assessing the
roles of incline and speed (1.8, 2.7, and 3.6 ms21) on
each muscle’s activity. Sex was again included in the
model as a between-subject’s factor, although did not
show significant interactions. Because only a subset of
our sample performed the 20% incline at 3.6 ms21, this
analysis includes a smaller sample (N 5 18). When all
four levels were included, incline significantly impacted
every muscle group’s activity (P \ 0.03) (see Fig. 5).
When only three inclines were included, neither rectus
femoris (P 5 0.098) nor the medial hamstrings (P 5
0.790) reached significance, thus only the lateral side of
the limb (biceps femoris and vastus lateralis) continue to
increase activity while running up a slope. Both these
muscle groups show similar activity patterns, with
increased activity during stance phase (see Fig. 4). The
biceps femoris does pick up a bit of additional activity
during the latter parts of swing on an inclined surface.
Conversely, the medial hamstrings do not particularly
increase activity throughout the gait cycle, whereas the
rectus femoris shows dramatic increases between level
and inclined surfaces throughout the beginning of stance
and again at the beginning of swing; however, this
increase appears to occur immediately upon reaching the
incline and once the person is on the incline, then there
is not such a dramatic interaction for the rectus femoris.

Speed was significant for all muscle groups, irrespective
of what levels were included (P \ 0.01). When running,
the interaction between speed and incline was only con-
sistently significant for hip adductors (P \ 0.01) (as with
walking, hip adductors are active throughout the stride
and activity increases across the gait cycle). Gluteus
medius showed some interaction at inclines above 0%
(P 5 0.041) and showed much higher activity particu-
larly throughout stance phase, with activity remaining
consistent throughout swing phase; the medial ham-
strings showed some interaction when all inclines were
included (P 5 0.015), but the increase in activity seems
more prevalent at the end of swing phase. Now, if we
drop the 20% grade from the analysis and rerun the
above models including our full sample of 34 partici-
pants, the only difference is the significance of the
interactions between speed and incline (P \ 0.05) for all
muscle groups (for the gluteus maximus, the interaction
is only significant when the 0% grade is included and
primarily consists of increased activity at the beginning
of stance phase). This suggests that while running, the
interaction between speed and incline may be more
subtle than the effect of each separately (thus the larger
sample is necessary), although does not need particu-
larly high levels of the variables (e.g., 20% incline at
3.6 ms1) to be detected.

The influence of pelvis shape and lower limb
length on muscle activity

Anthropometrics show the most regular relationships
with the activity of biceps femoris, hip adductors, glu-

Fig. 4. The mean activity of each muscle group across each gait. The solid line represents mean activity on the level surface at
the medium speed for that gait (1.5 ms21 for walking and 2.7 ms21 for running); the dotted line is activity at the 20% grade for
that same speed. The gray area represents one standard deviation of the mean activity; a comparison between the gray area of
walking and running further illustrate the dramatic variability of running, over and against walking especially considering the dif-
ferent scales of the vertical axes.
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teus medius, and gluteus maximus. The following results
are from linear regressions in which the anthropometric
measurements (mass, lower limb length, bitrochanteric

breadth, biiliac breadth, and crural index) were put in
each muscle activity model (sex, incline, and speed
included) in a stepwise fashion. These models thus show

Fig. 5. Each line represents the mean and 95% confidence intervals of the muscle activity during running at each speed and
incline position. Speeds were 1.8 (slow), 2.7 (medium), and 3.6 (fast) ms21 and so do constitute a larger range of speeds than for
walking.
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the significant impact of morphology after statistically
controlling for all the differences identified in the previ-
ous sections (Table 2). For both walking and running,
crural index showed a significant negative relationship
with the activity of biceps femoris and gluteus medius
(P \ 0.001)—the smaller the crural index (longer the
femur in relation to the tibia), the greater the activity.
Bitrochanteric breadth showed a significant positive
relationship on each of the four muscle groups listed in
Table 2 during walking (P \ 0.001) and with gluteus
medius and biceps femoris for running (P \ 0.001).
Lower limb length shows negative relationships for
walking and running for the muscle activity of biceps
femoris, hip adductors, and gluteus maximus (P \ 0.04).
Biiliac breadth is the only measure that showed a differ-
ent relationship for walking and running (P\ 0.03): biil-
iac breadth has a negative relationship with hip adduc-
tor activity during walking, but a positive relationship
with hip adductor activity during running, suggesting
more narrow ilia have higher hip adductor activity dur-
ing walking and lower activity during running. The ilia
have a strong positive relationship for both walking and
running for the gluteus maximus (P � 0.001) and nega-
tive for the biceps femoris (walking, P 5 0.05).

DISCUSSION

The purpose of this study has been to emphasize the
range of motor activities necessary for survival in a
given ecological context and to provide evidence that
these selection pressures could have acted on hominin
locomotor morphology, in particular, pelvis breadth, and
limb length. Our data illustrate that as locomotor inten-
sity increases, either through rising speed, incline or
their combination, lower limb muscle activity increases,
but these increases are modulated by morphology.
Although patterns of increased muscle activity demon-
strated in the present study are similar to results of
other studies, generally speed or incline have only been
considered within a gait or gait has been varied but on a

level treadmill [walking: (Murray et al., 1984; Tokuhiro
et al., 1985), running: (Swanson and Caldwell, 2000;
Yokozawa et al., 2007), level walking and running:
(Gazendam and Hof, 2007)]; this study systematically
combines these variables. We have systematically shown
how muscular activity is affected by incline, speed, their
interaction with each other, and their interaction with
morphology.

Gluteus maximus activity

Multiple authors (Lovejoy, 1988; Marzke et al., 1988)
emphasize the role of the gluteus maximus in maintain-
ing torso posture, and this is not falsified in this study—
the increase in gluteus maximus activity in response to
increasing incline and speed is likely the result of main-
tenance of torso posture (Oddsson and Thorstensoon,
1990). Under a hypothesis that increased activity leads
to increased selection, it is unlikely that running alone
can account for the expansion of the gluteus maximus
size, because incline walking provided similar increases
in activity. The usefulness of EMG in determining these
sorts of selection pressures may be somewhat hindered
by the finding that even ‘‘smaller’’ (than great apes)
muscle groups (hip adductors being a good example) also
increase activity with locomotor intensity. In addition, as
we expect evolution to shape morphological and neuro-
logical systems that result in some amount of energetic
economy through minimized muscle activity (Tuttle
et al., 1979; Reilly et al., 2007), dramatic increases in ac-
tivity for a given muscle group should not suggest
increased evolutionary fitness, but increased cost and
potentially decreased reproductive fitness. This seems to
be particularly true for chronic activity. Increased activ-
ity may suggest that muscle moment arms are not in
fact optimally adapted to a particular use. Although cer-
tain short-term activities that are high cost may be
selected if they provide large benefits (cheetah sprinting
being an obvious example), we generally expect that
activities performed regularly (striding bipedality) will
need to be economical. It is thus of particular interest
from an evolutionary standpoint how the variation
between individuals during walking is reduced compared
to running (illustrated by the 95% confidence intervals
in Figs. 3 and 5, and dramatically with the standard
deviations of Fig. 4): during increases in intensity
(incline and speed), the variation of increased activity is
smaller while walking, suggesting that this gait can be
neurologically and kinematically tuned to produce eco-
nomical locomotion across a wide range of morphologies.
This systematic pattern of walking further suggests
more active selection pressures on the walking gait,
over, and against running and does not appear to sup-
port arguments laid out by Bramble and Lieberman and
colleagues (Bramble and Lieberman, 2004; Lieberman et
al., 2005, 2006) that the large size of the gluteus maxi-
mus has been particularly selected for long distance run-
ning. It does, however, remain possible, that any selec-
tion for endurance running has occurred particularly
late in hominin evolution (maybe simply our own spe-
cies), and so has not had enough time for extensive fine-
tuning to occur.

Pelvic dimensions and lower limb length
influence muscle activity patterns

We expect that morphology will consist of the sum of
adaptations to selection pressures, and the two key

TABLE 2. Interactions between anthropometrics and
muscle acitivity

Anthropometrics Walking Running

Gluteus medius Bitrochanteric breadth Positive Positive
Biiliac breadth NS NS
Lower limb length Positive NS
Crural index Negative Negative

Gluteus maximus Bitrochanteric breadth Positive NS
Biiliac breadth Positive Positive
Lower limb length Negative Negative
Crural index NS Positive

Hip adductors Bitrochanteric breadth Positive NS
Biiliac breadth Negative Positive
Lower limb length Negative Negative
Crural index NS Negative

Biceps femoris Bitrochanteric breadth Positive Positive
Biiliac breadth Negative NS
Lower limb length Negative Negative
Crural index Negative Negative

This table identifies the effect of each significant anthropometric
measure on the muscle activity of the defined muscle group.
Each box identifies the positive or negative effect in a model
that included sex, incline, and speed. Anthropometric variables
were entered into the model in a stepwise fashion; measure-
ments not included in the table were not significant contributors
to the model. See text for P values (all P\ 0.05).
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morphology measures discussed in this paper (pelvis
breadth and lower limb length) have generally been con-
sidered well-adapted for thermoregulatory pressures,
with potentially costly side effects for locomotion. For
example, modern humans have a crural index around
0.81–0.86 depending on the population (Trinkaus, 1983;
Porter, 1999), and it has been suggested this is primarily
due to the variability in length of the distal segment
(Holliday, 1999). Although shifting of the tibial length
has been generally associated with climatic adaptations,
this change also has the potential to impact the locomo-
tory system by increasing the metabolic cost of walking
(Weaver and Steudel-Numbers, 2005). The results in this
work suggest that cold pressures, which lead to the
selective advantage of shorter tibia and smaller crural
indices, may lead to an increase in the activity of ham-
strings and hip abductors and thus more costly stabiliza-
tion of the knee joint (Tokuhiro et al., 1985). The general
shortening of the lower limbs in cold conditions has a
similar impact on gluteus maximus activity and the hip
adductors. This increased activity may explain some of
the increased relative cost of locomotion for shorter
limbed people (Steudel-Numbers and Tilkens, 2004;
Steudel-Numbers et al., 2007).
Although thermoregulatory pressures on pelvic

breadth are strongly supported among modern human
populations (Ruff, 1994), the nonmodern fossil evidence
from low latitudes suggest a more complicated pattern of
pelvic breadth strategy. The results here show the signif-
icant role biiliac breadth has on the muscle activity of
the hip and pelvis; though increased breadth of the ilia
does significantly increase muscle activity of the gluteus
maximus (walking and running) and hip adductors (run-
ning), it significantly decreases activity during walking
in both the hip adductors and hamstrings. This suggests
that the broad pelvis characteristic of Australopithecines
(Steudel, 1978; Lovejoy, 1988; Rak, 1991; Ward, 2002),
H. erectus (Simpson, 2008), and mid-Pleistocene Homo
(Pycraft, 1930; Rak and Arensburg, 1987; Arsuaga et al.,
1999; Rosenberg et al., 2006) reduces hip adductor and
hamstring activity during walking, even after speed and
incline are considered, suggesting effective, efficient
walking by these hominin species, especially in the stabi-
lization of the knee joint.
Finally, this study further illustrates the importance

of including inclines in any study trying to better
understand human evolution. Studies, similar to those
of Passmore and Durnin, with participants walking on
variable terrain, should be reattempted with larger
sample sizes (Passmore and Durnin, 1955). Surface di-
versity was likely a common environmental factor for
hominin population, and the results here suggest that
while differences do exist between walking and run-
ning on level treadmills, such differences are signifi-
cantly minimized when locomotor intensity (incline,
speed, and their interaction) increases. To better
understand changes in morphology, we need to have a
better understanding of the impact of variable terrain
on morphology.
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