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Arboreal lizards are extremely effective at moving in structurally complex habitats, including surfaces of varying
diameter and incline. Chameleons exemplify this by exhibiting a number of morphological specializations for
moving in these habitats, including the use of prehensile feet and tail to grasp branches. Despite their unique
morphology and behaviour, little is known about how locomotor movements vary between species. In addition,
some species, such as the Cape Dwarf Chameleon, Bradypodion pumilum, consist of two morphs that differ in
ecology, morphology, and behaviour. The two morphs can be found in either closed canopy woodland habitat or
relatively open fynbos habitat. The morph that occupies the woodland habitat tends to be larger and utilizes
larger diameter perches. Although their ecological and morphological divergence is established, whether this
translates into differences in three-dimensional kinematics of locomotion is not known. Given the potentially
strong selective pressures from structurally different habitats, kinematic differences might reveal the functional
basis of incipient speciation. We determined that the two morphs diverge significantly in multidimensional
kinematic space, and that this occurs for the forelimb and hindlimb independently. These differences outweigh
the effects of substrate within each morph, although the differences between morphs were more pronounced on
the vertical treatments. © 2015 The Linnean Society of London, Biological Journal of the Linnean Society, 2015,
116, 27–40.

ADDITIONAL KEYWORDS: biomechanics – Bradypodion – climbing – hindlimb – locomotion – Western
Cape.

INTRODUCTION

An animal’s phenotype often reflects, to some degree,
the ecological constraints and pressures that it expe-
riences. This relates not only to differences in habitat
structure, but also can be impacted by other factors,

such as temperature, competition, and predation
(Lavin & McPhail, 1986; Sinervo & Huey, 1990; Van
Damme, Aerts & Vanhooydonck, 1998; Herrel, Me-
yers & Vanhooydonck, 2001; Brinsmead & Fox, 2002;
Ghalambor, Walker & Reznick, 2003; Kerfoot &
Schaefer, 2006; Herrel et al., 2011; Logan et al.,
2012). Interpopulation studies are excellent for teas-
ing apart these pressures and constraints (Garland*Corresponding author. E-mail: thigham@ucr.edu
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& Losos, 1994), especially given that the component
of the phenotype resulting from the evolutionary
history, which can significantly impact interspecific
comparison, is minimal or non-existent. Therefore,
this is a critical taxonomic level to examine given
that it reflects potential incipient speciation and,
consequently, critical evolutionary patterns and pro-
cesses (Sinervo & Losos, 1991; Macrini & Irschick,
1998; Van Damme et al., 1998; Herrel et al., 2001).

Divergence in habitat use between populations of
lizards can lead to disparity in morphology (Malhotra
& Thorpe, 1997; Herrel et al., 2001, 2011; Gifford,
Herrel & Mahler, 2008; Hopkins & Tolley, 2011;
Collins, Russell & Higham, 2015) and performance
(Macrini & Irschick, 1998; Gifford et al., 2008; Herrel
et al., 2011; Hopkins & Tolley, 2011), although intra-
specific studies are relatively rare. Given the incredi-
ble range of habitats that lizards occupy, and the
numerous morphological specializations associated
with habitat type, the link between morphology and
habitat is not surprising. Correlations between habi-
tat structure and morphology among populations
often reflect varying demands placed on the locomo-
tor system. Although differences in morphology are
excellent for predicting functional relationships and
trade-offs in response to changing demands (Herrel
et al., 2001), biomechanical analyses are needed to
link the two. If functional differences can be
observed in conjunction with morphological differ-
ences, then a mechanistic link can be established.

Quadrupedal vertebrates have more flexibility in
executing locomotor movements than bipedal verte-
brates given that four limbs, instead of two, can
share function. Despite this, most work has focused
on the hindlimbs. This is not sufficient for under-
standing arboreal locomotion given the importance of
the forelimb for pulling an animal up when climbing
(Cartmill, 1985; Foster & Higham, 2012), as well as
assisting with locomotion on downhill surfaces. In
addition, the forelimb has the potential to offer sen-
sory feedback for the subsequent hindlimb footfall
given that they will contact a new surface prior to
the hindlimbs. Regardless, it is difficult to make con-
clusions regarding locomotor adaptations to a given
habitat without examining all of the elements impor-
tant for locomotion. In addition, it is important to
examine these propulsive elements during natural
behaviours, which, in the case of arboreal locomotion,
often involves moving on varying inclines and perch
diameters (Mattingly & Jayne, 2004).

Animals that live in arboreal or saxicolous habi-
tats, which require climbing, often exhibit morpholog-
ical or behavioural changes to facilitate this type of
locomotion (Zaaf et al., 1999, 2001; Clemente, With-
ers & Thompson, 2013; Birn-Jeffery & Higham,

2014b; Higham et al., 2015). Chameleons exhibit a
unique mode of locomotion that is well suited for an
arboreal lifestyle (Peterson, 1984; Bickel & Losos,
2002; Higham & Jayne, 2004; Fischer, Krause &
Lilje, 2010; Herrel et al., 2013b; Higham & Anderson,
2013; Krause & Fischer, 2013). Their prehensile feet
allow them to grip a branch strongly when climbing
(Herrel et al., 2013b). This anchor point allows them
to pull and push with both their hindlimbs and fore-
limbs (Higham & Jayne, 2004). Analyses of limb kine-
matics in chameleons are restricted to Chamaeleo
calyptratus, despite the fact that other genera of cha-
meleons exhibit extensive diversity in ecology and
morphology (Bickel & Losos, 2002). For example,
there is considerable variation in species from the
southern African genus Bradypodion, highlighted by
the recent studies of their performance, morphology,
and ecology (Butler, 2005; Resinger, Stuart-Fox &
Erasmus, 2006; Measey, Hopkins & Tolley, 2009;
Stuart-Fox, 2009; Herrel et al., 2011, 2013b; Hopkins
& Tolley, 2011; Measey et al., 2011; Carne & Measey,
2013; da Silva & Tolley, 2013; da Silva et al., 2014).
It has been noted that populations of the Cape Dwarf
Chameleon, Bradypodion pumilum, occupy different
types of habitat (open fynbos habitat or closed canopy
woodland habitats) (Fig. 1) and they exhibit corre-
sponding differences in morphology (Measey et al.,
2009; Hopkins & Tolley, 2011), habitat use (Herrel
et al., 2011), and locomotor performance (Herrel
et al., 2011). Compared to the woodland habitat, the
fynbos habitat, a Mediterranean-type heathland, is
common in the southern Cape region of Africa (Tolley
et al., 2006). The closed canopy morphs (henceforth
referred to as the ‘woodland morph’), in comparison
with the fynbos morphs, are typically larger bodied,
brighter in coloration, have higher casques, and have
longer tails (Hopkins & Tolley, 2011). In addition, the
woodland morph uses larger diameter perches (for
sleeping) and sprints faster than the open fynbos
morph (Herrel et al., 2011). Despite the differences
between the morphs, it is unclear whether the three-
dimensional limb movements also differ between the
morphs in association with morphological and ecolog-
ical differences.

We examined the functional divergence between
morphs of B. pumilum occupying habitats with differ-
ent structure aiming to test the hypotheses: (1) the
three-dimensional movements of the morphs will dif-
fer, and this will be related to their respective habitat;
(2) the greatest separation between the morphs will
occur on the narrow vertical perch, given that it is
probably the most demanding treatment; and (3) fore-
limb and hindlimb motion will be integrated for both
morphs, such that hindlimb movements will be pre-
dicted by preceding forelimb movements.
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MATERIAL AND METHODS

ANIMALS

Individuals from two morphs of B. pumilum were
collected in South Africa in January 2012. The fyn-
bos morph chameleons were collected from the
Kogelberg Nature Reserve (N = 5, snout–vent
length = 60.3 � 2.2 mm, mass = 4.6 � 0.5 g) and
woodland morphs were collected from Stellenbosch
(N = 4, snout–vent length = 68.1 � 2.3 mm,
mass = 6.6 � 0.9 g), as described in previous studies
(Herrel et al., 2011). These two habitats are non-
overlapping, and a specific morph has not been
observed in the other morph’s habitat type. Lizards
were brought back to the laboratory in breathable
opaque cotton bags and held for no more than 24 h.
During this time, the bags were kept moist to main-
tain hydration. After the experiments, lizards were
released at the place of capture. Animals were not
fed during this period of time, although they were
hydrated regularly.

HABITAT MEASUREMENTS

Perch diameter availability (fynbos: 1.35 � 0.93 mm;
woodland: 3.42 � 1.71 mm) and use (during sleep)
for both morphs was quantified in a previous study,
and shows that the fynbos habitat has significantly
smaller diameter perches available (Herrel et al.,
2011). In the present study, we also quantify the
incline (perch angle) of the available habitat using
two 100-m transects in each habitat in a 1-m wide

swath, every 10 m along the transect. Angles
between 0° and 90° were recorded, and values of 0°
were converted to 1° to facilitate the log transforma-
tion. Both transects were combined for each habitat.
The fynbos (Kogelberg) is structurally low (approxi-
mately 1 m high) and so angle measurements were
taken 10 cm from the top of the vegetation because
this is the height at which chameleons are usually
found when perching at night. For the woodland
habitat (Stellenbosch), measurements were taken at
1.5 m above the ground, although chameleons can be
found from approximately 1 m to several metres in
height. These measurement heights are consistent
with perch heights that chameleons utilize and were,
therefore, considered representative.

EXPERIMENTS

Chameleons were filmed walking on perches of vary-
ing incline (0°, 45° and 90°) and diameter (small,
3 mm; large, 9 mm). The small perch diameter
reflects the smallest dowel that was available, and
our goal was to avoid any significant deflections of
the surface, which would probably have other con-
founding impacts. Dots of white correction fluid were
placed on a number of locations on the chameleons
(described below) to visualize the movements on the
videos. Chameleons were encouraged to walk across
the perch by gently tapping the tail. Each trial was
filmed using two high-speed video cameras (Photron

Figure 1. Images showing the two morphs and their respective habitats. The woodland morph was collected in Stel-

lenbosch (top) and the fynbos morph was collected in Kogelberg (bottom).
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APX-RS and Casio Exilm) operating at 200 Hz.
Lateral and dorsal views were obtained simulta-
neously, and both cameras were synchronized using
a flashing light-emitting diode held within the view
of both cameras. Multiple trials were obtained from
each individual.

DATA ANALYSIS

Three-dimensional coordinates of markers on the
dorsal midline (five to seven markers), between the
two girdles, as well as limb markers on the shoulder/
hip, elbow/knee, wrist/ankle, and digit tips were digi-
tized using DLTDV3 (Hedrick, 2008) in MATLAB,
release R2012b (The Mathworks Inc.) (Fig. 2). The x,
y, and z-axes represent the fore-aft, vertical, and
medio-lateral planes, respectively. After digitization,
the coordinates were processed using custom written
script in MATLAB to obtain a proxy for centre of
mass, joint angles, and spatio-temporal characteris-
tics for both forelimb and hindlimb. The dorsal mark-
ers along the spine were averaged to obtain the
centre of mass proxy, which was then used to deter-
mine speed. Stride length and step length were cal-
culated based on the mid dorsal spine marker.

All three-dimensional joint angles were calculated
in accordance with methods described previously
(Higham & Jayne, 2004; Fuller, Higham & Clark,
2011; Foster & Higham, 2012). Smaller values for
the elbow, wrist, knee, and ankle angles represent
greater flexion at those joints. Depression, retraction,
and long-axis rotation were calculated for the most
proximal limb bone (humerus/femur) to describe the
three-dimensional movements (Foster & Higham,
2012). Negative values of retraction indicate greater
protraction (anterior to the girdle), whereas positive

values indicate retraction (posterior to the girdle).
Positive values of depression indicate greater depres-
sion (below the girdle) and negative indicates greater
elevation (above the girdle). Clockwise rotations are
positive angles, whereas anti-clockwise rotations are
negative angles. Finally, pectoral girdle rotations
were also calculated where positive values show that
the left shoulder is in front of the right shoulder and
vice versa for negative values. Joint angles were
measured at footfall (FF), mid-stance (MS) and end
of stance (ES) events (Fig. 2).

STATISTICAL ANALYSES

All statistics were run in JMP, version 11 (SAS) and/
or MATLAB. Perch angle availability was compared
using a Mann–Whitney test. Discriminant function
analyses (DFAs) were used to test the separation of
the morphs in multivariate kinematic space,
although only 0° and 90° were used to minimize the
number of tests. A total of 18 kinematic variables
from each of the hindlimb and forelimb were
included in each DFA. Each DFA included all perch
diameters for a given combination of incline (level or
vertical) and limb (forelimb and hindlimb) and vari-
ables with loadings > 0.4 were considered significant
for that specific axis. Successful classification as
either fynbos or woodland was assessed, and the
scores from the complete canonical matrix from the
DFAs were then examined using two-way analysis of
variance (ANOVA) (morph and diameter as the fixed
independent factors) to determine whether the mor-
phs occupied significantly different kinematic space.
The dependent variable in these ANOVAs was the
scores from the DFA. Key variables that loaded
strongly in the DFAs were also used as dependent

Figure 2. Still images of a fynbos morph moving on a small 0° perch. The left images indicate footfall (0 ms), mid-

stance (564 ms), and end-stance (1104 ms) for the forelimb, and the right images reflect the same (888 ms, 1333 ms,

and 1753 ms, respectively) for the hindlimb.
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variables in univariate analyses. Three-way ANOVAs
were used to examine the impact of morph (fixed
factor), individual (random factor nested within
morph), and treatment (fixed factor). Speed was not
included as a factor because it did not significantly
impact upon the variables of interest. Because indi-
vidual was included as a factor, the denominator in
the F-test was modified (Zar, 1996). Because of
unequal sample sizes, Games-Howell post-hoc tests,
rather than Tukey’s honestly significant difference
post-hoc tests, were used to determine which treat-
ments exhibited significant differences for the
morphs.

RESULTS

PERCH INCLINE AVAILABILITY

The mean perch angle in the fynbos habitat 10 cm
below the top of the vegetation was 80.8°. The mean
incline in the woodland habitat 1.5 m above the
ground was 39.6°, which was significantly less verti-
cal than the fynbos (P < 0.001).

MULTIVARIATE DIFFERENCES BETWEEN MORPHS

On the 90° treatments, morphs were classified cor-
rectly 100% of the time for each DFA. Correct classi-
fication was also high on the level for the forelimb
and hindlimb, with values of 86% and 91.5%, respec-
tively. From the DFAs and subsequent ANOVAs on
the scores, the morphs were significantly different
for the hindlimbs and forelimbs on all treatments
(P < 0.01, ANOVAs) (Fig. 2). These separations in
‘kinematic space’ were especially evident for the fore-
limb on the vertical treatment (Fig. 3C). Depending
on the DFA, different variables appeared to be more
important for driving the separation. For example,
the knee angle at ES was greater for the fynbos
morph on the 90° conditions (Fig. 3D, Table 1),
although the knee angle at FF was greater for the
woodland morph on the same treatment (Fig. 3D,
Table 1). For the forelimb on the 90° narrow condi-
tion, greater values of MS humerus retraction for
the woodland morph appear to contribute to the sep-
aration along the DF1 axis (Fig. 3C, Table 1). The
wrist angle at FF and MS is much greater for the
fynbos and woodland morphs on the larger perch
diameter than the narrow perch diameter on the 90°
condition (Table 1).

MULTIVARIATE INTERACTIONS

Interaction terms (morph 9 perch diameter) were
significant in many cases, with the greatest interac-
tion occurring on the level and vertical for the

hindlimb (Fig. 3B, D). For the level condition, hind-
limb values for the morphs significantly separated on
DF2 for the small perch, although these were not
separated on the large perch condition (Fig. 3B).
This suggests that the morphs diverge in kinematics
on smaller perches on the level. On the vertical (for
DF1), hindlimb values also separated for the morphs
on the small (but not large) perch conditions
(Fig. 3D). This appears again for the forelimb values
on the vertical treatment along DF2, where the mor-
phs differ on the small (but not large) perch condi-
tion (Fig. 3C).

UNIVARIATE DIFFERENCES BETWEEN MORPHS

From the univariate analyses, some striking differ-
ences were evident between the morphs for variables
at FF (Fig. 4, Table 1). The elbow and knee angles at
FF were significantly greater for the woodland
morph on the small 45° and 90° treatments (Fig. 4A,
B, Table 1), although only the elbow angle was
greater for the woodland morph for the large 45°
treatment (Fig. 4A, Table 1). Interestingly, the pec-
toral girdle was rotated more in the counterclockwise
direction at FF in the fynbos morph for the small
45°, small 90°, large 0°, and large 90° treatments
(Fig. 4C, Table 1). By contrast, the pelvic girdle was
rotated more in the counterclockwise direction at FF
for the woodland morph on the small 0°, small 45°,
and large 45° treatments (Fig. 4D, Table 1).

Locomotor speed was relatively invariable among
the fynbos individuals, regardless of condition
(Table 1). However, the woodland morph exhibited a
marked decrease in speed on the vertical conditions
relative to the horizontal conditions. For example,
the speed on the small 90° was, on average, 52% that
of the small level condition, and the large 90° was,
on average, 63% that of the large level condition
(Table 1).

INCLINE AND PERCH DIAMETER

Changes in incline and perch diameter had significant
impacts on limb kinematics for both morphs (Fig. 4,
Table 1). For example, although elbow angle exhibited
no significant differences between treatments in the
woodland morph, the fynbos morph exhibited signifi-
cantly lower elbow angles at FF on the small 90°
treatment compared to the small 0°, large 0°, and
large 90° treatments (P < 0.05) (Fig. 4A).

The effects of perch diameter were often dependent
on the morph and the set of limbs. Proximal joint
flexion at MS was not impacted by perch diameter
for the hindlimb, although the elbow was more flexed
at MS on the small 90° treatment compared to the
large 90° (P < 0.05) (Table 1). Although the wrist
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and ankle were often more flexed on the small 90°
treatments compared to the large 90° treatments,
this would probably not contribute to a lower centre
of mass given that these were at FF and ES. Hip
height at MS was greater on the narrow level sur-
face for the fynbos (10.7 � 0.45 mm compared to
9.3 � 0.39 mm, P < 0.05) and woodland (10.6 �
0.65 mm compared to 7.8 � 0.40 mm, P < 0.05) mor-
phs compared to the large level surface. This was
associated with greater degrees of femur and
humerus depression at MS on the narrow level con-
dition (Table 1).

COORDINATION WITHIN AND BETWEEN FORELIMBS

AND HINDLIMBS

Although many values were not coordinated between
different parts of the limb, the degree of pelvic

rotation was significantly (and positively) correlated
with the degree of femur protraction at FF
(r2 = 0.91, P < 0.001) (Fig. 5A). In addition, changes
in the forelimb were correlated with changes in the
hindlimb in that the wrist angle at FF was positively
correlated with the ankle angle at FF (r2 = 0.53,
P < 0.05) (Fig. 5B).

DISCUSSION

We found that the two morphs of B. pumilum varied
dramatically in their limb kinematics, which sup-
ports our first hypothesis. The divergence in function
is evident in both the forelimb and hindlimb, sug-
gesting that both are critical for locomotion of the
animal in its habitat. In support of our second
hypothesis, the morphs appear to diverge more on
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the narrower perches than the larger diameter
perches (Fig. 3), possibly indicating differences in
the ability to stabilize themselves on narrower
perches. However, data regarding perch use during
active behaviours are needed to determine whether
the perch diameters we used are reflective of perch
use. Finally, we found strong correlations within and
between limbs, supporting our third hypothesis. Col-
lectively, this supports the idea that functional dif-
ferences can be driven by differences in habitat use,
and probably precipitated a functional shift toward
locomotion on narrow perches (Tolley et al., 2006).
The functional differences are probably not a result
of phenotypic plasticity, given that common garden
experiments have not detected morphological plastic-
ity in this genus relating to habitat (Miller &
Alexander, 2009). In combination with several other

studies of these morphs, we conclude that this
system could provide an excellent resource for under-
standing how evolution shapes an animal’s pheno-
type.

IMPACTS OF HABITAT STRUCTURE ON KINEMATICS

Although the impacts of incline on kinematics have
been examined in a wide range of taxa (Irschick &
Jayne, 1998; Spezzano & Jayne, 2004; Lammers,
Earls & Biknevicius, 2006; Herrel et al., 2013a; Birn-
Jeffery & Higham, 2014a), the impacts of perch
diameter are understood far less. From recent work
on frogs and lizards, a key alteration that is made
when moving on narrow perches is to lower the cen-
tre of mass (Cartmill, 1985; Schmitt, 1998; Foster &
Higham, 2012, 2014; Herrel et al., 2013a). This is
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demonstrated by increased joint flexion and femur
elevation at mid-stance. For another species of cha-
meleon, C. calyptratus, reduced hip height on narrow
perches (compared to flat) was primarily driven by
greater knee flexion at mid-stance (Higham & Jayne,
2004). In the present study, the fynbos morph had a
more flexed knee at MS on the narrow level perch
compared to the large level perch, although the
femur and humerus were depressed to a greater
extent (Table 1). This resulted in a greater hip
height at MS on the narrow level perch, suggesting
that the limbs might be constrained to being more
upright on the narrow perch given that the base of
support is closer to the animal’s midline. Although
raising the hip away from the substrate would typi-
cally decrease stability (by increasing the toppling
moment), the incredible gripping ability of small cha-
meleons (Herrel et al., 2011), which includes the

limbs and tail, might ameliorate this destabilization.
Overall, the impacts of habitat structure on stability
are probably more prevalent for larger animals.

Chameleons generally move differently on narrow
perches compared to broad surfaces (Higham & Jayne,
2004; Herrel et al., 2013b). One of the key variables
driving the kinematic differences for C. calyptratus
when moving on a narrow perch (2.4 cm) compared to
a flat surface (stationary treadmill) is the ankle angle
at footfall, which is consistently greater on the narrow
perch (Higham & Jayne, 2004). By contrast, we found
no difference in the ankle angle at footfall between
perch diameters within either morph. However, it is
important to note that, although the relative lengths
of the upper (femur) and lower (tibia) hindlimb seg-
ments are almost identical between C. calyptratus and
B. pumilium, C. calyptratus is much larger (mean
weight = 81 g) than the B. pumilum used in the pres-
ent study (fynbos mean weight = 4.6 g; woodland
mean weight = 6.6 g). Therefore, it is difficult to com-
pare the effects of perch diameter without scaling this
to body size. Given that chameleons do exhibit an
incredible range of body size, this would be a fruitful
avenue for future work.

Locomotor speed is often compared among and
within species to determine the impacts of habitat
structure on maximum performance (Losos, 1990).
Speed was relatively constant for the fynbos morph
among treatments, whereas the woodland morph
exhibited a significant decrease when on the vertical
treatments compared to the level. It is important to
note that we did not attempt to induce maximum
performance and so these differences must be inter-
preted with caution. The larger body mass of the
woodland morph may have hindered forward pro-
gression on the vertical surfaces given the require-
ment for increasing the potential energy of the body
with each stride. Future work should examine the
impacts of perch diameter and incline on maximum
running performance in chameleons aiming to deter-
mine any potential fitness consequences.

There are several possible explanations for the
increased extension of the elbow and knee at FF
(Fig. 4) on inclined narrow perches. First, this
increased ‘reach’ could lead to a greater reliance on
pulling the centre of mass up (as opposed to pushing
it up), and this pulling can occur with both the hind-
limbs and forelimbs (Higham & Jayne, 2004). Pulling
might be beneficial for locomotor efficiency, maximiz-
ing muscle force production, preventing pitching of
the body (and therefore maintaining stability) or
increasing step length. Although future work is
needed to determine the benefits and costs associated
with pulling as a form of propulsion in these lizards,
it is clear that the woodland morph might utilize
pulling to a greater extent than the fynbos morph.
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This again suggests that incline use differences in
their habitat might be driving these changes in kine-
matics. However, this increase in pulling is evident
on the narrow (and not the large) perch diameter,
suggesting that the narrower perches are more sui-
ted for gripping. Reaching farther on a broader perch
might be problematic if they cannot exert a suffi-
ciently large gripping force. Given that grip strength
increases with decreasing perch diameter in
Bradypodion chameleons, narrow perches may be
better for pulling (da Silva et al., 2014), supporting
our interpretation. Another explanation may be
related to the fact that chameleons are extremely
effective at bridging large gaps (T. E. Higham &
G. J. Measey, pers. obs.), and this might be driving
the increased extension in the woodland morph. In
other words, they might frequently bridge gaps
(more often than the fynbos morph), leading to
increased joint extension on inclines. The fynbos
morph probably bridges gaps by either moving on
the ground between plants or by moving horizontally
between relatively vertical perches within the vege-
tation. Thus, the increased extension in the wood-
land morph when moving up a vertical surface may
also reflect the propensity to bridge vertical gaps,
especially given that their available habitat is not as
inclined as for the fynbos morph. In other words,
morphs that live in a relatively horizontal habitat
must bridge vertical gaps to ascend. Conversely,
morphs that live in a relatively vertical habitat could
simply climb up a perch to ascend.

ECOLOGICAL AND FUNCTIONAL DIVERGENCE BETWEEN

MORPHS

Morphological, behavioural, and performance differ-
ences between species of lizards are widespread and
are often linked to variation in habitat structure.
Conversely, species can also converge on a similar
morphology when occupying similar habitats. A stun-
ning example of this is the Anolis ecomorphs, which
exhibit comparable suites of morphological charac-
ters (and levels of performance) for a given micro-
habitat despite lack of a recent shared ancestry
(Losos & Sinervo, 1989; Losos, 1990). However, con-
vergence is not always the end result, and advanta-
geous structures among species independently
occupying comparable habitats do not always indi-
cate adaptation (Revell et al., 2007). Given this
added complexity of evolutionary history, addressing
habitat–morphology–biomechanics questions using
an intraspecific framework provides many benefits.
Indeed, several studies have directly linked habitat
structure with intraspecific differences in morphol-
ogy and performance. In populations of Urosaurus
ornatus, for example, morphology depends strongly

on the structure of the habitat (Herrel et al., 2001).
Cliff populations exhibit a wide and flat body, with
relatively short limb segments, whereas the boulder
population has relatively long toes on the hindlimb,
which enhance propulsion, and short proximal limb
segments, and the arboreal population exhibited
slender bodies, long tails, and long proximal limb
segments. Similar work has been conducted on
B. pumilum, and shows that morphological features
associated with gripping (i.e. hand, foot, and tail
size) differ, and these differences are associated with
performance (Herrel et al., 2011; 2013a, b). Despite
these types of studies, little is known about the kine-
matic differences between populations of lizards or
any group of vertebrate. In the present study, clear
kinematic differences are correlated with habitat use
and availability. For both the hindlimbs and fore-
limbs, the morphs of B. pumilum separate in multi-
variate kinematic space for each treatment (Fig. 3).
The striking differences that we observed corroborate
the results from several other studies that identified
divergence in a variety of traits between these two
morphs (Measey et al., 2009, 2011; Herrel et al.,
2011; Hopkins & Tolley, 2011). When combined, it is
clear that this is a a potentially fruitful system not
only for understanding how speciation occurs, but
also the consequences and causes of phenotypic
diversification. In addition, this framework can be
extended to other morphs and species with the
Bradypodion genus. For example, if a morph/species
climbs vertical perches more often, or if they com-
monly bridge vertical gaps, more extension of the
limbs at footfall should occur to maximize climbing
efficiency and performance.

Incipient speciation is probably widespread but not
always identifiable. One potential way of examining
this is via population-level analyses (Stronen et al.,
2014). Although populations may differ simply by
chance, phenotypic divergence can be a result of
directional selection in response to environmental
differences. One of the most demanding challenges
for an organism is moving within complex three-
dimensional habitats. Arboreal habitats are incredibly
challenging, containing an array of perch diameters,
inclines, and compliant structures, amongst others
(Mattingly & Jayne, 2004). Thus, it is safe to say that
selection pressures resulting from the demands of
habitat structure are probably strong. The kinematic
differences that we found between the two morphs
B. pumilum provide support for this, given that they
occupy and use significantly different habitats (Herrel
et al., 2011). A key question that remains is whether
the morphs differ most in the treatments that are
most demanding and/or those that most reflect a
given morphs habitat. The Kogelberg site, where the
fynbos morph is found, contains narrower and steeper
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perches (mean = 1.35 mm and 80.8°, respectively)
than the Stellenbosch sites (mean = 3.42 mm and
39.6°, respectively), where the woodland morph is
found (Herrel et al., 2011). Indeed, the narrower (3-
mm experimental perch) 90° treatment appeared to
pull the morphs further apart in multivariate space,
and this was the case for both the forelimb and hind-
limb (Fig. 3). Future studies should examine how this
available habitat is used.

The differences between the morphs were more
pronounced for certain conditions but not divergent
for others. This highlights the fact that differences
in kinematics (or biomechanics in general) depend
on the conditions in which locomotion is compared.
Divergence is probably more pronounced in extreme
situations, or situations that are experienced in nat-
ure by one morph and not by the other. In the pres-
ent study, the vertical condition appeared to
separate the morphs in multivariate kinematic space
to a greater degree than the level condition (Fig. 3),
suggesting that these morphs may diverge in their
use of inclines during locomotion under natural con-
ditions. Given the increased demand associated with
moving on inclines, specifically the increased work
required to move the animal’s centre of mass uphill
(Birn-Jeffery & Higham, 2014a), it would be
expected that this is where the functional differ-
ences would arise, especially if the incline use dif-
fers in the habitat. Although we found that the
fynbos habitat, compared to the woodland habitat,
consists of steeper inclines (80.8° vs. 39.6°), it is cur-
rently unclear how these chameleons actually use
their habitat when moving during the day. Given
that the fynbos habitat is low to the ground, and
that the plants are separated spatially, these mor-
phs probably utilize the ground more often than the
woodland morph. Thus, it might be possible that the
fynbos morph occasionally uses shallower inclines
relative to the available habitat quantified. How-
ever, the fynbos morph probably utilizes steeper
inclines when above the ground, where these chame-
leons are expected to spend most of their time.
Future work, however, is clearly needed to address
these possibilities.

Perch diameter availability and sleeping perch
use have been quantified, and differ between the
morphs. The woodland morph sleeps on larger
diameter (2.82 mm) perches than the fynbos morph
(1.98 mm) (Herrel et al., 2011). However, few data
exist for daytime perch use, which is critical given
that these chameleons are diurnal. Butler (2005)
quantified foraging patterns of the woodland morph,
and found that the mean daytime perch diameter
used was 9 mm, which is the same diameter as the
large perch used in the present study. However,
additional data obtained by radio-tracking six

individuals of the same species suggests daytime
perch diameters used by the woodland morph may
be much smaller, averaging 4.5 mm, which is only
slightly larger than the night-time perches used
(3.9 mm; K. A. Tolley & E. Katz, unpubl. data). No
comparable data exist for the fynbos morph. If the
perches utilized in the day are larger than the sleep
perches for the woodland morph, sleeping on a
narrower perch may position the chameleon in
a location that is hard to reach for a predator. The
trade-off might be a sub-optimal perch diameter for
locomotion. However, the lizard is stationary during
the night, reducing the need for dynamic stability.
Indeed, in a study of Anolis lizards, Singhal,
Johnson & Ladner (2007) found that A. valencienni
uses narrower branches for sleeping perches and
larger diameter branches for diurnal use. Future
work detailing the perch use (incline and diameter)
during the day for these two chameleon morphs
would be fruitful for understanding how animals
use their habitat.

INTER AND INTRA-LIMB COORDINATION

Coordination between joints can occur over both tem-
poral and spatial scales. Given that the forelimb will
contact a new substrate before the hindlimb, some
feedback is probably present that could modify hind-
limb motion depending on what happens at the fore-
limb. We found striking evidence of this temporal
coordination, with forelimb joint angles predicting
subsequent hindlimb joint angles (Fig. 5B). This abil-
ity to predict a kinematic variable later in time high-
lights the importance of considering both sets of
limbs when attempting to understand how animals
adjust their motions in relation to ecology. Whether
this coupling is necessarily present in a wide range
of taxa is unclear, although we suggest that this is
probably common.

A given kinematic motion may arise from the mod-
ulation of ‘upstream’ changes in kinematics, and
could therefore be spatially coordinated. Understand-
ing these links is critical for understanding how
movements are actuated, as well as how morphology
may translate into function. Intralimb coordination
has been examined in both mammals and birds
(Stoessel & Fischer, 2012) but rarely for lizards. We
found that increased pelvic rotation at footfall was
positively and tightly correlated with femur protrac-
tion at footfall (Fig. 5A). This may indicate that
changes in femur protraction are simply a passive
consequence of changes in girdle rotation. In any
case, this increased femur protraction will result in a
greater step length, potentially aiding in stability by
providing a greater amount of time with the foot in
contact with the substrate.
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CONCLUSIONS

We have highlighted the considerable divergence in
kinematics between two morphs of a single species
of chameleon, and this divergence was especially
acute on vertical surfaces; the morphs also exhibit
different kinematic patterns on narrow perches
within each incline (Fig. 3). Taken together, this
suggests that these morphs are moving in very dif-
ferent ways, although additional information
regarding mechanics and energetics would help
determine the extent to which these movement dif-
ferences are beneficial. This also highlights the
potential for biomechanical studies to inform future
ecological work (Aerts et al., 2000). A similar idea
was recently proposed by Foster & Higham (2014)
regarding Anolis lizards. In this case, reduced vari-
ation in muscle activation patterns on a certain
combination of incline and perch diameter sug-
gested that green anoles (Anolis carolinensis) might
prefer a specific habitat type. Future work that con-
nects these links between biomechanics and behav-
iour will add to this integration between disparate
fields of biology. The results from the present study
can also be extended to other species of Bradypodi-
on, given that they occupy a range of habitats in
southern Africa (Tolley et al., 2006; Measey,
Raselimanana & Herrel, 2013; Tolley & Menegon,
2013). The differences between the morphs of
B. pumilum can be used as hypotheses for differ-
ences in species occupying structurally diverse habi-
tats. For example, some species of Bradypodion
occur in grassland (Measey et al., 2013), which
probably comprises an extreme in terms of habitat
structure. The range of habitats among species of
Bradypodion, coupled with the differentiation into
morphs within species, make them a model system
for linking ecology and biomechanics.
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