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Abstract

The acacia rat Thallomys paedulcus is a small arboreal rodent, extensively depen-
dent on Acacia sp. trees. In order to understand the arboreal locomotor adaptations
of the species, we examined their gaits in arboreal locomotion (i.e. diagonality,
duty factor, duty factor index, velocity, and stride length and frequency). For these
purposes, we filmed 12 captive specimens on simulated arboreal substrates of vari-
able sizes (2 mm, 5 mm, 10 mm, 25 mm) and inclinations (0° and 45°). Acacia
rats employed slow, symmetrical gaits with lower diagonality on the smaller sub-
strates, which were progressively substituted by faster, asymmetrical half-bounding
gaits on larger substrates. In general, inclination had no impact on gait metrics,
except that ascents were slower than horizontal locomotion. Velocity increase was
regulated primarily due to an increase in stride frequency, a pattern encountered in
many small mammals, although stride length contributed significantly as well.
These locomotor adaptations serve as a behavioural mechanism to cope with the
challenges of the arboreal milieu. They appear to provide stability and enable safe
negotiation of arboreal substrates, ultimately leading to the successful exploitation
of Acacia trees in their natural habitat.

Introduction

Arboreal locomotion, in its many forms, has characterized
mammals from their early radiations and has repeatedly and
independently evolved over their history in a number of taxa
(Bensley, 1901; Haines, 1958; Cartmill, 1974; Jenkins, 1974;
Ji et al., 2002; Meng et al., 2015, 2006; Szalay, 2007; Gae-
tano & Rougier, 2011; Goswami et al., 2011; Luo et al.,
2011; Zheng et al., 2013; Bi et al., 2014; Williamson, Brusatte
& Wilson, 2014). Rodents are no exception (Krattli, 2001; Zef-
ferer, 2002; Samuels & Van Valkenburgh, 2008). Through
arboreal activities, rodents gain access to specific food sources
and stores, and can move, rest and eventually nest and raise
offspring away from potential predators (Bal�at & Pelik�an,
1959; De Graaff, 1978; Montgomery, 1980; Mur�ua &
Gonz�alez, 1982; Kingdon, 1984; Yl€onen, 1990; Jezdrzejewska
& Jezdrzejewski, 1990; Jezdrzejewski, Rychlik & Jezdrzejewska,
1993; Wagner, Feldhamer & Newman, 2000; Ju�skaitis, 2002;
Buesching et al., 2008; Czeszczewik, Walankiewicz &
Sta�nska, 2008; Dickman & Doncaster, 2009). In order to reap
the advantages of arboreality, rodents (as other arboreal mam-
mals) must safely and skilfully negotiate substrates of variable
size, inclination, length and flexibility, in the complex, three-
dimensional and discontinuous habitat of the different forest
layers (Cartmill, 1974; Hildebrand, 1995). Towards this end,

the morphology and locomotor and postural behaviour are
accordingly specialized (Cartmill, 1974; Essner, 2003; Kirk
et al., 2008; Samuels & Van Valkenburgh, 2008; Schmidt &
Fischer, 2011; Camargo et al., 2012, 2016; Youlatos et al.,
2015). Regarding locomotion, gaits can function as a mecha-
nism that promotes stable and safe displacement along arboreal
substrates (Cartmill, Lemelin & Schmitt, 2002, 2007; Lammers
& Gauntner, 2008; Lemelin & Cartmill, 2010; Lammers &
Zurcher, 2011a,b).
Gaits are related to the sequence of forelimb and hindlimb

swing and stance phases within a stride period, that is, two
consecutive touchdowns of a reference limb, often the left hin-
dlimb (Hildebrand, 1967, 1976, 1977; Alexander, 1977, 1992).
Gaits can be analysed on the basis of limb synchronicity, as
either symmetrical (Hildebrand, 1976), in which the footfalls
of a girdle are evenly spaced in time, or asymmetrical (Hilde-
brand, 1977), in which the footfalls of at least one girdle are
more or less concurrent. In both gait types, duty factor (DF)
represents the percentage of a cycle during which a foot is on
a substrate. Duty factor separates walking (DF > 50) from run-
ning (DF < 50) (Hildebrand, 1967). Duty factor index (DFI) is
the 100-fold ratio of the duty factor of the hindlimbs divided
by that of the forelimbs, and expresses the relative contact of
the hindlimbs compared to that of the forelimbs (Cartmill
et al., 2007). Finally, diagonality (D) or forelimb-hindlimb
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phase (Hildebrand, 1967, 1976, 1977; Cartmill et al., 2007) is
applied exclusively to symmetrical gaits and represents the per-
centage of the stride cycle interval the footfall of a forelimb
follows the footfall of the ipsilateral hindlimb. Diagonality sep-
arates diagonal-sequence (DS) gaits (D > 50), in which the
next foot to come down after a hind footfall is the contralateral
forelimb, from lateral-sequence (LS) gaits (D < 50), in which
the next foot to come down after a hind footfall is the
ipsilateral forelimb (Hildebrand, 1967). Moreover, in diagonal
couplets gaits, either diagonal-sequence (DSDC; 50 < D < 75)
or lateral-sequence (LSDC; 25 < D < 75), contralateral
limbs move more concurrently. On the other hand, during
lateral-couplets gaits, either diagonal-sequence (DSLC;
75 < D < 100) or lateral-sequence (LSLC; 0 < D < 25), ipsi-
lateral limbs are more synchronized.
Symmetrical gaits are of special interest in arboreal locomo-

tion, as their metrics have been linked to arboreal adaptations
(Prost, 1965; Prost & Sussman, 1969; Cartmill et al., 2002,
2007). DSDC gaits are associated with dynamic stability,
allowing the control and transfer of moments and torques
imposed on the body axes (Lammers & Zurcher, 2011a).
DSDC gaits have been linked to arboreality, as they are com-
mon in many arboreal taxa, such as primates (Hildebrand,
1967; Cartmill et al., 2007), a few metatherian didelphimorphs
and phalangeroids (White, 1990; Pridmore, 1994; Cartmill
et al., 2002; Schmitt & Lemelin, 2002; Karantanis, Youlatos &
Rychlik, 2015), and the carnivoran Potos flavus (Lemelin &
Cartmill, 2010). DSDC gaits produce medially oriented forces
(Schmitt, 2003; Lammers & Biknevicius, 2004; Schmidt &
Fischer, 2010). This allows animals to seize substrates and
increase the applied force, and consequent friction, which
reduces the possibility of slipping (Lammers & Zurcher,
2011a). Moreover, opposing mediolateral and angular impulses
generated by contralateral limbs may reduce mediolateral devi-
ations from the long axis of the branch (Shapiro & Raichlen,
2007). Moreover, in DSDC gaits, the forelimb moves unto
new, untested substrates after the contralateral hindlimb has
already been safely anchored on the previously used substrate.
This may allow for safe withdrawal to safety if the new sub-
strate is proven to be unstable, while keeping the centre of
mass within the support polygon (Cartmill et al., 2007). How-
ever, in arboreal locomotion, LSDC gaits may be preferable in
terms of static stability, as they allow an animal to keep its
centre of mass within the support polygons, throughout the gait
cycle, provided that three or four limbs are anchored on the
substrate, hence at high DF (Lammers & Zurcher, 2011a).
Although LS gaits are more common among terrestrial mam-
mals, LSDC are also habitually used by a number of arboreal
taxa, including callitrichid primates (Stevens, 2006, 2008;
Nyakatura et al., 2007; Nyakatura, Fischer & Schmidt, 2008;
Nyakatura & Heymann, 2010), sugar gliders Petaurus brevi-
ceps (Shapiro & Young, 2010), as well as scansorial and arbo-
real rodents (Schmidt & Fischer, 2010, 2011; Karantanis et al.,
2017).
On the other hand, asymmetrical gaits allow reaching higher

speeds of locomotion (Hildebrand, 1977; Pridmore, 1994;
Gasc, 2001; Young, 2009; Shapiro, Kemp & Young, 2016),
and may provide advantages over symmetrical gaits, such as a

reduction in metabolic costs (Hoyt & Taylor, 1981). Moreover,
although in general asymmetrical gaits produce higher reaction
forces that those of symmetrical gaits, the transition from trot-
ting (symmetrical) to galloping (asymmetrical) has been shown
to reduce peak forces on the muscles, tendons and bones (Far-
ley & Taylor, 1991). In small mammals, asymmetrical gaits
may also provide an energetic input to locomotion through the
sagittal movements of their flexible spine and related muscles
(Schilling & Hackert, 2006). In an arboreal setting, asymmetri-
cal gaits also confer advantages in stability by reducing peak
vertical forces, limiting centre of mass movements, and result-
ing in shorter and more frequent strides (Young, 2009; Sch-
midt & Fischer, 2010; Shapiro et al., 2016).
Other locomotor metrics, such as velocity, may also be use-

ful as indicators of locomotor competence on arboreal sub-
strates. Velocity is a function of stride frequency, that is,
number of strides per unit of time, and stride length, that is,
the distance covered within a single stride (Alexander, 1992;
Hildebrand, 1995). Interestingly, among some neotropical
rodents and marsupials, arboreal species usually exhibit overall
higher velocities than terrestrial species on arboreal substrates
(Delciellos & Vieira, 2006, 2007; Camargo et al., 2016).
Higher velocities on narrow, arboreal substrates may contribute
to maintenance of dynamic stability (Schmidt & Fischer,
2010). In arboreal mammals, an increase in velocity is
achieved in different ways: stride frequency increase and stride
length decrease (Delciellos & Vieira, 2006, 2007; Camargo
et al., 2016); stride frequency decrease and stride length
increase (Larson et al., 2000, 2001; Delciellos & Vieira, 2006,
2007); and stride frequency may primarily increase, followed,
at a lesser rate, by stride length (Nyakatura et al., 2008;
Karantanis et al., 2015). Increasing velocity through longer
strides can be safer on arboreal substrates as it enables the
forelimb to reach farther and reduces involuntary branch sway
(Demes et al., 1994). It is often encountered in medium-sized
and larger arboreal mammals (Larson et al., 2000, 2001; Del-
ciellos & Vieira, 2006, 2007). In contrast, increasing velocity
by increasing stride frequency, although energetically costly
(Reilly, McElroy & Biknevicius, 2007), decreases body oscilla-
tions, allows continuous progression, and may thus be more
advantageous for smaller mammals, which face insignificant
branch sway (Strang & Steudel, 1990; Delciellos & Vieira,
2007).
As arboreal substrates are variable, differences in substrate

size and inclination can influence arboreal locomotion and its
parameters. Substrate size may impose significant constraints
on locomotor patterns (Jenkins, 1974; Witte, Preuschoft & Fis-
cher, 2002), and DS gaits may be especially useful on smaller,
unstable substrates, assisting safe locomotion (Cartmill et al.,
2007). However, results from previous studies are equivocal. A
lower frequency of DS gaits has been observed in the majority
of strepsirrhine primates examined (Stevens, 2008), the tamarin
Saguinus fuscicollis (Nyakatura & Heymann, 2010), and the
arboreal metatherian Petaurus breviceps (Shapiro & Young,
2010), while there is no correlation between substrate size and
DS gaits in free-ranging tamarins Saguinus mystax (Nyakatura
& Heymann, 2010). On the other hand, the arboreal metathe-
rian Acrobates pygmaeus (Karantanis et al., 2015) and the
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kinkajou Potos flavus (Lemelin & Cartmill, 2010) display a
higher occurrence of DS gaits on smaller substrates. Regarding
velocity, results are also divergent. Some neotropical arboreal
rodents walk faster on smaller substrates (Camargo et al.,
2016), which probably serves to maintain stability in an animal
lacking substantial grasping abilities (Schmidt & Fischer,
2010). On the other hand, some arboreal metatherians move
more slowly (Delciellos & Vieira, 2006, 2007; Karantanis
et al., 2015). Slow, cautious walking probably promotes a
stable dynamic progression by reducing the torques produced
at limb touchdown, increasing the simultaneous contact
points on the substrate at any part of a gait cycle, and
lengthening the relative duration of contact with the substrate
(Hildebrand, 1976; Cartmill et al., 2002, 2007; Lammers &
Zurcher, 2011a,b).
Apart from substrate size, substrate inclination, and more

specifically ascents and descents, also influence gait parame-
ters. In ascents, the occurrence of DSDC gaits (increased D)
(Prost & Sussman, 1969; Lammers, 2007; Nyakatura et al.,
2008; Nyakatura & Heymann, 2010; Shapiro & Young, 2010;
Shapiro, Young & VandeBerg, 2014; Karantanis et al., 2015),
coupled with increased hindlimb stance phase durations (higher
DFI), reduce yawing and lateral torques, enhancing the capac-
ity to drive the body upwards (Vilensky, Moore & Libii, 1994;
Lammers & Biknevicius, 2004; Stevens, 2006; Nyakatura
et al., 2008; Nyakatura & Heymann, 2010). On the other hand,
LSDC gaits may be advantageous in descents, allowing
increased braking by the forelimbs, through a ‘stop-jolt’ mech-
anism (Rollinson & Martin, 1981; Nyakatura & Heymann,
2010). Additionally, as the centre of mass is shifted cranially/
anteriorly, the longer contact times (lower DFI) and the higher
fraction of vertical impulse on the forelimbs further augment
their regulatory and supportive importance (Rollinson & Mar-
tin, 1981; Lee et al., 2004; Nyakatura et al., 2008; Young,
2012; Karantanis et al., 2015). In terms of velocity, descents
are slower, compared to ascents and horizontal locomotion
(Vilensky et al., 1994; Lammers, Earls & Biknevicius, 2006;
Lammers, 2007; Karantanis et al., 2015), likely because of the
frictional adjustments of the extremities, and the loading and
braking role of the forelimbs (Lammers et al., 2006; Lammers,
2007). Ascents may be faster than horizontal locomotion, as in
the agile European red squirrels, as they help achieve dynamic
stability (Schmidt & Fischer, 2011), but can also be slower, as
in the more generalized rats (Schmidt & Fischer, 2010, 2011)
and larger primates (Nakano, 2002). On the other hand, some
smaller arboreal primates do not adjust velocity relative to their
direction of movement (Nyakatura et al., 2008; Shapiro et al.,
2016).
Considering the divergent responses of different arboreal

mammals to the constraints imposed by the properties of the
arboreal substrates on locomotor parameters, we examined
arboreal gait patterns in an arboreal and nocturnal African
rodent, the acacia rat Thallomys paedulcus (Sundevall, 1846).
As is the case for most nocturnal African small mammals,
there is limited published information for the species and
almost nothing is known about its locomotion. Thallomys
paedulcus is a murid rodent encountered in the African Acacia
bushland, from Ethiopia, south to the east coast of South

Africa (De Graaff, 1978; Kingdon, 1984; Mills & Hes, 1997;
Monadjem, 1999; Skinner & Chimimba, 2005; Taylor & Boi-
tani, 2008). Acacia trees play an important role on the ecology
and biology of the species. Acacia rats exploit heavily the
trunks and branches of Acacia trees, where they build their
nests at heights around 4 m. The thick thorns of the trees pro-
vide them protection from predators, such as owls and arboreal
snakes (Delany, 1972; De Graaff, 1978; Kingdon, 1984; Dean,
Milton & Jeltsch, 1999). Their morphology is adapted to an
arboreal lifestyle with a long tail covered with long tactile
hairs, relatively short limbs, curved claws on the digits and
broad hind feet, with short toes and raised pads and a well-
developed, long, partially opposable fifth digit (De Graaff,
1978; Reed, 2003). As this morphology makes acacia rats able
and committed arborealists (Earl & Nel, 1976), it is also
important to identify the behavioural locomotor adaptations
they have evolved in order to successfully exploit the arboreal
habitat. In this context, we here investigate the relation
between gait parameters, , that is diagonality, duty factor, duty
factor index, velocity, stride length and stride frequency, and
substrate size and direction of movement of T. paedulcus. In
our experiments, acacia rats negotiated inclining, declining and
horizontal arboreal substrates from small to relatively larger
diameters, simulating the branch diversity encountered in aca-
cia forests, the natural habitat of the species. On small sub-
strates, we expect acacia rats to display higher diagonality (D),
in a manner to promote secure locomotion, unmodified duty
factor index (DFI), higher velocity and lower duty factor (DF).
During ascents, acacia rats should demonstrate increased diago-
nality (D) and duty factor index (DFI), with an opposite trend
in descents, as well as lower velocity, compared to horizontal
locomotion. This is the first study that explores gait metrics in
these arboreal rodents, and similar data are valuable for eluci-
dating the different locomotor adaptations that rodents have
evolved in relation to arboreality.

Materials and methods

Specimens

For the purposes of this study, we tested 12 adult male acacia
rats Thallomys paedulcus (Muridae, Rodentia; Fig. 1). All
specimens were captive-born and are housed in the permanent
collection of Nowe Zoo, Poznan, Poland. The animals inhab-
ited a large enclosure (H: 120 cm 9 W: 240 cm 9 120 cm)
under a reversed day-night regime. The enclosure contained
natural materials for nesting and a wide variety of arboreal
substrates of different sizes and inclinations that simulate their
natural habitat. The animals moved freely within this enriched
environment and showed no indications of stress or stereotyp-
ies. During the experiments, all specimens were healthy and
active, were handled with care, and did not display any stereo-
typical or stressful behaviour. The zoo keeps no data on any
relatedness between the different animals, therefore it was
unknown whether the subjects were related or not. Mean head-
body length of the specimens used was 13.4 cm (SD = 1.6 cm,
range: 12.6–14.0 cm,), mean mass was 70.2 g (SD = 11 g,
range: 62–74 g) and mean effective hindlimb length, that is,
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the distance between the hip joint and the substrate, parallel to
the axis of gravity, was 3.5 cm (SD = 0.69 cm, range: 2.9–
3.7 cm). All measurements were taken directly on the study
subjects.

Experimental setup

We used a single, specially configured, glass terrarium (L:
90 cm 9 H: 40 cm 9 W: 40 cm), topped by a wooden
cover, for filming. Within the terrarium, we set up 80-cm
long poles, made of cylindrical semi-hardwood, which were
supported by wooden frames on each end. All poles were
marked with vertical blue lines every 1 cm for reliable abso-
lute length estimation (Fig. 1). During the recording, the visi-
ble length of the rod on the videos was between 30 and
40 cm. Diameter and direction of movement accounted for
the classification of the different substrate categories. Follow-
ing previous experimental study on a series of small-bodied
mammals, we considered four classes of diameters (2 mm,
5 mm, 10 mm, 25 mm) (Karantanis et al., 2015, 2016, 2017).
These classes simulate a range of branches, from the finest
terminal twigs to boughs, which impose differential locomotor
constraints in the natural habitat of the studied species. In a
similar manner, we also used three different directions of
movement (descent at 45°, horizontal, ascent at 45°), which
in combination with the four size classes, totalled to 12 dis-
tinct substrate categories.
The experiments occurred in three video recording sessions,

during June 2013. All experiments occurred under special
lighting conditions, during daytime hours, which corresponded
to the nocturnal active period of the subjects. During each
session, two subjects were individually transferred from their
enclosures to the filming terrarium. Initially, every individual
was allowed to move freely within the filming terrarium in
order to accommodate itself to the new environment. Minimal
or no stimulation was required for the subjects to walk on

the poles. During each filming session, subjects were tested
several times on all 12 substrate categories. After each film-
ing session, the animal was transported back to a temporary
enclosure, to ensure that no individual was tested twice dur-
ing a particular session. For video recording, we used a
Sanyo digital camcorder (VPC-HD 2000; Sanyo, Osaka,
Japan), set at 240 fps, and positioned at a distance of 1 m
from the filming terrarium in order to reduce image distor-
tion. For our analyses on diagonality, we considered only
symmetrical gaits [i.e. initiating with the touchdown of the
left hindlimb and ending at the subsequent touchdown of the
same limb, including both lift-offs and touchdowns of all
limbs (Hildebrand, 1967, 1968, 1976)]. For all other parame-
ters, we considered both complete symmetrical and asymmet-
rical gaits. We discarded any cycles involving beginnings or
endings of locomotor bouts or loss of balance. We only anal-
ysed continuous locomotion, regardless of velocity, as indica-
tive of natural unbiased behaviour. Handling and filming of
the animals were performed with the permission of the Local
Ethical Commission for Animal Experiments in Poznan, fol-
lowed the guidelines for the treatment of animals in beha-
vioural research and teaching (ASAB/ABS, 2012), and
complied with relative regulations and legislations of the
Adam Mickiewicz University and the Aristotle University of
Thessaloniki.

Gait analyses

Video analysis and data collection, distance and time calcula-
tions were made by importing videos and calibrating time and
distance measurements using Tracker 4.92 (Brown, 2009).
Time was calibrated taking into account the 240 fps of the
videos, and distance was calibrated using the reference marks
on the substrates. Using Tracker, we recorded the number of
the frame at which each footfall and lift-off took place. Micro-
soft Excel 2010 (Redmond, WA, USA), and SPSS 23 (SPSS
Inc., Chicago, IL, USA) were used for all statistical analyses.
For our analyses, we considered the following gait parame-

ters:
(i) Diagonality (D) (Hildebrand, 1967; Cartmill et al., 2007)

is the percentage of the stride cycle interval the footfall of a
forelimb follows behind the ipsilateral hindlimb. Although it
was measured as a scale variable, it was also divided into five
ordinal classes: (a) Lateral Sequence Lateral Couplets
(0 ≤ LSLC < 25), (b) Lateral Sequence Diagonal Couplets
(25 ≤ LSDC < 50), (c) Trot (=50), (d) Diagonal Sequence
Diagonal Couplets (50 < DSDC ≤ 75), (e) Diagonal Sequence
Lateral Couplets (75 < DSLC ≤ 100);
(ii) Duty Factor (DF) is the mean of duty factors of all

limbs, defined as the percentage of a cycle during which a
limb is in contact with the substrate. Walking gaits correspond
to DF >50, whereas running gaits score <50;
(iii) Duty Factor Index (DFI) is the ratio of hindlimb duty

factor (DFh) to forelimb duty factor (DFf), calculated as
100 9 DFh/DFf (Cartmill et al., 2007). DFI > 100 indicate
longer hindlimb than forelimb stance durations, whereas
DFI < 100 specify shorter hindlimb than forelimb stance dura-
tions;

Figure 1 Still image of a male Thallomys paedulcus from the video

recordings, walking on a 5-mm substrate (the vertical markings on

every 1 cm are clearly visible).
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(iv) Stride Duration (t) is total duration of a single stride in
seconds;
(v) Stride Length (l) is the distance covered during a single

stride cycle, in meters;
(vi) Velocity (v) is the speed at which the subjects moved,

calculated by dividing stride length with stride duration, in
meters/s (m s�1);
(vii) Stride Frequency (f) is the number of strides per

second;
As these four last parameters are size-dependent, we stan-

dardized them using the effective hindlimb length (Pontzer,
2005, 2007a,b). The effective hindlimb length is used to calcu-
late the dimensionless measures of stride duration, stride
length, velocity and stride frequency which provide compara-
tive measures of locomotor competence across different species
(Alexander, 1977; Alexander & Jayes, 1983; Hof, 1996). The
dimensionless measures were calculated as follows:

Dimensionless Stride Duration ðtDÞ ¼ t ffiffiffi
l0
g

q

Dimensionless Stride Length ðlDÞ ¼ l
l0

Dimensionless Velocity ðvDÞ ¼ vffiffiffiffiffiffi
gl0

p

Dimensionless Stride Frequency ðfDÞ ¼ f ffiffiffi
g
l0

q

where l0 is the effective hindlimb length of each animal and g
is the acceleration of gravity (g = 9.81 m s�2). All measures
of time and length were converted to the SI system. All overall
values reported represent the sum of mean values per substrate
category, divided by the number of substrate categories in
which gaits were recorded.
For statistical analyses, we opted for Analysis of Covari-

ance (ANCOVA) to explore relationships between variables
while controlling for other possible covariates. When neces-
sary, comparisons between categories or across species were
performed by Bonferroni Post hoc tests, calculating Bonfer-
roni Mean Difference (BMD) values, based on estimates by
the univariate ANCOVA models. Finally, we constructed step-
wise regression models to examine the impact of both dimen-
sionless stride frequency and stride length on velocity. The
impact of each parameter was estimated using the R calcu-
lated by the model (Harrell, 2001). Spearman’s rank correla-
tion was used to test for relations between stride length and
stride frequency.

Results

We recorded a total of 81 gait cycles over a total of six sub-
strate categories: 56 symmetrical walks (70.6%) and 25 asym-
metrical half-bounding gaits (29.4%), in which the hindlimbs
touched down simultaneously while one forelimb was trailing
the other. The animals failed to negotiate the 2-mm substrates,

so no data on this category are presented. Additionally, we
failed to obtain data on descents, as the animals constantly
preferred to climb down the vertical support at the tallest end
of the setup. In order to avoid stressing the animals, we opted
not to force them further. Tables 1 and 2 present the
summary of observations per substrate and direction of
movement.

Gait metrics and their interactions

Diagonality and its correlations to other gait parameters were
calculated only for symmetrical gaits (Hildebrand, 1967, 1968,
1976; Cartmill et al., 2002). A breakdown of all recorded
parameters is shown in Table 1 for symmetrical gaits and
Table 2 for asymmetrical gaits. Overall diagonality for symmet-
rical gaits was 34.89 (n = 5, SD = 6.75) indicating lateral-
sequence diagonal couplets (LSDC) gaits. Mean duty factor was
68.93 (n = 5, SD = 4.83) indicating slow walking. The duty fac-
tor index (DFI) was 99.45 (n = 5, SD = 5.92), implying an equi-
librium in the stance phases of the fore- and hindlimbs. We
found an overall significant covariance between diagonality and
duty factor (Fig. 2; N = 57, F(1,56) = 9.225, P = 0.004; con-
trolling for substrate size and direction of movement), but not
DFI (Fig. 2; N = 57, F(1,56) = 1.287, P = 0.289; controlling
for substrate size and direction of movement). Overall duty fac-
tor for asymmetrical gaits was 56.51 (n = 3, SD = 4.15) and DFI
was 100.68 (n = 3, SD = 15.79).
Our regression model showed that, during horizontal

locomotion, stride frequency had a bigger impact (Ν = 47,
F(1,45) = 755.627, Rpart = 0.386, P < 0.001) on velocity than
stride length (Fig. 3; Ν = 47, F(1,44) = 112.869, Rpart = 0.201,
P < 0.001). The same pattern held in ascents (Stride frequency:
Ν = 81, F(1,32) = 247.588, Rpart = 0.587, P < 0.001; Stride
length: Ν = 81, F(1,31) = 261.720, Rpart = 0.320). Stride
frequency and stride length also correlated in both horizontal
(Ν = 81, R = 0.848, P < 0.001) and ascending (Ν = 81,
R = 0.534, P = 0.001) locomotion.

Effects of substrate diameter

Diagonality in symmetrical gaits showed no covariance with
substrate size, controlling for the effect of DF (horizontal:
N = 26, F(2,25) = 0.389, P = 0.535; ascent; N = 34, N = 31, F
(3,30), P = 0.108). DF decreased significantly on larger
substrates (Fig. 4) during ascents (N = 34, F(3,33) = 10.405,
P < 0.001) and horizontal locomotion (N = 47, F(2,46) = 5.386,
P = 0.026). DFI did not covary with substrate size (Fig. 4) in
either horizontal locomotion (N = 47, F(2,46) = 3.342,
P = 0.086) or ascents (N = 34, F(3,33) = 1.689, P = 0.201).
Dimensionless velocity increased on larger substrates (Fig. 5),

in both horizontal (N = 47, F(2,46) = 26.017, P < 0.001) or
ascending (N = 34, F(3,33) = 13.704, P < 0.001) locomotion.
The same pattern (Fig. 5) was observed for stride length
(horizontal: N = 47, F(2,46) = 16.270, P < 0.001; ascent:
N = 34, F(3,33) = 15.446, P < 0.001) and stride frequency
(horizontal: N = 47, F(2,46) = 34.133, P < 0.001; ascent:
N = 34, F(3,33) = 11.113, P < 0.001).
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Effect of direction of movement

Direction of movement had no effect on D (F = 0.837,
P = 0.365; controlling for DF and substrate size), DF
(F = 0.002; P = 0.963; controlling for D and substrate size) or
DFI (F = 0.000, P = 0.994; controlling for substrate size).
Velocity was higher in horizontal compared to ascending loco-

motion (BMD = 0.238; Ν = 81, F(2,80) = 4.293, P = 0.042).
We obtained a similar result for stride length (BMD =
0.233; N = 81, F(2,80) = 5.261, P = 0.025), but there was no
effect of direction of movement on stride frequency
(BMD = 0.019; N = 81, F(2,80) = 0.440, P = 0.509).

Symmetrical and asymmetrical gaits

Half-bounding asymmetrical gaits were characterized by lower
DF (BMD = 7.545, N = 81, F(2,80) = 16.457, P < 0.001),
similar DFI (BMD = 3.556, N = 81, F(2,80) = 1.078,

P = 0.301), and higher velocity (BMD = 0.829, N = 81,
F(2,80) = 41.986, P < 0.001), stride frequency (BMD = 0.190,
N = 81, F(2,80) = 32.932, P < 0.001) and stride length
(BMD = 0.649, N = 81, F(2,80) = 29.598, P < 0.001) than
symmetrical walks, controlling for substrate size and direction
of movement. Half-bounding became more frequent on larger
substrates (Tables 1 and 2), and appeared to be the preferred
method for faster progression.

Discussion

Overall, arboreal locomotion of Thallomys paedulcus was con-
fined to the 5-mm, 10-mm, 25-mm substrates. Unlike other
similarly sized rodents, acacia rats were not able to utilize the
2-mm substrates (Karantanis et al., 2017). Their symmetrical
gaits were characterized by lateral-sequence diagonal couplets
(LSDC) gaits, of relatively high duty factor (DF), and balanced
fore- and hindlimbs DFs, as indicated by the duty factor index
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(DFI). Diagonality (D) and DFI did not covary with substrate
size, though DF, velocity, stride length and stride frequency
decreased in smaller substrates. Additionally, the occurrence of
asymmetrical gaits increased on larger substrates. D, DF and
DFI remained unaffected by direction of movement; however,
velocity and stride length, but not stride frequency, signifi-
cantly decreased in ascents compared to horizontal locomotion.
Therefore, our results were not entirely in line with our a pri-
ori hypotheses. This first report on the locomotion of acacia
rats confirms ecological observations of its skilled and effective
use of arboreal substrates. Unfortunately, we failed to record
descents on sloped substrates. Nevertheless, this failure hints at
the possible importance of vertical climbing in T. paedulcus,
which requires further investigations.
Contrary to our expectations, D decreased on smaller sub-

strates. It has been suggested that D increases (i.e. more

diagonal gait) on narrow substrates, enhancing safety by allow-
ing the test of new substrates by the forelimbs, while keeping
the contralateral hindlimb anchored on a stable substrate (Cart-
mill et al., 2007). However, observations on a number of arbo-
real mammals provide equivocal evidence for (Nyakatura
et al., 2008; Nyakatura & Heymann, 2010; Shapiro et al.,
2014) and against this conjecture (Cartmill et al., 2007; Leme-
lin & Cartmill, 2010; Karantanis et al., 2015). Acacia rats were
able to negotiate narrow substrates by employing less diagonal
gaits in comparison to more diagonal gaits on larger substrates.
In this way, it appears that LSDC gaits enhance stability for
arboreal mammals without strongly prehensile forelimbs (Lam-
mers & Biknevicius, 2004), in a way analogous to the DSDC
gaits of the prehensile-footed primates (Stevens, 2006; Nyakat-
ura et al., 2008; Nyakatura & Heymann, 2010). Moreover, the
overall reduction in relative swing phases (increased DF),
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along with a decrease in velocity, implies cautious walking.
This contrasts our predictions for faster gaits on narrow sub-
strates, based on observations on some arboreal neotropical
rodents (Camargo et al., 2016). Faster gaits may be preferable
to achieve dynamic stability (Schmidt & Fischer, 2011), but
there may be other advantages of lower velocity in fine-branch
locomotion. Small substrates induce a more mid-sagittal limb
placement producing narrower support polygons (Hildebrand,
1976; Cartmill et al., 2002, 2007; Lammers & Zurcher,
2011a). Narrow support polygons amplify the risk of the centre
of mass being placed outside, which is further accentuated by
the laterally directed, destabilizing torques produced every time
a limb touches down (Lammers & Zurcher, 2011b). A lower
speed of progression and short aerial phases increase the num-
ber of contact points at any part of a gait cycle, and provide
more time to counteract the destabilizing torques (Lammers &
Gauntner, 2008; Lammers & Zurcher, 2011a,b). In this way,
these gait adjustments, relative to substrate size, most probably
assist acacia rats in negotiating a wide array of substrates.
Regarding direction of movement, we did not observe any

significant correlations with most of the examined gait parame-
ters, excluding velocity and stride length, which were lower in
ascents. This contrasts previous findings, where DFI often
increases and D decreases in ascending locomotion, to assist in
generating additional propulsion (Nyakatura et al., 2008;
Nyakatura & Heymann, 2010; Karantanis et al., 2015). Con-
sidering that the hindlimbs carry a higher load and exhibit
higher stance ratios than forelimbs in ascents (Preuschoft,
2002), the balanced use of fore- and hindlimbs in T. paedulcus
could be related to its limited powerful grasping abilities. In
this way both fore- and hindlimbs possibly accomplish equally
significant roles during ascents (Schmidt, 2011; Schmidt & Fis-
cher, 2011). However, further investigations on grasping ability
and kinematics may be more informative on the absence of
such differences. On the other hand, ascending velocity and
stride length were lower than those of horizontal locomotion.
These adjustments are similar to those made by brown rats
(Schmidt & Fischer, 2010, 2011) and some primates (Nakano,
2002). In contrast, European red squirrels, Sciurus vulgaris,
display higher velocity in ascents. Functionally, reduced veloc-
ity during ascent promotes safe progression through static sta-
bility, contrary to the dynamic stability obtained through
higher velocity (Schmidt & Fischer, 2011). In this way, these
adjustments probably contribute to safe, stable and continuous
upward progression.
Thallomys paedulcus were able to competently negotiate rel-

atively narrow substrates (5 mm). On larger substrates, veloc-
ity, stride length and stride frequency gradually increased, as
expected. This pattern was further accompanied by a higher
occurrence of asymmetrical gaits, which completely replaced
symmetrical gaits on the largest substrates (25 mm). In
T. paedulcus, asymmetrical half-bounding gaits were character-
ized by lower DF, similar DFI, and higher velocity, stride fre-
quency and stride length, than symmetrical walks. The
extended suspension phases of the limbs (lower DF), brought
about by asymmetrical gaits, optimize the ability to avoid
obstacles, such as bumps and stubs on a branch, and may
enhance energetic economy (Bertram & Gutmann, 2009).

Moreover, some transitions from symmetrical to asymmetrical
gaits may contribute to reduced strain on the musculoskeletal
system (Farley & Taylor, 1991) or to increased energetic econ-
omy at higher speeds (Hoyt & Taylor, 1981; Schilling &
Hackert, 2006), in comparison to symmetrical running. For
small arboreal mammals, such as T. paedulcus, asymmetrical
gaits may also assist in dynamic stability, by reducing overall
peak vertical forces, restraining the movement of the centre of
mass within the support polygons, and using shorter and more
frequent strides which allows for a greater control of locomo-
tion (Young, 2009; Schmidt & Fischer, 2010; Shapiro et al.,
2016). In acacia rats this is further underscored by the regula-
tion of velocity mainly by stride frequency, with a secondary,
though significant, role played by stride length. This pattern is
often observed in other small mammals (Delciellos & Vieira,
2006, 2007; Karantanis et al., 2015; Camargo et al., 2016).
On the one hand, velocity increase by stride frequency reduces
body oscillations in arboreal locomotion, increasing arboreal
stability (Strang & Steudel, 1990; Delciellos & Vieira, 2006).
On the other hand, it is energetically costly (Reilly et al.,
2007) and causes more branch sway, compared to velocity reg-
ulation by stride length (Demes et al., 1994), which is more
common for larger mammals (Larson et al., 2000, 2001).
However, body oscillations may be more disrupting than
branch sway for small-bodied arboreal mammals, rendering
velocity increase by stride frequency more advantageous
(Strang & Steudel, 1990; Delciellos & Vieira, 2007).
This study showed that T. paedulcus used and adjusted gaits

in a way to maximize the effectiveness of locomotion on arbo-
real substrates. The arboreal capacities of acacia rats are further
supported by their morphology, and more precisely, the long
tail, covered with long tactile hair, the relatively short limbs,
the curved claws on the digits and the broad hind feet, with
short toes and raised pads and a well-developed, long, partially
opposable fifth digit (De Graaff, 1978; Reed, 2003). Similar
characters have been functionally related to arboreal adapta-
tions in rodents (Krattli, 2001; Zefferer, 2002; Samuels & Van
Valkenburgh, 2008; Camargo et al., 2012; Carrizo et al.,
2014). The functional interplay between these morphological
adaptations and the related gait modifications, allows
T. paedulcus to successfully negotiate the diversity of sizes
and inclinations of the available substrates of Acacia trees.
Acacia rats respond to narrow substrates by reducing their
velocity and the aerial phase of their strides, and using more
lateral gaits. This strategy, assisted by their partly grasping
hind feet (De Graaff, 1978), possibly enables access to fruit,
seeds and arthropods, which are often found on terminal
branches. When on larger substrates, they maximize their loco-
motor competence by increasing velocity and aerial phases
through asymmetrical half-bounding gaits. As a result, they are
able to move swiftly, minimizing exposure and maximizing
vigilance for predators (McAdam & Kramer, 1998). Acacia
rats are also able to successfully ascend moderately inclined
substrates by reducing their velocity and achieving static stabil-
ity. In this way, they can travel securely upwards from their
ground burrows along up to the terminal branches, taking
advantage of the inclined branch architecture of Acacia trees
(Delany, 1972; Earl & Nel, 1976; De Graaff, 1978; Kingdon,
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1984; Mills & Hes, 1997; Dean et al., 1999; Monadjem, 1999;
Reed, 2003; Skinner & Chimimba, 2005).
These locomotor adaptations are possibly crucial for the

survival of animals, such as T. paedulcus, which concentrate
in scattered tree formations within the dry and nutrient-
deprived environment of the African savannah. These agglom-
erations provide high accumulation of nutrients from plant
materials and animal waste (Belsky, 1994) and richer water
concentration compared to their surroundings (Vetaas, 1992).
These features attract a high diversity of savannah animals,
which are subject to increased competition (Dean et al.,
1999). The morpho-behavioural adaptations enable acacia rats
to exploit the available microhabitats provided by Acacia trees
for nesting, protection from predators among the tree thorns,
burrowing among roots and feeding on tree products and
arthropods found on or near the trees (Delany, 1972; Earl &
Nel, 1976; De Graaff, 1978; Kingdon, 1984; Mills & Hes,
1997; Dean et al., 1999; Monadjem, 1999; Reed, 2003; Skin-
ner & Chimimba, 2005). The successful utilization of their
environment underscores the important role of Acacia rats, as
prey, parasite hosts (Kingdon, 1984; Linzey & Kesner, 1997)
and seed dispersers (Howe & Smallwood, 1982). Conse-
quently, T. paedulcus may be a key species for the conserva-
tion of Acacia formations, which are of great importance for
the African savannah (Lindenmayer & Fischer, 2006). There-
fore, it is vital to identify and comprehend the ways acacia
rats successfully respond to the challenges imposed by their
demanding habitat. The present research provides information
on the adaptive significance of behavioural mechanisms of
acacia rats and we hope that it will serve as a launch pad for
further research on an understudied species with a special
ecological role.
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