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Abstract Grasping is a widespread behavior among tetrapod vertebrates. In primates,
the hands and feet are involved in many tasks including arboreal locomotion and food
acquisition. Yet, the origin and the evolution of prehensile capacities, which are highly
diversified across this group, remain open for inquiry. Some researchers suggest that
grasping evolved in an arboreal habitat consisting of fine branches associated with
insect predation and/or fruit and flower exploitation. However, few studies have tested
the importance of arboreal conditions and diet, e.g., frugivorous, omnivorous, on the
use of the hands in food grasping. The aim of this study was to link substrate use and
food grasping strategies quantitatively to test hypotheses concerning primate grasping
origins. We studied a species often described as a good ecological model to study the
origin of grasping in primates, Microcebus murinus, and quantified its spontaneous
substrate use (diameter and orientation) in an unconstrained environment while presenting them with different food types (static and mobile). We show that 1) Microcebus
murinus appears to be an opportunistic rather than a specialist user of fine branches as
suggested previously, at least under laboratory conditions; and 2) food properties had
an impact on the use of the hands vs. the mouth, with the hands being used more for the
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grasping of mobile prey. Our results are consistent with hypotheses for primate origins
that propose adaptations to both a narrow branch environment and visually directed
prey capture with the hands. However, additional studies in the wild are needed to
understand better the origin and increased use of the hands in primates grasping and
manipulation.
Keywords Food properties . Grasping evolution . Hand use . Microcebus murinus .
Substrate use

Introduction
Grasping behavior plays an essential role in locomotion, feeding, and social interactions in a great diversity of tetrapod vertebrates (Sustaita et al. 2013). In mammals,
manual grasping is associated more with feeding behavior, whereas pedal grasping is
more often associated with locomotor behavior (Sustaita et al. 2013). In primates,
grasping behaviors are particularly well developed, and the ability to grasp with the
feet, possessing nails rather than claws, has been proposed as one of the defining
features of primates (Cartmill 1992; Martin 1990). Moreover, a wide diversity of
manual grasp types exists among primates (Bishop 1964; Christel 1993; Pouydebat
et al. 2009). Consequently, the factors that promoted hand use or advanced the diversity
of prehensile capabilities remain poorly understood. Moreover, the ecological and
functional context associated with the evolution of grasping is extremely complex.
Many authors consider the exploitation of an arboreal niche of narrow branches as
fundamental in the evolution of grasping abilities (Ravosa and Dagosto 2007; Ross and
Martin 2007). Different hypotheses have been proposed to explain the evolution of
prehensile, clawless hands thought to characterize the earliest primates (Cartmill 1972,
1974a, b; Godinot 1991, 2007; Rasmussen 1990; Sussman 1991, Sussman et al. 2013;
Szalay and Dagosto 1988). A first one, the visual predation hypothesis, suggests that
the prehensile hands of primates with long and clawless fingers were originally an
adaptation for locomotion on narrow branches and were used subsequently for visually
guided manual predation on insects (Cartmill 1972, 1974a, b, 1992; Kirk et al. 2003).
In another hypothesis, Szalay and Dagosto (1988) proposed an evolutionary relationship between features associated with grasping with those for leaping. This graspleaping hypothesis for euprimate origins implies that the evolutionary origin of these
features should coincide. In a third hypothesis, authors such as Godinot (1991, 2007)
focused on insect predation as a determinant factor in the origin of primates and
proposed the insect-catching predation hypothesis. Godinot suggested that the primate
hand would be more adapted for insect predation than for the narrow branch use.
Finally, the angiosperm exploitation hypothesis suggests that these traits initially
correlate with the exploitation of narrow branches, but subsequently with a visually
guided grasping of fruits and flowers (Sussman 1991). This hypothesis has been
recently revised by incorporating data on primate and nonprimate models as well as
early fossil primates (Sussman et al. 2013). In this modified primate/angiosperm
coevolution hypothesis, Sussman and coauthors (2013, p. 95) proposed that Bour
earliest primate relatives were likely exploiting the products of co-evolving angiosperms, along with insects attracted to fruits and flowers, in the slender supports of the
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terminal branch milieu.^ The hypothesis that the first primates foraged for both fruits
and insects in a narrow branch niche had been previously put forward by Rasmussen
(1990) and considered specializations for insect predation consisting of jumping onto
the prey and seizing with the hands while remaining anchored to the branch with the
feet (Charles-Dominique 1977; Godinot 1991; Niemitz 1984). According to Godinot
(1991), this specialization is consistent with long fingers that enhance the surface for
catching, and their broadened apical parts which enhance a stable grasp. Although all of
these authors suggest that the grasping clawless hand of primates would have arisen in
correlation with functional demands, the ecological context of the use of the hand in
food acquisition strategies remains debated. Moreover, what actually characterizes the
fine branch milieu remains poorly defined (Dagosto 2007; Godinot 2007) as the
structural features, e.g., orientation, diameter, or intertwining of available substrates,
that characterize this niche have not been identified. Further, the flexibility of the
substrate is an important parameter when studying how diameter may affect grasping
ability. Narrow terminal branches are more flexible than wide substrates, and as such
likely influence the posture and behavior of an animal. Finally, Bnarrow branch^ is a
relative concept that has to be considered relative to the size of the animal studied
(Lemelin and Jungers 2007).
All of these proposed scenarios about the evolution of hand grasping capabilities in
primates underscore the importance of food positioning and structure in this process.
Consequently, the effect of food properties on hand grasping techniques has been
thoroughly investigated in primates and nonprimates alike (Castiello et al. 1992;
Ivanco et al. 1996; MacFarlane and Graziano 2009; Pouydebat et al. 2009). One or
both hands are typically used to catch fast moving foods, e.g., insects, particularly in
platyrrhines, strepsirrhines, rats, opossums, and kinkajous (Charles-Dominique 1977;
Ivanco et al. 1996; Martin 1972a, b; McClearn 1992; Nekaris 2005; Niemitz 1984;
Peter 1962). Yet, many of these species preferentially use the mouth to grasp static
foods such as fruit (Pollock 1977; Reghem et al. 2011; Rothe 1971; Scheumann et al.
2011; Singer and Schwibbe 1998; Toussaint et al. 2013; Whishaw et al. 1998).
However, the substrates used during food grasping are rarely considered and as such
it remains largely unknown how these two parameters interact.
In addition to the various scenarios about the nature of the first primates and the
development of grasping capabilities, different hypotheses have been proposed for the
ancestral primate morphotype. The primate ancestor is thought to be small, insectivorous, and nocturnal. In terms of body mass, ancestral primates are often referred to as
Bmouse-sized^and by inference, no more than 200 g and probably substantially less
(Gebo 2004). Gebo (2004) even proposed a smaller, shrew-sized original body weight
of 10–15 g. Bloch et al. (2007) inferred that the ancestor of euprimates was an arboreal
grasper adapted for terminal branch feeding rather than a specialized leaper or visually
directed predator. Comparative studies of tree shrews (Scandentia) have shown that this
group possesses morphological similarities to primates stemming from their common
euarchontan ancestry (Sargis 2001, 2002a, b; Sargis et al. 2007; Szalay and Dagosto
1988). Other comparative studies have shown that some terminal-branch specialists
such as arboreal marsupials (Cartmill 1974b; Lemelin 1999; Rasmussen 1990;
Rasmussen and Sussman 2007; Schmitt and Lemelin 2002; Shapiro and Young
2010; Youlatos 2008), and chameleons (Cartmill 1974b; Herrel et al. 2012) possess a
hand and foot morphology that is functionally similar to that of primates, suggesting
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evolutionary convergence of grasping. Recent studies have also demonstrated that
species lacking primate grasping adaptations, including some squirrels (Orkin and
Pontzer 2011; Samaras and Youlatos 2010) and mice (Byron et al. 2011; Urbani and
Youlatos 2013), are also capable of moving, feeding, and foraging on thin and terminal
branches.
Hypotheses concerning the morphological, behavioral, and ecological context of
primate origins are most often tested using extant species, particularly strepsirrhines, as
models (Cartmill 1974a, b; Crompton 1995; Gebo 2004; Martin 1972a, b). Among
them, mouse lemurs (genus Microcebus) are suggested by some to best represent the
ancestral primate condition (Martin 1972a, b). According to many authors, they
conserve characteristics thought to represent the first primates including their small
body size, omnivorous foraging habits, and morphology (Cartmill 1972, Cartmill
1974a, b, 1975, 1992; Charles-Dominique and Martin 1970; Eberle and Kappeler
2002; Gebo 1987, 2004; Kappeler 1998; Martin 1972a, b, 1990). The gray mouse
lemur (Microcebus murinus: Miller 1777) is a member of the Cheirogaleidae (Groves
2001). It is a small arboreal, nocturnal, and omnivorous species endemic to Madagascar
(Martin 1972a, b). The gray mouse lemur is classified as a quadrupedal branch walker,
leaper, and climber (Gebo 1987; Napier and Napier 1967). Some studies have reported
a preference of M. murinus for narrow terminal branches in the wild (Martin 1973;
Peter 1962; Tattersall 1982), but the diameters of the substrates used by this species in
the wild have never been quantified. Gray mouse lemurs feed primarily on fruits and
arthropods in the wild (Dammhahn and Kappeler 2008; Siemers et al. 2007).
Laboratory studies have shown that they preferentially use the mouth to grasp static
food items such as fruits (Reghem et al. 2011; Scheumann et al. 2011; Toussaint et al.
2013; Ward and Hopkins 1993). However, the use of the hands increases when
grasping mobile prey such as insects (Toussaint et al. 2013), a fact supported by
observations in the wild (Charles-Dominique 1977; Martin 1972a, b; Siemers et al.
2007). Finally, we recently have shown that narrow horizontal substrates increase the
use of the hand in food acquisition whereas a variety of grasping strategies are observed
when food is presented on a wide substrate (Toussaint et al. 2013).
The aim of the present study is to examine quantitatively associations between
substrate use and food grasping strategies. We quantified spontaneous substrate use
(focusing on diameter and orientation) of Microcebus murinus in an unconstrained
environment while presenting them with different food types. Based on the results of
previous studies we predict that M. murinus will 1) preferentially use horizontal and
narrow diameter substrates for locomotion; 2) frequently use narrow substrates, both
horizontal and oblique, to reach for food items; and 3) grasp static foods preferentially
with the mouth, yet mobile prey will be captured using the hands irrespective of their
nature, i.e., plant or animal.

Methods
Animals and Housing
We studied the behavior of nine captive-born male gray mouse lemurs. The subjects
were housed in the breeding colony of the Unité Mixte de Recherche (UMR) 7179
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from the French Centre National de la Recherche Scientifique (CNRS) and the
Muséum National d’Histoire Naturelle (MNHN; Brunoy, France, under Agreement #
E1911141) and were kept under a reversed light cycle with a 12-h light period and a 12h dark period. Light intensity was set at 4–19 lux during the night and 360–780 lux
during the day. Temperature was kept at 25°C ± 1°C and relative humidity ranged
between 55 and 70%. The home cages measured a minimum of 1.3 × 1.0 × 0.8 m. The
subjects were housed in small groups of up to four individuals of the same sex. The
cage floor was covered with sawdust, which was replaced three times a week. Each
cage was furnished with branches, pipes, and several nest boxes. The gray mouse
lemurs were fed three times a week with a mixture of fruit, concentrated milk, honey,
and cereal. Water was available ad libitum. Data collection occurred between January
21 and March 29, 2013 during the Bsummer activity period^ of the nine subjects. All
tested gray mouse lemurs were adults 2–6 yr of age and weighed a mean of 103.5 ± SD
10.8 g.
Experimental Setup
Measures of Hand and Foot Proportions To understand how gray mouse lemurs
grasp narrow and wide substrates and to better define the Bfine branch substrate,^ we
measured hands and feet of each tested individual. To do so, subjects were held and
their hands or feet pressed against a Plexiglas sheet with a scale (Fig. 1). We took
measurements of hands and feet from pictures of the Plexiglas using Loco 3.3 (PaulAntoine Libourel, Université de Lyon, France). We measured lengths of digits 2, 3, 4,
and 5 from the metacarpo-/metatarso-phalangeal skin landmark to the distal tip of the
digital pad. We measured the pollical/hallucal ray rather than its digit length because it
was more relevant to understanding the grasping capacities in relation to substrate
diameter. We measured the lengths and widths of palms and soles to represent the
approximate surface of the area in contact with the substrate. This permitted calculation

Fig. 1 Images of the right hand (left) and foot (right) of two different gray mouse lemurs (Microcebus
murinus studied at the Brunoy breeding colony, France, January–March 2013, depicting measurements of
manual/pedal digits, pollex/hallux rays, and palm/sole surface area (scale bars = 5 mm).
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of the surface area by simplifying it as a rectangle. We measured palm/sole lengths
from the metacarpo-/metatarso-phalangeal skin landmark of digit 3 to the most proximal extent of the palmar/plantar hypothenar pad. Then, we measured palm/sole widths
from a perpendicular line to this length.
Test Enclosure We conducted observations in a test enclosure designed specifically for
this experiment. The cage was made out of Plexiglas and was 70 cm wide, 70 cm deep,
and 140 cm high (Fig. 2) and had two trapdoors: one on the front of the cage, and
another on the top. Inside this enclosure a wooden framework was installed, composed
of a central pillar (12 × 12 × 135 cm) and nine cylindrical bars, which offered the gray
mouse lemurs a three-dimensional network of branches to move upon. Sawdust was
spread on the cage of the floor (Fig. 2). Between each group the cage was cleaned to
eliminate odors of the previous gray mouse lemurs. The test enclosure was placed in a
noise-proof chamber to prevent the subjects from being disturbed.

Fig. 2 Schematic drawing of the test cage used throughout this study, showing structure with controlled
substrates assembled within the Plexiglas structure as well as the nest box placement. 1 = central pillar of 12 ×
12 × 135 cm; 2 = wide substrates of 3.2 cm diameter; 3 = medium substrates of 2 cm diameter; 4 = narrow
substrates of 1 cm diameter; Twigs = natural twigs of 0.2–0.5 cm diameter.
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Based on the measurements of the hands and feet of the gray mouse lemurs used in
the study (Table I), we introduced branches of three size classes: narrow, medium, and
wide. Wide substrates measured 3.2 cm in diameter, medium ones 2 cm in diameter,
and narrow ones 1 cm in diameter. Subjects were able to wrap their hands around
narrow branches, but not large ones. Medium branches were intermediate and allowed
individuals to nearly wrap their hands around them. We hypothesize that the narrow
diameter substrate corresponds to the definition of the fine branch milieu, or fine
terminal branch niche used by the mouse lemurs in the wild (Cartmill 1972; Martin
1972a; Peter 1962; Rasmussen 1990; Sussman 1991). The three-dimensional network
of branches was composed of three substrate diameters with three different orientations.
Each substrate type was installed horizontally, vertically, and obliquely (45°). Natural
twigs with diameters between 0.5 and 0.2 cm were also added in the three orientations.
The central pillar, large, and medium substrates were stiff and inflexible, whereas
narrow substrates and natural twigs were more flexible.
Food Tested To observe grasping behavior, we used two kinds of foods differing in
mobility: static pieces of banana, with an approximate volume of 1 cm3 that mouse
lemurs can grip entirely with the hand, and mobile cockroaches, of 1.5 ± SD 0.5 cm in
length, roaming freely across all substrates. Food item size is important, as it can
influence grasping strategies (Pouydebat et al. 2006). Both food types are part of the
natural diet of gray mouse lemurs (Dammhahn and Kappeler 2008). Gray mouse
lemurs in our experiments had never been confronted previously with cockroaches
and as such the responses represent instinctive behavior. To test the relationship
between food mobility and use of hand or mouth, we also conducted an experiment
in which we tied pieces of banana to strings (length: 15 ± SD 1 cm). Banana was
suspended in the cage and gently swayed back and forth on the string.

Data Collection
We conducted behavioral observations during the natural activity period of the gray
mouse lemurs (nocturnal conditions between 16:00 and 19:00 h each day). During all
Table I Sizes of the hands and feet of the Microcebus murinus studied at the Brunoy breeding colony, France,
January–March 2013
Hands

Feet

Palm/sole surface area (cm2)

0.93±0.03

1.07±0.054

Palm/sole distal to proximal length (cm)

1.06±0.02

1.28±0.03

Digits (cm)
Pollex/hallux

0.9±0.02

1.22±0.05

Index finger

0.74±0.02

0.65±0.02

Middle finger

0.87±0.02

0.94±0.02

Ring finger

0.97±0.01

1.03±0.03

Pinkie

0.77±0.02

0.78±0.02

N = 9; table entries are means ± SD.
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experiments we provided a dim red light (20 μW/cm2, equivalent to 0.002 lux) to
facilitate filming. For each observation period, subjects were gently caught by hand
(wearing gloves) from their home cage and placed in a new nest box that was placed in
the test enclosure afterwards. A session started when individuals left the nest box and
lasted 30 min. Four different conditions were defined: condition 1: no food was present
in the test cage; condition 2: pieces of banana (static food) were placed on the
substrates; condition 3: cockroaches (mobile food) were released into the cage and
moved across all substrates; condition 4: pieces of banana were suspended and set to
sway gently (mobile food). When gray mouse lemurs were introduced for the first time
into the enclosure, each group received a habituation period of 2 h without food. We
tested each group on a total of 18 d at the rate of 4 sessions per day. Each day, we tested
subjects with one of the four conditions and the order of the presentation of the different
food types, corresponding to the four conditions, was randomized. The experimenter
left the chamber 10 min before starting the camera for each session to avoid disturbing
the gray mouse lemurs. At the end of each session, we waited for subjects to return to
the nest box. At that point, we removed the nest box from the test cage to prepare it for
the next session. We then placed the nest box in the test cage again. To avoid
habituation, the number of the food items changed each day (around 10 ± 3 items)
and the position of the banana for conditions 2 and 4 changed across the substrates. All
data were obtained in unconstrained conditions, meaning that individuals were free to
move in the cage during each session. To recognize gray mouse lemurs individually for
data analyses we added black, white, or black-and-white striped necklaces to the
individuals under observation. The individuals were not trained in this task before the
experimental trials.
Video Analysis
We videotaped the behavior of all groups during 30-min sessions using a digital
camcorder (SONY Handycam HDR-CX740VE Nightshot, Sony Corporation, Tokyo,
Japan) and a camera connected to a monitor outside the test chamber, where the
experimenter sat and observed the subjects.
We made observations using continuous focal animal sampling (Altmann 1974;
Martin and Bateson 1993). We conducted video analyses at the individual level using
EthoLog 2.2 (Ottoni 2000) for Windows®. For each session we recorded which
substrates were successively used by each subject. We considered that an individual
was on a substrate when its hands and feet were in contact with that substrate. We
considered that an individual had left a substrate when its body was situated between
the two substrates, e.g., during a leap, or when hands are on one substrate and the feet
on another. We recorded the time spent on each substrate, the activity (defined as:
locomotion = walk, run, or leap on the substrate; rest = no locomotion movement and
stay sitting or standing on the substrate), and for inclined and vertical substrates we
noted whether individuals moved head-up or head-down. The subjects used all substrates including the ground, the central pillar, and the walls of the cage. For conditions
2, 3, and 4, we also recorded the prehensile organ used (mouth; left, right, or both
hands) for each grasp, even if the pieces of food were subsequently released and not
ingested. We defined five types of grasping strategies: the mouth grasp, the one-hand
grasp, the bimanual grasp, and combinations of mouth and one or both hands.
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Statistical Analysis
We recorded 12 sessions of 30 min for each group and each one of the 4 conditions,
resulting in a total of 72 h of observation. For substrate use quantification, we analyzed
1 h of videotape for each condition and each group (2 sessions by condition), which
resulted in 5833 substrate use events with a mean of 648 events per individual. For the
quantification of grasping strategies and the influence of food type on the substrate use
we analyzed all video records. We eliminated data from observations that occurred on
the central pillar, the Plexiglas walls, and the ground from further analyses as they were
not informative relative to our initial hypotheses.
Quantification of Substrate Use We calculated the total time spent on each substrate
by individuals (in seconds) and we recorded the activity of individuals while using each
substrate. Next, to analyze substrate use further, we quantified the mean time spent on
each substrate, which represents how long an individual stayed on a given substrate
before it left for another; and the proportion of substrate use, which quantifies the
number of times an individual used a given substrate relative to the total number of
substrate use, for each individual and each condition.
We used nonparametric statistical tests. To determine whether gray mouse lemurs
used substrates differently according to the presence of different food types, we
compared both the mean time spent on each substrate and the proportion of substrate
use between the four conditions using Friedman one-way ANOVA tests for repeated
measures; we did this separately for individuals at rest and during locomotion. Next, to
determine whether gray mouse lemurs have a preference for certain substrates while at
rest and during locomotion, we pooled data from all conditions and compared the mean
time spent on each substrate and the proportion of substrate use, for diameter and
orientation separately, using Friedman one-way ANOVA tests for repeated measures.
When necessary, two by two post hoc comparisons were made using Wilcoxon signedrank, paired two-sided tests (exact method).
Effect of Food Type on Substrate Use During Food Grasping Using all sessions
available for each group, we recorded 20 grasps for each individual for each food type,
resulting in 180 grasps for each food type analyzed. Along with recording grasp type
used during food capture we recorded substrate use by subjects during each grasp.
Next, we calculated for each individual the number of grasps occurring on each
substrate and for each food type. To test whether the grasp frequency is a monotonic
function of the diameter or the orientation of the substrate we computed the
Spearman coefficient correlation. To derive P-values for the significance of the
correlation, we used a two-sided permutation test (exact method). Next, we
tested the effect of food type on substrate choice during grasping using
Friedman one-way ANOVA tests for repeated measures. To investigate the
overall influence of substrate diameter and orientation separately, we tested
whether food type influences substrate choice by grouping substrates relative
to their diameter only or their orientation only. When necessary, we performed
post hoc comparisons using Wilcoxon signed-rank, paired two-sided tests (exact
method) two by two to compare the substrate choice according to each food
type, both for diameter and orientation.
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Effect of Food Type on Grasping Strategies We grouped the grasping strategies in
three categories: mouth, hands (one or both hands), and combinations (the mouth with
one or both hands). We tested the influence of food type on grasping strategies using
Friedman one-way ANOVA tests for repeated measures. Next, we performed post hoc
comparisons using Wilcoxon signed-rank, paired two-sided tests (exact method) two by
two to compare the use of the hands, the mouth, or combinations of mouth–hands
according to each food type.
Implementation of Statistical Tests Friedman tests and associated post hoc comparisons were performed using R graphical and statistical software v.3.1.1 (R
Development Core Team 2013). The significance threshold, for the Friedman tests,
was set at P < 0.05. Wilcoxon comparisons were corrected using a sequential
Bonferroni correction and significant results are indicated in the tables by an asterisk.
Spearman correlations and associated tests were performed using MATLAB R2013a
and the corr function of the statistics toolbox (MATLAB®). Mean values (estimated by
averages) are presented as mean ± SEM (standard error of the mean).

Ethical Note
Housing and breeding facilities were approved under the French regulations for animal
well-being and the experimental protocol used here adhered to the legal requirements of
the European Union Code of Ethics. As our gray mouse lemurs were accustomed to
being in groups of three individuals, we performed all behavioral observations on
groups of three, despite the fact that mouse lemurs forage solitarily (Lutermann 2001).
This protocol ensured spontaneous behavior by the subjects, which would have been
stressed if they were left alone in the study enclosures.

Results
Quantification of Substrate Use
Comparisons Between the Four Conditions Gray mouse lemurs spent various
amounts of time on the different substrates when we compared the mean times spent
at rest and during locomotion between the four conditions (without food, with banana,
with cockroach, and with mobile banana; Fig. 3a, b). At rest, subjects used wide
vertical substrates proportionally more when banana was present than in the other
conditions (Friedman test: χ2 = 9.81, d.f. = 3, P = 0.020; Fig. 3c). During locomotion,
they used the narrow vertical substrate proportionally less in the presence of
cockroaches than in the conditions without food and in presence of banana
(Friedman test: χ2 = 10.2, d.f. = 3, P = 0.017; post hoc comparisons: cockroach vs.
no food: P = 0.004; cockroach vs. banana: P = 0.008; Fig. 3d). Moreover, they used the
vertical twigs significantly more in presence of cockroaches than in presence of mobile
banana (Friedman test: χ2 = 15.06, d.f. = 3, P = 0.002; post hoc comparison: P = 0.008;
Fig. 3d).
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Fig. 3 Mean time spent in seconds at rest on the different substrates and for each condition; error bars = SEM.
(b) Mean time spent in seconds in locomotion on the different substrates and for each condition; error bars =
SEM. (c) Proportion of use of the different substrates, at rest and for each condition. (d) Proportion of use of
the different substrates, in locomotion and for each condition; all measures concern nine Microcebus murinus
from the Brunoy breeding colony, France, January–March 2013. H = horizontal; O = oblique; V =
vertical; N = 5833 events with 1824 events at rest and 4009 events during locomotion.

Comparisons Between Substrate Diameters On average, gray mouse lemurs stayed
longer on all substrate diameter types while at rest than when moving (Fig. 4a).
Moreover, they more often used wide and medium substrates while at rest and more
often narrow substrates and twigs during locomotion (Fig. 4b). There were significant
differences both during rest and during locomotion for the number of times subjects
used substrates of different diameters (Friedman tests: at rest: χ2 = 25.93, d.f. = 3, P <
0.001; during locomotion: χ2 = 17.933, d.f. = 3, P < 0.001). Individuals used wide and
medium substrates proportionally more while at rest compared to the other substrate
diameters, and used wide, medium, and narrow substrates proportionally more to walk
or run than they used twigs (Table II, Fig. 4b).
Comparisons Between Substrate Orientations On average, gray mouse lemurs
stayed longer on all substrate orientation types while at rest (Fig. 4c). Moreover,
they more often used horizontal and oblique substrates while at rest and more
often vertical substrates during locomotion (Fig. 4d). We found significant differences at rest for the number of times subjects used substrates of different orientation (Friedman test: χ2 = 10.667, d.f. = 2, P = 0.005) but not during locomotion
(Friedman test: χ2 = 1.086, d.f. = 2, P = 0.581). Individuals used horizontal and
oblique substrates significantly more to rest upon compared to vertical substrates
(post hoc comparisons: horizontal vs. oblique: P = 1; horizontal vs. vertical: P =
0.008; oblique vs. vertical: P = 0.004).
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Fig. 4 Mean time spent in seconds on each substrate diameter, at rest and during locomotion; error bars =
SEM. (b) Proportion of substrates used by substrate diameter, at rest and during locomotion. (c) Mean time
spent in seconds on each substrate orientation, at rest and during locomotion; error bars = SEM. (d) Proportion
of substrates used by substrate orientation, at rest and during locomotion; all measures concern nine
Microcebus murinus from the Brunoy breeding colony, France, January–March 2013. All conditions and
individuals pooled; N = 5833 events with 1824 events at rest and 4009 events during locomotion.

Effect of Food Type on Substrate Use During Food Grasping
Effect of Food Type on Diameter We observed a positive relationship between the
substrate diameter and the number of food items grasped (Spearman correlation
coefficient = 0.73, P < 0.001). There was, at the group level, a preference for greater
substrate diameters while grasping all three food types (Fig. 5a). However, when we
Table II P-values of post hoc comparisons testing for differences in the proportions of substrate diameters
used at rest and during locomotion in Microcebus murinus at the Brunoy breeding colony, France, January–
March 2013
Wide vs.
medium

Wide vs.
narrow

Wide vs.
twig

Medium vs.
narrow

At rest

0.012

0.004*

0.004*

0.004*

0.004*

0.004*

In

0.055

0.028

0.004*

0.91

0.004*

0.004*

locomotion
*Significant after Bonferroni correction.

Medium vs.
twig

Narrow vs.
twig
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removed twigs from the analyses, as they are generally less used than controlled
substrates (Fig. 5b), we found significant effects of food type on substrate diameter
choice only for cockroach grasps, for which gray mouse lemurs used more larger
substrates (Spearman correlation coefficient = 0.52, P = 0.006), and there were no
longer significant effects for banana and mobile banana (banana: Spearman correlation
coefficient = 0.096, P = 0.627; mobile banana: Spearman correlation coefficient = 0.05,
P = 0.814). However, when we compared the number of grasps between the different
substrate diameters for each food type separately, gray mouse lemurs grasped the three
food types significantly less on twigs, and they grasped cockroaches significantly less
on narrow substrates than on wide and medium ones (Friedman tests: banana: χ2 =
17.11, d.f. = 3, P < 0.001; cockroach: χ2 = 15.34, d.f. = 3, P = 0.002; mobile banana: χ2
= 14.69, d.f. = 3, P = 0.002; Fig. 5b). Post hoc comparisons were no longer significant
after Bonferroni correction.
Effect of Food Type on Orientation We found no relationship between substrate
orientation and the number of food items grasped (Spearman correlations: banana:
coefficient = –0.277, P = 0.161; mobile banana: coefficient = 0.032, P = 0.874;
cockroach: coefficient = –0.359, P = 0.066; Fig. 5c). However, we obtained significant
differences between the orientation of the substrates used only for mobile banana,
where gray mouse lemurs used oblique substrates significantly more than horizontal

Fig. 5 Proportion of grasps for each food type and by substrate diameter; error bars = interindividual standard
deviation. (b) Mean number of grasps on each substrate diameter and for each food type; error bars = SEM. (c)
Proportion of grasps, at the group level, for each food type and by substrate orientation; error bars =
interindividual standard deviations. (d) Mean number of grasps on each substrate orientation and each food
type; error bars = SEM. All measures concern Microcebus murinus from the Brunoy breeding colony, France,
January–March 2013; N = 9 individuals at 20 grasps each representing 180 grasps in total for each food type.
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and vertical ones (Friedman tests: banana: χ2 = 2.688, d.f. = 2, P = 0.261; mobile
banana: χ2 = 7.82, d.f. = 2, P = 0.020; cockroach: χ2 = 4.55, d.f. = 2, P = 0.103;
Fig. 5d). Post hoc comparisons were no longer significant after Bonferroni correction.

Effect of Food Type on Grasping Strategies
At the group level, we found significant differences in the different grasping strategies
used for each food type (Friedman tests: banana: χ2 = 17.543, d.f. = 2, P < 0.001;
cockroach: χ2 = 18, d.f. = 2, P < 0.001; mobile banana: χ2 = 17.176, d.f. = 2, P <
0.001). Gray mouse lemurs differed significantly in the use of the mouth, the hands, or
a combination of mouth and hands when grasping each food type (Table III). Indeed,
when comparing the means of the grasping strategies for each food type (Fig. 6), gray
mouse lemurs used the mouth significantly more for static food types (banana).
However, for mobile food types (cockroach and mobile banana), the use of one or
both of the hands predominated (Fig. 6).

Discussion
Gray mouse lemurs did not prefer particular substrates, either when at rest and during
locomotion. However, while at rest, they used the wide vertical substrate proportionally
more in presence of banana than without food. During locomotion subjects used the
narrow vertical substrate proportionally less in the presence of cockroaches than in the
other conditions, and they used vertical twigs proportionally more in the presence of
cockroaches. This appears contradictory at first, but may suggest that cockroaches have
preferences for some substrates, particularly vertical twigs, as these substrates may
provide cockroaches with food or shelter given the presence of leaves on the twigs.
Consequently, in presence of these food items gray mouse lemurs more often used
these substrates. However, owing to interindividual differences concerning substrate
use, we cannot rule out some bias concerning these observations. Despite the few
differences noted earlier, the presence of food items did not strongly influence spontaneous substrate use. However, in the wild, substrate use is directly linked with the
Table III P-values of post hoc comparisons testing for differences between grasping strategies associated
with each food type in Microcebus murinus at the Brunoy breeding colony, France, January–March 2013
Grasping strategies

Conditions
Banana

Cockroach

Mobile banana

Mouth vs. hands

0.009*

0.009*

0.009*

Mouth vs. combination

0.009*

0.009*

0.021*

Hands vs. combination

0.014*

0.009*

0.009*

Mouth: grasp using the mouth alone while hands remain on the substrate; hands: grasp using one or both
hands; combination: grasp using both the mouth and one or both hands at the same time.
*Significant after sequential Bonferroni correction.
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Fig. 6 Mean number of grasps used for each food type in Microcebus murinus from the Brunoy breeding
colony, France, January–March 2013; N = 9 individuals at 20 grasps each representing 180 grasps in total for
each food type; error bars = SEM. *P < 0.005.

position of the food. Whereas in the case of fruits this is rather predictable and stable
(e.g., fruits at the tips of branches are typically heavier; Moravcova et al., 2005), this is
not the case for the majority of insects. The availability of food types also differs
seasonably (Dammhahn and Kappeler 2008). The gray mouse lemurs used here
descend from a lineage that has been in captivity for several decades and have not
been subjected to spatial and temporal variation in resources. As such, the fact that they
did not significantly change their behavior according to the type and presence of food
could simply be a result of captive conditions.
Subjects more frequently used wide and medium substrates to rest, and more often
narrow substrates and twigs during locomotion. This is consistent with other studies of
primates in which narrow substrates are used most when foraging or during locomotion
compared to wider substrates that are mostly used for resting (Fleagle and Mittermeier
1980). Individuals also used horizontal and oblique substrates more frequently while at
rest but used vertical substrates more during locomotion. These results do not support
our first hypothesis, which predicted that gray mouse lemurs should spend significantly
more time using narrow horizontal substrates and twigs rather than wide substrates
(Martin 1973; Peter 1962; Tattersall 1982). This may be explained by the fact that gray
mouse lemurs can lay their body flat on wider supports and remain stable, thus
minimizing the energy spent at rest. However, the narrow inclined substrate was also
frequently used at rest, in contrast to the horizontal narrow one. This suggests that there
may be a trade-off between the energy spent to stay in balance and the use of narrow
substrates. When individuals were moving they used all the different substrate types
with an increased use of the narrow substrates and twigs. This could imply that fine
branches are used mainly for locomotion. Locomotion may provide an individual with
dynamic stability, thus facilitating the use of narrow branches. Indeed, increases in
speed with a decrease in diameter are often observed in nonspecialized animals
(Gálvez-López et al. 2011).
Subjects used vertical substrates more frequently during locomotion than at rest. It
was previously shown that the hand postures of the gray mouse lemur vary according to
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the orientation of the substrate (Reghem et al. 2012). Vertical substrates increase the
variability in grasping hand postures for gray mouse lemurs and include the use of
uncommon grasp types compared with horizontal substrates. Ulnar deviation in the
mouse lemur also appears to be related to telaxonic and entaxonic grasping of thick
substrates in combination with vertical orientations. Reghem et al. (2012) suggested
that the frequent use of vertical supports influences the hand biomechanics toward ulnar
deviation more than the arboreal substrate use itself. In this regard, the relatively longer
fingers observed in Microcebus murinus increase the area of the hand, thus probably
increasing the frictional forces that can be exerted on the substrate independent of the
diameter. Long fingers tend to characterize vertical clingers and leapers (Boyer et al.
2013). Relatively longer manual and pedal digits, which are shared with other arboreal
primates (lorises, indriids: Lemelin and Jungers 2007), appear to be functionally linked
with the ability to grip large vertical supports. A better understanding of the dynamics
of locomotion is needed, despite the existence of some papers devoted to an understanding of locomotor behavior and the origin of the grasping hand in primates in
relation to substrate orientation (Hanna 2006; Lemelin and Schmitt 1998). Our observations also indicated that during locomotion on wide and medium substrates gray
mouse lemurs moved using many little leaps. In contrast, during locomotion on narrow
substrates and twigs, they moved using quadrupedal walking, as documented by some
(Gebo 1987; Schmitt and Lemelin 2002) for other cheirogaleids.
Unexpectedly, gray mouse lemurs rarely used twigs (0.5–0.2 cm diameter) compared to other substrates, suggesting that they may be less specialized narrow branch
users than previously suspected (Martin 1973; Peter 1962; Tattersall 1982). This may
be partly explained by the high flexibility of twigs and very narrow substrates in
general. Indeed, branch compliance presents a major problem for arboreal animals that
travel and feed in the forest canopy. In theory, compliant terminal branches may act as
external springs adding momentum to jumps and leaps across gaps (Alexander 1991),
but researchers have suggested that compliant supports increase the cost of arboreal
locomotion (Alexander 1991; Demes et al. 1995). However, field observations suggest
that some primates can use branch compliance to their advantage: galagos (Otolemur
crassicaudatus) and bonobos (Pan paniscus) use branches as catapults (anecdotal
evidence cited in Demes et al. 1995) and some species pump branches before leaps
to make use of the propulsive force of branch recoil (Cant 1994). Finally, orangutans
make use of compliant substrates to lower the energetic cost of locomotion (Thorpe
et al. 2007a, b). In our experimental setup gray mouse lemurs did not appear to make
use of compliant substrates during locomotion. However, our study was not designed to
test specifically the effect of substrate compliance, as the most flexible substrates were
also the narrowest ones. Future studies testing how substrate compliance independent
of diameter affects locomotion in gray mouse lemurs would be of interest.
Our measures of hands and feet showed that the morphology of Microcebus murinus
does not permit the complete flattening of hands and feet and thus the digits remain
always somewhat flexed in their joint between proximal and intermediate phalanges
(Fig. 1, Table I). The morphology characterized by a powerful pedal grasp with a
divergent hallux is supposed to be particularly adapted to the grasp of small branches
by improving security and stability (Cartmill 1974a, b; Martin 1972a; Sargis et al.
2007). Although the size of the hand in the gray mouse lemurs may be adapted to
locomotion in a narrow branch arboreal environment (Lemelin 1999; Lemelin and
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Schmitt 2007), it still allows them to use a diversity of substrates of different diameters
and orientation. We also observed that gray mouse lemurs frequently descended to the
ground, a behavior that was typically observed when cockroaches fell to the floor of the
cage. This is consistent with prior studies that have shown that in the wild mouse
lemurs forage and hunt opportunistically for arthropods using both the canopy and the
ground (Dammhahn and Kappeler 2008). In the wild, Microcebus murinus feeds on
fruits, arthropods, gum, insect secretions, and small vertebrates (Dammhahn and
Kappeler 2008; Radespiel et al. 2006). Thus M. murinus appears to be an opportunistic
generalist, adjusting its diet to what is locally or temporally available in a habitat
(Dammhahn and Kappeler 2008). In the present study, the individuals tested had never
been confronted with cockroaches previously, yet immediately incorporated this kind
of food into their diet. This allowed us to observe a spontaneous behavior and innate
prey grasping strategy. The fact that these gray mouse lemurs responded to cockroaches
is not entirely surprising considering that arthropods are a highly preferred food source
in the wild (Dammhahn and Kappeler 2008).
Concerning the effect of food type on substrate used during food grasping, individuals mainly grasped food items on wider substrates. However, they showed a tendency
to use proportionally more twigs to grasp mobile food items than static food items. This
suggests that twigs correspond to a very different substrate type for the gray mouse
lemurs that is generally avoided unless preferred food sources are present on these
substrates. Moreover, we observed that substrate orientation did not affect the substrate
choice in relation to food grasping. The higher number of grasps observed on the
inclined substrates for mobile banana was due to a single individual that very often
used the narrow inclined substrate to grasp mobile pieces of bananas. Finally, we
observed that when gray mouse lemurs were at rest, it was often to eat food previously
seized. Moreover, when consuming food, gray mouse lemurs often adopted a crouched
position and manipulated the food with their hands. Thus, whereas fine-branch substrates are more often used for locomotion, mouse lemurs prefer more stable branches
to feed. Individuals did not prefer particular substrates to reach either mobile or static
food items. This suggests that, at least for captive individuals, mouse lemurs are more
generalized than often suggested. It would be interesting to explore further how food
positioning and the spatial distribution of food resources in the wild affect substrate use
to test the angiosperm exploitation hypothesis (Rasmussen 1990; Sussman 1991;
Sussman et al. 2013).
Concerning the influence of the prey mobility on the type of grasping, our results
support our third prediction. The use of the mouth rather than hands to grasp static
foods is consistent with previous studies of the grasping of small sized fruit items
(Reghem et al. 2011; Scheumann et al. 2011; Ward and Hopkins 1993). Moreover the
use of the mouth for the grasping of small static objects is commonly observed in
lemuriforms (Peter 1962), other primates (strepsirrhines: Pollock 1977; Ward and
Hopkins 1993; platyrrhines: Singer and Schwibbe 1998), and nonprimates such as
rodents (Whishaw et al. 1998), marsupials (Ivanco et al. 1996), and tree shrews (Joly
et al. 2012). These results could be partly explained by the fact that Microcebus
murinus is characterized by hands with fingers that are relatively longer than the palm
of the hand, consistent with our measurements, as in most strepsirrhines (Boyer et al.
2013; Lemelin and Jungers 2007). Lemelin and Jungers (2007) suggested that there are
marked departures between body size and finger length observed in primates,
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particularly in strepsirrhines, and that these observations seem to be closely linked with
specialized modes of food grasping and manipulation involving the hands. However,
further quantitative data are needed to confirm our observations.
The preferred use of one or both hands without the mouth for capturing mobile prey
appears common to mouse lemurs and other primates including platyrrhines
(callitrichines, capuchins), strepsirrhines (galagids, cheirogaleids, lorisids), tarsiers,
and nonprimate species such as rats and opossums (strepsirrhines: CharlesDominique 1977; Martin 1972a, b; Nekaris 2005; Peter 1962; tarsiers: Niemitz 1984;
platyrrhines: Pouydebat et al. 2014; Singer and Schwibbe 1998; rats and opossums:
Ivanco et al. 1996). We observed that individuals caught cockroaches using the
extended forelimb, as has been previously shown in the wild (Bishop 1964; CharlesDominique 1990; Lemelin 1996a, b). Moreover, our study is the first to show that the
use of the hands appears specifically when gray mouse lemurs grasp mobile versions of
an otherwise static food item. Banana and cockroach provide very different cues. Field
observations (Martin 1972a, b) and behavioral experiments (Goerlitz and Siemers
2007; Siemers et al. 2007) suggest that wild-living gray mouse lemurs use preygenerated auditory information for the detection and classification of arthropods.
They also react to visual motion cues for detection of insect prey and to olfactory cues
when foraging for hidden fruit (Siemers et al. 2007). Consistent with those studies, we
observed that the gray mouse lemurs turned their heads in the direction of the prey and
exhibited brisk ear movements when cockroaches were present in the enclosure,
whereas they did not do so in presence of either static or moving banana. Our data
thus suggest that the food mobility is potentially more important in determining grasp
strategies than its intrinsic properties, as mobility may be the primary constraint on prey
capture. Despite the fact that we did not specifically test the effect of intrinsic properties
of the food, this could provide some support for the insect-catching hypothesis
(Godinot 1991, 2007), which suggests that the primate hand with long and clawless
fingers is adapted for predation on moving prey. Indeed, our data suggest that prey
mobility is the trigger driving the use of the hands. However, the greater importance of
movement in grasp type selection also makes sense in the context of fruit acquisition.
Fruits may also move in an arboreal environment, especially if they are located at the
tips of branches. In those cases fruits may move because of the wind or the primate
walking on a thin, flexible substrate. These swinging movements are similar to that we
provided with our Bmobile banana^ experiment and may induce primates to use their
hands rather than their mouth. Our results are consequently consistent with the primate/
angiosperm coevolution theory (Sussman et al. 2013) which predicts that the first
primates evolved to exploit fruits and flowers along with insects attracted to these
angiosperms products. Yet, our data do not refute alternative hypotheses such as the
visually predation hypothesis, or visually directed predation, which predict the concomitant evolution of forward-facing orbits and the evolution of grasping (Cartmill
1972).
In a previous study (Toussaint et al. 2013), we showed that the diameter influences
grasp type in Microcebus murinus when grasping food items on horizontal substrates.
The hand was used significantly more to grasp both static and mobile food (pieces of
banana, mealworms, and cockroaches) when moving on a narrow substrate, whereas on
a wide substrate gray mouse lemurs exhibited increased variability in grasping strategies, using both the mouth and the hands. We might expect that their ability to use
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different strategies would be better on wide substrates than on narrow substrates
because the former impose fewer physical constraints in terms of stability. Our new
data further suggest that wide substrates are possibly used more often in the wild by
mouse lemurs, and that Microcebus murinus may not be as specialized for the use of
fine branches as previously thought.

Conclusion
Microcebus murinus appears to be more opportunistic rather than a specialist user of
fine branches as previously suggested, at least under laboratory conditions. Whereas
thinner substrates seem to be used more for locomotion, wider, more stable, substrates
are used more to feed and rest upon. In addition, whereas static foods were preferentially caught with the mouth, the hands were preferentially used for grasping moving
food items, independently of the nature of the food itself. Our results do not refute
existing hypotheses on primate origins that propose adaptations to both a narrow
branch environment and visually directed prey capture with the hands. However,
additional studies in the wild are needed to understand better the origin and increased
use of the hands in grasping and manipulation. It would be particularly interesting to
study other species of the genus Microcebus and other cheirogaleids models as Mirza,
or also galagids. It would also be interesting to test whether there is convergence in
grasping strategy between mouse lemurs and species of callitrichines, which possess
relatively long fingers and consume mobile preys and fruits on terminal branches.
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