N

N

AMp2biB: iBM; M iQKB+ H M/ #2? pBQ  H /
+QMp2 :2M+2b BM i'QTB+ H T 2?2MbBH2@
U7'QK i?2 L2Qi'QTB+b M/ S Tm L2r :mBM

BMi2: iBp2 TT Q +?

i?m L b

hQ +Bi2 i?Bb p2° bBQM,

i?m> L bX AMp2biB: iBM; M iQKB+ H M/ #2? pBQ  H /Bp2 bBiv
T 2?22MbBH2@i BH2/ K KK Hb U7 QK i?2 L2Qi"QTB+b M/ S Tm L2r :ml
MBK H #BQHQ;vX IMBp2 'bBid /2 JQMiT2HHB2 - kyk9X 1M;HBb?X LLh

> G A/, i2ZH@y8y9dR38
?21iTbh,ffi?2b2bX? HXb+B2M+2fi2H@y8y9dR38¢
am#KBii2/ QM k8 T kyk8

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X


https://theses.hal.science/tel-05047185v1
https://hal.archives-ouvertes.fr

£ 5% & #$ S8 (% ' $ (' $% %

#$)$) " LH"T #E L # O S+ &

% %% (% %HO0)% $% # $" 4% #

$ " $* 0 *$) " 2% # (%((% " +9% (

) $* "%H %% > ! %, % $%
%**$ % )

$"  *%$ $)'$
- 0$ /1/.

" %#$ # $$2 $ 3
) 4

% 5I$4 (*" #

6) 78 '$9"™Ig 10 #2 $" 4" $ %** $ 1$
"7 9™ §” $ 4 )"% %+ $ 1$
%% ;' % <$# 9% " I$H) $ 4 $) 2%( % $
= $9™I1$ ') §"4) 2%( % !$
8%$ %6 ' "% *$9M$ ' $49%)"$ %)"$ 2%( % $

> "$$ #%$)8%) " * 8 ?2%( % $



















Contents

Table of contents 1
Abstract 2
Introduction 4
References . . . . . . . . e 14
1 Positional behavior and tail-use of a Neotropical prehensile carnivoran, the
kinkajou ( Potos avus ) 21
1.1 Tails in Action: comparative analysis of the use of the prehensile tail and sub-
strates in Alouatta macconnellj Sapajus apellaand Potos avus . . ... .. .. 22
1.1.1 Introduction . . . . . . . . . . 24
1.1.2 Material and methods . . . . . . ... ... .. ... .. 26
1.13 Results. . . . . . . . e 29
1.1.4 DISCUSSION . . . . o o i e e e 35
References . . . . . . . . e 42
1.2 Night life: Positional behaviors and activity patterns of the Neotropical Kinka-
jou, Potos avus (Carnivora, Procyonidae) . . . . . . . . . .. . ... .. .... 58
1.2.1 Introduction . . . . . . . . . .. e 60
1.2.2 Material and methods . . . . . .. .. ... ... .. 62
123 Results. . . . . . . e 70
1.2.4 DISCUSSION . . . . . o o o e e 77
1.25 Conclusion. . . . . . . . e 79
References . . . . . . . . e 81
2 Convergence and diversity in the caudal musculature of prehensile-tailed
carnivorans, a descriptive and quantitative investigation. 86
2.1 Introduction . . . . . . . 88
2.2 Material and methods . . . . . . . ... .. L 90
2.3 Results . . . . . e 92
2.3.1 Muscles descriptions . . . . . . . ... e 92



2.3.2 Quantitative data . . . . . . . .. .. 106
2.3.3 External measurements . . . . . . ... o 108
234 MusCle masses . . . . . . . o e 109
235 Tendonlengths . . . . . . . . . . .. ... 113
2.4 DISCUSSION . . . . . o e e 114
References . . . . . . . . e 119
3 Easy to grasp? An exploration of caudal vertebral convergence associated
with prehensile tails in a subfamily of small mammals, the Murinae (Roden-
tia). 126
3.1 Introduction . . . . . ... e e 128
3.2 Material and Methods . . . . . . . . .. L 131
3.2.1 Specimen acquisition and ecological categories . . . .. .. .. ... ... 131
3.2.2 Scans and segmentation . . . . . ... ..o 131
3.2.3 Measurements . . . . . ... e e 131
3.2.4 Molecular phylogenetics . . . . . .. .. ... .. ... .. .. 132
3.25 Comparative analyses. . . . . . . . . ... 134
3.3 Results . . . . . . 137
3.4 DISCUSSION . . . . . . e 142
3.4.1 Morphological trends and convergence in murine tail vertebrae . . . . . . 142
3.4.2 Phenotypic diversity, size, and incomplete convergence . .. .. ... .. 143
3.4.3 Reassessment of tail prehensility . . . . .. ... ... ... ........ 145
3.4.4 Number of convergentevents. . . . . .. .. ... .. .. .. .. ... .. 145
3.45 Perspectives . . . . . .. 147
References . . . . . . . . e 148
Discussion 172
3.5 Convergences of prehensile-tailed species . . . . . .. ... ... ... ...... 173
3.6 Diversity among prehensile-tailed species . . . . . ... ... ... ... . ... 176
3.7 De ning Prehensility and Semi-prehensility . . . . . . ... ... .. ....... 179
3.8 Global distribution of prehensile-tailed species . . . . . ... ... ... ..... 181
3.9 Perspectives . . . . . . . e e e e 182
References . . . . . . . . e 184
Resuneetendu en frarcais 189
References . . . . . . . . e 198
Remerciements 204



Abstract

Prehensile tails (i.e. capable of grasping) are considered to be an adaptation to highly arboreal
lifestyles. This trait has been reported in at least 40 mammalian genera across six orders. This
important number of species across a wide diversity of mammals suggest several independent origins
of prehensile tails. Such capacities are believed to impose particular mechanical constraints onto
the tail and thus hypotheses regarding morphological convergence between those taxa have been
tested. Prehensile species appear to present shorter and wider caudal vertebrae, with more developed
transverse processes and an important development of their exor muscles. However, primates and
carnivorans (to a lesser extent) have been the primary focus of such studies, thus much remains
unknown and there is especially a need to take into account a wider diversity of taxa in further studies.
To better characterize the convergent patterns aforementioned, this doctoral dissertation aimed to
conduct an integrative approach adding behavioral, myological, and osteological data on carnivorans
and rodents. Behavioral results con rm that howler and capuchin monkeys use their tails in di erent
ways and establish that kinkajous present both a combination of tail-associated behaviors found in
the aforementioned species as well as unique behaviors. Regarding tail muscles, carnivorans appear
to present trends similar to those found in primates, especially regarding the relative development
of their exor muscles but also demonstrate distinct structural properties highlighting a partial
decoupling of myological and osteological convergences. Lastly, the investigation of the tail vertebrae
of small rodents demonstrates that they share a convergent pattern with primates and carnivorans
and helped diagnose prehensile capacities in new species. Overall, this work contributed to better
understanding the convergences as well as the diversity in the behavior and the anatomy of prehensile-
tailed species in order to better appreciate the interplay between form and function associated with
this trait.

Resune

Les queues pehensiles (capables de s'agripper) sont consiceees comme une adaptationa un mode
de vie arboricole. Ce trait aet signak dans au moins 40 genres de mammiktres appartenanta

six ordres. Ce nombre important d'especes de mammikres suggere plusieurs origines inckependantes
des queues pehensiles. Ces capacies sont consickees comme imposant des contraintes necaniques
particuleresa la queue et la convergence morphologique entre ces taxons a doncek tese. Les especes
pehensiles semblent pesenter des verebres caudales plus courtes et plus larges, avec des processus
transverses plus ceveloppes et un ceveloppement important de leurs muscles echisseurs. Cependant,
les primates et les carnivores ontet les principaux sujets de cesetudes. Il reste donc beaucoup
d'inconnues et il est particulerement recessaire de prendre en compte une plus grande diversie
de taxons. A n de mieux caraceriser les patrons convergents mentionres ci-dessus, cette tlese
visaita mener une approche inegrative en ajoutant des donrees comportementales, myologiques et
oskologiques sur les carnivores et les rongeurs. Les esultats comportementaux ont con rire que les
singes hurleurs et capucins utilisent leur queue de manere dierente et ontetabli que les kinkajous
pesententa la fois une combinaison de comportements assocesa la queue que I'on retrouve chez
les especes susmentionrees ainsi que des comportements uniques. En ce qui concerne les muscles
de la queue, les carnivores semblent pesenter des tendances similaires a celles obsenees chez les
primates, notamment en ce qui concerne le ceveloppement relatif de leurs muscles echisseurs, mais
ils pesententegalement des proprees structurelles distinctes qui mettent enevidence un cecouplage
partiel des convergences myologiques et oseologiques. En n, letude des verebres caudales des petits
rongeurs a cemonte qu'elles partagent un patron convergent avec les primates et les carnivores et

a permis de diagnostiquer des capacies pehensiles chez de nouvelles esgeces. Dans I'ensemble, ce
travail a contribtea mieux comprendre les convergences ainsi que la diversie dans le comportement

et I'anatomie des especesa queue pehensile a n de mieux appecier l'interaction entre la forme et

la fonction assoceesa ce trait.



Introduction

The arboreal environment, especially in tropical forests, provides many advantages for the
species inhabiting it. It is believed to be less dense in both predators (Campbell et al., 2005;
Ferrari, 2009; Monteza-Moreno et al., 2020; Shattuck and Williams, 2010) and interspecic
competitors (MacArthur, 1972; Pianka, 1978). The latter is the result of both the abundance

of food resources (Bourlere, 1989; Bourlere and Harmelin-Vivien, 1989) as well the vertical
strati cation of forests (Basham et al., 2023; Nakamura et al., 2017; Oliveira and Sche ers,
2019), promoting species coexistence. However, species inhabiting the arboreal strata are also
faced with several challenges. Indeed, arboreal species most often navigate on substrates lo-
cated far above the ground, thus falling represents a major risk. Furthermore, the arboreal
environment is highly discontinuous and negotiable supports are limited, variable in size, and
potentially fragile. Lastly, arboreal species navigate in a three dimensional habitat, as available
substrate might be oriented in every possible direction (Cartmill, 1974; Lammers and Zurcher,
2011; Young, 2023). Locomotion realized in such an environment is commonly referred to as
\climbing”. The de nition of climbing and its inherent challenges, in comparison to terres-
trial locomotion, have been summarized by Preuschoft (2002): \Climbing means performing
locomotion connected with a gain or a controlled loss of height, in which the distribution of
body weight substantially deviates from the situation on level substrates. Tensile forces, or
rotational moments are transmitted between an animal and its substrate, and these forces may
well assume higher values than the compressive forces acting on the limbs."

These challenges have led arboreal species to evolve several morphological and behavioral
adaptations. As those constraints are diverse, so are the adaptations found in tree-dwelling
species. The requirements of vertical ascent and descent, and the diversity of inclined sub-
strates generates the need for more diverse positioning of the body during locomotor and
postural behaviors compared to the relatively level ground (Cartmill, 1985). Claws and grasp-
ing extremities allow animals to resist or generate antagonist forces to the action of gravity
(Cartmill, 1974). Grasping hands and feet also help navigating narrow and compliant sub-
strates such as thin branches (Cartmill, 1974). Species crossing gaps by leaping tend to be
agile and fast climbers (Cartmill, 1985), presenting adaptations in their long bones notably
associated with the stresses generated during landing (Terranova, 1995). Some species even



evolved gliding capacities associated with the presence of a patagium and elongated long bones
(Grossnickle et al., 2020; Khandelwal et al., 2023). On the other hand, species slowly bridging
gaps, have been described to possess posterior grasping extremities such as prehensile hind feet
and tails, maximizing contact with the substrate (Cartmill, 1974, 1985). Di erent adaptations

to similar constraints can lead to somewhat opposite phenotypes. Acrobatic climbers tend to
have more lumbar vertebrae than thoracic ones when the opposite pattern is found in slow
climbers (Cartmill, 1985). Similarly, smaller limbs or crouching postures limit torques and
thus increase above-branch stability (Cartmill, 1985; Preuschoft, 2002). On the other hand,
suspensory behaviors resolve the problem of keeping balance altogether and are associated with
opposite morphological adaptations including longer limbs (Cartmill, 1974; Michilsens et al.,
2009; Nyakatura, 2012).

Among those adaptations, prehensile tails have often been considered one of the least stud-
ied (Maniakas and Youlatos, 2019; Organ, 2010; Youlatos, 2003). A prehensile tail can be
straightforwardly de ned as a tail presenting grasping abilities. The most common de nition
used in the literature is the one proposed by Emmons and Gentry (1983): \A prehensile tail
is one which can support alone the weight of the suspended body; semi prehensile tails can
be wrapped around branches and support a signi cant part, but not all of the body weight.”
However, this de nition has received criticism, as the need to be able to suspend by tail only ex-
cludes several species commonly considered to have prehensile tails, and go beyond the original
meaning of prehensile (i.e. able to grasp). Meldrum (1998) thus stated: \A singular emphasis
on body weight support, however, may have resulted in many prehensile qualities of primate
tails being overlooked or trivialized. According to Webster's New Universal Unabridged Dic-
tionary, the adjective prehensile conveys the quality of seizing or grasping, \as the prehensile
tail of some monkeys" (McKechnie, 1983)". A more recent and less restrictive de nition can
be found in (Deane, 2022): \The tail of any vertebrate that is adapted for grasping, can hold
objects or can support some or all of the body weight of animal while stationary (i.e., feeding
posture) or during locomotion.” Lastly, Haines (1958) de nes tail prehensility while putting
the emphasis on the diversity of tail movement and capacities that fall under this term: \Pre-
hensility varies from a tendency to press against or coil spirally around a support, as in many
mice, through a systematic coiling around stems, as in the harvest mouse or the nectar-eating
marsupial Tarsipes, to the ability to support the whole or the greater part of the body weight
by the end of the tail alone placed squarely across a branch, as in the opossums and spider
monkeys."
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and MacPhee (2023).

Prehensile tails are distributed widely across vertebrates. As mentioned before, this trait is

present mostly in arboreal land vertebrates including mammals, reptiles and amphibians (Em-
mons and Gentry, 1983; Hanken et al., 2005; Luger et al., 2020, 2021; Zippel et al., 1999). The
notable exception to this pattern being seahorses (Neutens et al., 2014; Neutens et al., 2017,

Porter et al., 2015) and animals for which origin of this trait in arboreal context has not been
established, such as Bettongia (Haines, 1958). Among mammals, prehensile tails are reported
to have evolved in six orders and about 40 genera (Figure 1). This estimation, commonly cited,

is found in Bergeson (1996) and takes into account the orders Primates, Carnivora, Rodentia,
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Xenarthra, Pholidota. Marsupialia is here considered as an order as well. However, due to the
aforementioned di culty of de ning prehensile capacities as well as the lack of behavioral data
on many tropical, canopy-dwelling species, the number of prehensile species and their phylo-
genetic distribution is likely severely underestimated. Indeed, prehensile-tailed species have
also been reported in other orders such as Eulipotyphla (Meester and Dippenaar, 1978) and
Afrosoricida (Benjamin Sulser and MacPhee, 2023) and likely in other genera among orders
previously cited (Carrizo et al., 2014; Emmons, 1993; Musser and Durden, 2002).
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Figure 2: lllustration of the role of prehensile tails in increasing the feeding sphere from Mitter-
meier and Fleagle (1976).

Among mammals, prehensile-tailed primates have received the most attention. Several
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studies have investigated the ecological role played by this structure. Prehensile tails appear to
be used to allow access to food sources that are otherwise unreachable (Figure 2; Garber and
Rehg, 1999; Grand, 1977). They can also play a role as an anchor to secure the body above
branches and free the hands during foraging and feeding behaviors (Bergeson, 1996; Garber
and Rehg, 1999; Grand, 1977). Some species have been reported to cross gaps by bridging
using their tails to maintain contact with one branch while reaching for the next (Bergeson,
1996; Gebo, 1992; Youlatos, 1999). Prehensile tails can also play an important role to assist
and control pace during head rst descent behaviors (Rosenberger and Strier, 1989; Youlatos
and Gasc, 1994). These studies have also highlighted the fact that they might play di erent
roles depending on the species. While some species sucBeasusand Sapajuswill mainly use

their tail during above-branch behaviors such as tripodal postures, other species Ikeles use
their tails in suspensory locomotor behaviors such as tail-assisted brachiation (Bergeson, 1996;
Rosenberger and Strier, 1989; Youlatos and Gasc, 2001).

Furthermore, Meldrum (1998), stated that prehensile tails in mammals in general are likely
to play varying roles depending on the species. Emmons and Gentry (1983) highlighted the
speci city of the role of the prehensile tail in myrmecophagous species, almost exclusively used
during non-locomotor foraging behaviors, and Zavodszky and Russo (2020) considered them to
be both prehensile and used as prop in arboreal myrmecophagous species as is observed in their
terrestrial counterparts. Outside of primates, data on tail-use during locomotor and postural
(i.e. positional) behaviors are scarce. Brief descriptions can be found in Dor (1937) for several
mammalian species. A more detailed investigation in captive animals can be found for the
kinkajou (Potos avus), a prehensile-tailed Carnivoran (McClearn, 1992). Quantitative data is
especially lacking (but see Dalloz et al., 2012) despite their critical importance to understand
the functional relevance of the musculoskeletal system (Hunt et al., 1996). In this context, the
rst chapter of this doctoral work proposes to investigate quantitatively tail-associated posi-
tional behaviors in Potos avus using camera trap data. Furthermore, two primate species
(Sapajus apellaand Aloutta macconnelli) were added to the dataset in order to provide a com-
parative framework with species for which positional behavior and tail-use are better known.
Lastly the amount of data available regardingPotos avus enabled the realization of a sub-
sequent study (Chapter 1.2) documenting the overall activities exhibited by this species, their
temporal distribution and the associated positional behaviors observed.

Distal Transitional Proximal Sacrum

Figure 3. lllustration of the caudal regions. TV: Transition vertebra. LV: Longest vertebra.
From Russo and Young (2011).



Figure 4: |lllustration of caudal vertebrae adapted from Ankel (1962). A: Proximal vertebrae,
dorsal view. B: Proximal vertebrae, lateral view. C: Distal vertebra, dorsal view. D: Distal ver-
tebra, lateral view. 1: Prezygapophysis;2: Postzygapophysis;3: Spinous process#: Transverse
process &: anterior; b: posterior).

The convergence in tail prehensile capacities has led to several investigations of anatomical
convergences that could correlate with these capacities. Indeed, it is expected that being able
to coil the tail around a support, to maintain a rm grasp, and to support part or the entire
weight of the body will result in distinct morphological adaptations.

First and foremost, the caudal region of the axial skeleton is composed of all the vertebrae
located distally to the sacrum, or in other words the region begins at the level of the rst
vertebrae whose centrum is not fused with the centra of the sacral vertebrae (see Buchholtz,
2012). Caudal vertebrae exhibit several morphological changes across the tail. Proximally,
they are articulated through two di erent joints similarly to cervical, thoracic, and lumbar
vertebrae. They are articulated between centra via intervertebral discs and they possess an-
other pair of articulation facets found more dorsally via the contact of the postzygapophysis
of one vertebra with the prezygapophysis of the subsequent vertebra. More distally across the
tail, the pre- and postzygapophysis disappear resulting in vertebrae that are articulated by the
intervertebral joints only. Classically, the postzygapophysis is the rst to disappear, resulting
in a vertebra where it is absent but still presenting a prezygapophysis. This vertebra is called
the transition vertebra, as de ned by Ankel (1962). In mammals, caudal vertebrae tend to
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vary in length across the tail following a conserved pattern. Proximally, the vertebrae will
gradually increase in length, reaching their maximal size usually approximately in the middle
of the tail. Then distally, from the longest vertebra onwards, they gradually decrease in length.
These anatomical observations have led to the subdivision of this region in three parts: the
proximal, transitional, and distal region (Ankel, 1962; Hofmann et al., 2021; Youlatos, 2003).
The transition vertebra is the last vertebra of the proximal region followed by vertebrae of the
transitional region. Similarly, the longest vertebra is the last vertebra of the transitional region,
subsequent vertebrae belonging to the distal region (Figure 3).

Several other structures present changes across the caudal region. The transverse processes
are bony extensions found laterally on the vertebrae onto which several tail muscles attach
(Figure 4). In the proximal region of the tail, the vertebrae present one large central transverse
process, while around the transition between the proximal and the transitional regions, verte-
brae present two smaller transverse processes, one proximal and one distal (see Hofmann et al.,
2021). The spinous processes are bony extensions found dorsally on the vertebrae and provide
insertion sites for muscles similarly to the transverse processes. These structures are present in
the proximal-most region of the tail and tend to disappear further along the proximal region
(see Hofmann et al., 2021). Lastly, haemal arches (or chevron bones) are bony structures found
ventrally between vertebrae. They play a role as protection for the blood vessels and as muscle
attachment sites (Zavodszky and Russo, 2020). They are classically Y- or V-shaped structures
even though a greater variability of shape can be found (Zavodszky and Russo, 2020). Well
developed, bilaterally fused haemal arches found proximally typically become smaller, round,
pairs of sesamoid-like structures (Lemelin, 1995) more distally in the tail.
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Figure 5: Schematic representation of the tip of the tail of prehensile A), semi-prehensile B)
and non-prehensile C) primates, from Ankel (1962).

Investigations of the caudal anatomy of prehensile-tailed mammals have largely focused on
platyrrhine primates and on osteological characters (Ankel, 1962; Deane et al., 2014; German,
1982; Organ, 2007, 2010; Zavodszky and Russo, 2020). Fewer studies have focused on car-
nivorans (Youlatos, 2003; Zavodszky and Russo, 2020), anteaters (Xenarthra), and pangolins
(Pholidota) (Zavodszky and Russo, 2020). Yet, these investigations have highlighted several
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osteological features that are convergent with primates and functionally associated with prehen-
sile capacities. Prehensile-tailed species tend to have a proportionally longer proximal caudal
region (Ankel, 1962; Dor, 1937; Organ, 2010; Youlatos, 2003). It has been hypothesized to
allow more exibility of the proximal region of the tail by adding more vertebrae in this re-
gion while increasing sti ness as zygapophyseal joints still limit movements other than exion
and extension. The caudal vertebrae in prehensile tails tend to be shorter and wider, with
more developed transverse processes, especially in the distal region of the tail (Figure 5; Ankel,
1962; German, 1982; Organ, 2007, 2010; Youlatos, 2003). More robust vertebrae have been
associated with the need to withstand mechanical stresses imposed by the mass-bearing role
of the tail during behaviors including, but not limited to, suspensory postures. The expansion

of the transverse processes is linked to an increased mass of the tail muscles inserting on those
structures. Deane et al. (2014) demonstrated that prehensile primates possess larger and more
convex intervertebral articular surfaces. This di erence with non-prehensile species has been
presumed to be related to the need to withstand mechanical loading imposed on the tail by
mass-bearing behaviors. Chevron bones have further been reported to have greater dorsoventral
height in prehensile species (Zavodszky and Russo, 2020). However, the signi cance of these
results appears to vary depending on the clades investigated, and thus would need further in-
vestigation (Zavodszky and Russo, 2020).

Comparatively, investigations of soft tissues are more scarce. Organ et al. (2011) demon-
strated that prehensile-tailed primates tend to possess more mechanoreceptors in the skin at
the tip of their tails allowing greater tactile sensibility. Myological studies also have primarily
focused on primates. Lemelin (1995) provided a thorough description of the tail muscles of
prehensile platyrrhines in comparison with non-prehensile species. This work highlighted that
prehensile species tend to possess more developed exor muscles, a more continuous distribution
of their dorsal and ventral muscles across the tail, shorter tendons, and a more proximal origin
of some muscles. Briefer descriptions that include non-primates can be found in Dor's (1937)
doctoral dissertation. They include in addition the primateLagothrix lagotricha the carnivo-
ran Arctictis binturong, the xenarthran Tamandua tetradactylaand the diprotodont marsupial
Trichosurus vulpecula These species were described to possess hypertrophied muscle masses
overall, and particularly well developed exor muscle, especially a short intervertebral muscle
attaching to the transverse processes called the intertransversarii caudae. The only notable
exception being the marsupial species that was described as presenting tail muscles similar to
those of non-prehensile species. Lastly, to the best of our knowledge, quantitative investigations
of the tail muscles in prehensile species have only been conducted once. Organ et al. (2009)
looked at the intertransversarii caudae muscle of prehensile and non-prehensile primates and
procyonids (Carnivora) and demonstrated that in prehensile-tailed species, this muscle was
more massive, especially at the tip of the tail. In conjunction with electrophysiological stim-
ulation conducted by Lemelin (1995), these results suggest that the ventro exion and lateral
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exion generated by the combined action of these muscles are likely to play an important role in
tail suspensory behaviors by maximizing contact between the tip of the tail and the substrate.
This con rmed German's (1982) hypothesis that the presence of well-developed transverse pro-
cesses in the tip of the tail of atelids, in comparison to prehensile cebids, should be related to
a greater frequency of suspensory behaviors in the former.

In order to further understand the functional implications of the caudal anatomy of prehensile-
tailed species, more myological data are critical. To this end, chapter two of this PhD disser-
tation aims to describe and gather quantitative data on the tail muscles of prehensile species.
This work focuses on the two prehensile-tailed carnivorans, the Neotropidabtos avus (Pro-
cyonidae, Caniformia) and the Southeast Asiarctictis binturong (Viverridae, Feliformia) in
comparison to two non-prehensile related specidsasua nasua(Procyonidae, Caniformia) and
Panthera onca(Felidae, Feliformia).

Liana density

N

No prehensile tail
No gliding

Prehensile tail Gliding

Figure 6: Schematic representation of the relationship between liana density and gliding and
prehensile-tailed species presented in Emmons and Gentry (1983). Adapted from Khandelwal et
al. (2023).

The global pattern of distribution of prehensile-tailed species is also noteworthy. Indeed,
in mammals, but also more broadly in terrestrial vertebrates, prehensile tails are found more
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commonly in the Neotropics than in any other tropical forests (Emmons and Gentry, 1983).
This pattern has been highlighted by comparing the occurrence of prehensile species and glid-
ing species in tropical forests found in three regions of the globe, the Neotropics, West Central
Africa (representing Africa), and Borneo (representing South-East Asia). The inventory of
prehensile species realized by Emmons and Gentry (1983) was composed of 24 species of mam-
mals ( ve families) in the Neotropics, two species (two families) in Borneo and three species
(two families) in Western Central Africa. Forest structural properties that tend to di er be-
tween those forests may consequently explain the important number of prehensile species in
the Neotropics. The Neotropics have been shown to present an intermediate liana density that
is in between that of Borneo (lower density) and Central Western Africa (higher density). The
authors concluded that the important density of lianas found in Western Central Africa should
provide an important connectivity of the canopy explaining the absence of derived arboreal
specializations like gliding or prehensile tails (Figure 6). Gliding species, however, tend to be
found in rather open forests with very few lianas, highlighting the relationship between inter-
mediate liana densities and the origin of prehensile-tailed species. Another di erence is the
high frequency of tree-sized palm trees in neotropical forests. Palm trees are considered hard to
climb, especially their leaves. They also possess adaptations to prevent liana invasions, result-
ing in an overall more discontinuous canopy. However, their palm fruits are an important food
source for frugivorous animals. Furthermore, they have been observed to be used as frequent
pathways through the canopy in neotropical arboreal mammals (Emmons and Gentry, 1983).
It was thus hypothesized that they might have acted as a selective pressure towards the evolu-
tion of prehensile tails. Lastly, the authors, based on personal observations, stated that lianas
and more broadly the vegetation in the Neotropics appeared more fragile, especially compared
to African forests. This relative fragility might also have been a selective pressure resulting
in the evolution of prehensile tails, as they are often used for anchoring or as a securing grip
during gap crossing. Furthermore, Emmons and Gentry (1983), noted that in association to
this fragility, among neotropical primates, the heaviest species tend to be prehensile, species
considered as semi-prehensile can be found in the middle-weight class, and the smallest species
are non-prehensile. German (1982) also noted that among primates there was a strong corre-
lation between the degree of prehensility and body mass.

However, several small to medium-sized mammals are also known to be prehensile. For
such species, vegetal fragility might not be the main selective pressure driving the origin of
this trait. Moreover, it has been suggested that small mammals might be exposed to di erent
mechanical constraints and thus not converge morphologically with larger, more heavy-bodied
prehensile-tailed species (Maniakas and Youlatos, 2019). Indeed, most osteological adapta-
tions of prehensile species have been suggested to be functionally associated with the need for
stronger vertebrae in order to withstand stresses imposed due to the mass-bearing role of the
tail (Ankel, 1962; German, 1982; Organ, 2010; Youlatos, 2003). Thus lighter species might not
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be subjected to similar levels of mechanical stress while exhibiting similar behaviors. Small
prehensile mammals can be found in clades like the didelphid marsupials in the Neotropics
(Voss and Jansa, 2021) and species from several families of diprotodont marsupials (e.g. Acro-
batidae, Burramyidae, Petauridae) in Papua New Guinea and Australia. This region has not
been inspected as thoroughly as the Neotropics but is often mentioned to present an important
number of prehensile-tailed marsupials (Emmons and Gentry, 1983; Lambert and Halsey, 2015;
Meldrum, 1998). In addition to marsupials, this region is also home to several species of small
to medium-sized rodents from the tribe Hydromyini (Murinae) that have been described to
present prehensile tails (Flannery, 1995). Currently, prehensile tails are reported in seven gen-
era among the tribe, two genera in the Uromys Division, two genera in the Mallomys Division,
one genus in the Coccymys Division as well as two genera in the Pogonomys Division. Further-
more, recent phylogenies of the tribe (Rowe et al., 2008, 2019; Roycroft et al., 2022) suggest that
this trait might have evolved several times throughout their evolutionary history. Indeed, most

of these prehensile lineages have arboreal and terrestrial non-prehensile-tailed counterparts.
Lastly, prehensile-tailed Hydromyini vary in size from 22-28g fo€occymys kirrhosup to 1000g

for Solomys ponceleti(Wilson et al., 2017), therefore this clade provides a very interesting
framework in order to investigate the e ect of size on morphological variation. Thus, chapter 3
will focus on this tribe, with a broader sampling including prehensile and non-prehensile-tailed
species across the subfamily Murinae. The objective is to assess if morphological convergence
exists in the shape of the vertebrae of small prehensile-tailed mammals and if the convergent
pattern observed is similar or di ers from previous results for heavier prehensile-tailed species.
Additionally, the phylogenetic investigation will allow us to conduct ancestral state estimations

in order to better understand the number of origins of this trait in this clade, especially for the
Australo-Papuan species. Indeed, the Australo-Papuan region might act as a hotspot driving
the origin of prehensile tails similarly to the Neotropics.

Overall, the goal of this doctoral work is to propose an integrative investigation of the
positional behavior, muscular and osteological anatomy of prehensile-tailed mammals. To this
aim, the three chapters of this dissertation added data for new species and used new methods
to build on preexisting knowledge in order to bridge knowledge gaps in our understanding of
the functional anatomy and evolution of this peculiar trait: the mammalian prehensile tail.
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Abstract

Arboreal habitats are three-dimensionally complex and are composed of substrates that di er in
size, compliance, and continuity. In response, arboreal vertebrates have evolved morphological
and behavioral traits allowing them to successfully move through these environments. Prehen-
sile tails constitute one of such adaptations, yet remain poorly studied. Variation in prehensile
tail use between species might result in anatomical variations as has been shown in primates
but remains undocumented in most species. The present study therefore sought to describe
prehensile tail use and substrate type utilization between two primates, the Guianan red howler
(Alouatta macconnell) and Brown capuchin Sapajus apell®, and one carnivoran, the Kinka-
jou (Potos avus). To do so we used 1,431 photographs obtained from camera traps placed in
the canopy in French Guyana. The results showed th&. avus exhibits a greater diversity of
overall positional and prehensile tail associated behaviors comparedSoapella and A. mac-
connelli. Moreover,P. avus used its tail for both stability and mass bearing purposes during
locomotor and postural behaviors whilé\. macconnelliand S. apellaused their tails mainly for
mass bearing and stability respectively, and this only during postural behavior$2otos avus
mostly used large substrates bufA. macconnelli used more small substrates.Sapajus apella
showed a preference for both medium and large substrates. Multivariate analyses showed that
the three species were well discriminated regarding positional behaviors wih avus exhibit-

ing several postural and especially locomotor behaviors not shared by the two primate species
as well as a combination of behaviors shared with the two other speciédouatta macconnelli
was mainly characterized by suspensory postures and vertical displacements whe&aapella
mainly used above-branch postures using its tail to anchor itself.

Keywords { Prehensile tail, positional behavior, arboreal locomotion, primates, non-primates,
substrate use
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1.1.1 Introduction

In natural ecosystems, the habitat and niche occupied by di erent species drive the evolution
of morphological and behavioral responses, hence, allowing for resource utilization at di erent
spatial-temporal scales. The arboreal environment poses speci ¢ challenges for locomotion,
mainly due to the limited, discontinuous nature of tree branches as well as their variability in
size, compliance, and orientation (Cartmill, 1985). Arboreal species possess several distinctive
structural adaptations such as limb elongation or reduction, appendages specialized for grasping
or clinging, and special locomotor modes which allow them to minimize the risk of falling and to
move e ciently within the vertical strata of forests (Dublin, 1903; Cartmill, 1985; Preuschoft,
2002; Young, 2023). Among such adaptations, grasping limbs have been demonstrated to
be functionally relevant for climbing and negotiating ne branches (Cartmill, 1974; Cartmill,
1985; Preuschoft, 2002; Nyakatura, 2019; Young, 2023). Another grasping extremity has been
considered an adaptation to the arboreal environment, namely the presence of a prehensile
tail (Emmons and Gentry, 1983). Tails are diverse and play a broad array of ecological and
behavioral roles in mammals (Hickman, 1979). Among these, prehensile tails are among the
most intriguing, yet least studied (Youlatos, 2003; Maniakas and Youlatos, 2019). Emmons
and Gentry (1983) de ned a prehensile tail as \...one which can support alone the weight
of the suspended body" even though this de nition has been debated (Meldrum, 1998). Our
current knowledge indicates that this unique feature has evolved in at least 15 families and 40
genera of mammals (Bezanson, 2012), including diprotodont marsupials, didelphid marsupials,
pangolins, xenarthrans, carnivorans, primates, and rodents, thus, representing an excellent
example of convergent evolution (Youlatos, 2003).

Prehensile tails tend to show distinct di erences from non-prehensile tails at di erent
anatomical levels. Previous studies have shown signi cant osteological, myological, and his-
tological di erences between prehensile and non-prehensile tails, especially in primates (Dor,
1937; Ankel, 1962; German, 1982; Lemelin, 1995; Organ et al., 2009; Organ, 2010; Deane et al.,
2014) and carnivorans (Dor, 1937; Youlatos, 2003; Organ et al., 2009). These studies have
notably demonstrated convergence in the shape of the caudal vertebrae associated with an in-
crease of the vertebral body robusticity and an increase in muscles insertion sites, an increase
in tail muscles mass especially in the exor musculature, a tendinous organization allowing for
ner control of individual vertebral segments and the presence of mechanoreceptors in the tip
of the tail of some species allowing sensory capacities comparable to those of the hands and
feet.

Behavioral studies have explored di erences in the use of prehensile tails both between and
within taxa. For example, a study on a prehensile tailed non-primateCaluromys philander re-
vealed that not only is the prehensile tail crucial during locomotion in preventing falls by serving
as an additional grasping limb, but also for carrying leaves used in nest building (Dalloz et al.,
2012). Moreover, a comparative ontogenetic study by Bezanson (2012) showed a signi cantly
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more frequent use of prehensile tails in juveniles @ebus capucinusand Alouatta palliata dur-

ing foraging and feeding compared to adult individuals. Bezanson (2012) further emphasized
the importance of the prehensile tail in mass bearing and its importance in allowing species
to exploit other food resources. Several other studies have described the complexities of pre-
hensile tails in the context of locomotor and postural behaviors (see Fontaine, 1990; Turnquist
et al., 1999; Youlatos, 2002; Schmitt et al., 2005; Mangalam et al., 2022) resulting in a solid
body of literature focusing on the association between postural and locomotor (i.e. positional)
behaviors and prehensile tail use. However, many of such studies explicitly focused on primate
taxa with little emphasis on other mammalian groups possessing similar traits. Furthermore,
even if not tested, it has been suggested that tails likely play distinct behavioral roles in other
prehensile-tailed species (Meldrum, 1998). Consequently, it is important to establish a clear and
comparative understanding of whether prehensile-tailed primates and non-primates (especially
sympatric species) may employ similar tail-associated positional behaviors. Such information
is crucial to understand why non-related sympatric species seemingly evolve similar adaptive
features and how such adaptations may promote survival and possibly niche segregation. To
help bridge this knowledge gap, this study sought to describe the use of prehensile tails during
positional behaviors as well as substrate type utilization in two primates, the Guianan red
howler (Alouatta macconnell) and the Brown capuchin Sapajus apelly and a carnivoran, the
Kinkajou (Potos avus), hereafter referred asA. macconnelli S. apella and P. avus, living
syntopically in the rainforests of the Guiana Shield.
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1.1.2 Material and methods

Study area

The study was conducted in the mature rainforest of the \Nationale 2" road extending from
Cayenne to Saint-Georges (near the Oyapock River) which makes up the border between Brazil
and French Guiana.

Camera trapping protocols and data collection

A network of 34 (21 HC600 Hyper re, 8 Hyper re2, and 5 XR6 Ultra re) camera traps equipped
with infrared motion sensors were installed within the crowns of 11 trees (mostifirola kwatae

and Virola michelii and only one in a fruiting Sapotaceae tree) ranging from 30 to 40 meters
high used by frugivorous mammals. Cameras remained active for an average duration of 50
days (range = 12 { 93 days) between the years 2019 and 2022. In each tree, camera traps
were set on the trunk, and within the main branches for maximum coverage, with each trap
con gured to take ve photographs when movement was detected. Camera traps were further
con gured to retake pictures for up to 120 minutes when animals remained within focal range
(see detailed protocol description in Coutant et al., 2022 and Seguigne et al., 2022). Data used
in this study only included photos within which focal species were observed. We de ned a
single observational event (period of positional behaviors) as a group of at least three consec-
utive photos where positional behavior was observed. At the same time, consecutive photos
separated by a minimum of ve seconds were considered as independent observational events
since ve seconds was the required time interval without activity for a camera trap to stop
taking pictures. To accurately describe overall and tail-associated positional behaviors, only
pictures capturing complete bodies of focal species were considered and classi ed as either lo-
comotor or postural behaviors following behavioral descriptions from Hunt et al. (1996) (Table
S1.1). Special attention was given to the use of the prehensile tail during each observed posi-
tional behavior to infer the potential role or importance of the tail in said behaviors. For the
purpose of this study, prehensile tail associated positional behaviors were de ned as locomo-
tor and postural behaviors during which tails fully or partially supported body weight. Thus,
positional behaviors observed during which the tail was either fully or partially coiled around
substrate were considered as prehensile tail associated positional behaviors. For observational
events where multiple activities and positional behaviors were observed, we recorded each as a
separate activity and positional behavior within the same observational event. Substrate size
was estimated using the palm grasping coverage of the focal species relative to the branch, and
categorized as either small (branches that can be fully grasped), medium (branches with half
of the substrate covered by the palm) or large (branches with considerably less than half of the
substrate covered by the palm of the hand).
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Data Analysis

Following Granatosky (2018), the Shannon Weiner's diversity index (H) was used as a singular
measure to estimate the diversity of overall and tail-associated positional behaviors. Positional
behaviors were quanti ed using a descriptive statistical approach such that the frequency was
calculated as the number of observational events in which a particular behavior was observed
divided by the total number of observational events expressed as a percentage (Table S1.2).
To investigate the overall proportion of tail associated positional behaviors (i.e. behaviors
involving either complete or incomplete tail wrapping) in the three focal species, all positional
behaviors were split between the ones where the tail was used and the ones where it was not.
The relative occurrences (in percentages) of those two categories were calculated for each species
and represented in the form of a barplot. A chi-square test was used to compare the frequency
of substrate use within (i.e. between substrate per species) and between species (i.e. between
species per substrate).

Multivariate analyses were performed in order to summarize and provide a graphical rep-
resentation of the relationship between the species and the frequency of positional behaviors
using a dataset composed of the twenty-two positional behaviors implying the use of the tail in
a prehensile manner (Table 1.1). First, a principal component analysis (PCA) was performed
with the three species as individuals and the frequencies of the twenty-two behaviors as quan-
titative variables (Thioulouse et al., 2018; Greenacre et al., 2022). However, when a behavior
Is observed in a species and not the others, the frequencies observed for the other species are
zero. Yet, as PCA calculations rely on Euclidean distances, this analysis is sensitive to zeros
(Legendre and Legendre, 2012). Furthermore, PCA analyses are known to be more adequate
for variables with a linear distribution (Legendre and Legendre, 2012; Thioulouse et al., 2018)
whereas for the behaviors exhibited by only one species, the distribution will be unimodal.

For those reasons, Correspondence Analyses (CA), which is an ordination method similar
to PCA, has been widely used in elds like community ecology to treat frequency of occurrence
data (Greenacre et al., 2022). Indeed, CA, relying on Chi square distances has been shown
to be less a ected by an important number of zeros in datasets and has been suggested to be
better suited for unimodal distributions of variables (Legendre and Legendre, 2012; Thioulouse
et al., 2018). Thus, a CA was performed as well. Following Greenacre (1993), the choice has
been made to represent the results of the CA through an asymmetric biplot (Figure 1.3) as it
provides a better way to interpret the relative positions between the species variables and the
behavior variables. The symmetric biplot can be found in the supplementary materials of this
article (Figure S1.3).

CA has been criticized in community ecology because in studies interested in the abundance
of species per site it has been shown that rare species tend to contribute disproportionately
to the analysis (Faith et al., 1987). In our case it means that rare behaviors (i.e. exhibited
by only one species) might have the same e ect on our analysis. To compensate for this issue
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Legendre and Gallagher (2001) have proposed a transformation called the Hellinger Transfor-
mation following Rao (1995). This transformation is applied on the raw data followed by a
PCA performed on the transformed data. Alternatively, a PCA on variables representing only
the shared behavior (i.e. shared by at least two species) can be done. These analyses are
presented in the supplementary materials (Figures S1.1 and S1.2).

Variables regarding the size of the substrate used by the tail (i.e. small, medium, and large)
regardless of the positional behavior exhibited where added as supplementary variables (not
part of the calculation of the axes, but mapped a posteriori) in all the aforementioned analyses
following L& et al. (2008).

All analyses were done in R v.4.1.2 (R Core Team, 2017) and multivariate analyses were
performed using the package FactoMineR (L& et al., 2008).

28



1.1.3 Results

We examined 1,431 pictures (289 observational events) of which 15.16% (N = 42 observational
events), 37.87% (N = 119), and 46.96% (N = 128) showed positional behaviors fréxn mac-
connelli, S. apellg and P. avus respectively. Regarding the frequency of tail-use in a prehensile
manner, A. macconnelli exhibited by far the highest frequency at 58.73% followed y. avus

at 25.83% and lastlyS. apellaat 10.45% (Figure 1.1).

Table 1.1: Scores for the Shannon Weiner's diversity index

Overall Postural Locomotor Tail-associated

Potos avus 2.79 2.10 2.09 2.65
Sapajus apella 2.19 1.89 0.96 1.93
Alouatta macconnelli 2.32 1.62 1.82 1.57

NeverthelessP. avus showed the most diverse display of overall positional and prehensile
tail associated behaviors compared t8. apellaand A. macconnelli (Table 1.1). Furthermore,
S. apella showed a more diverse display of postural behaviors compared Ao macconnellj
while the opposite was observed for locomotor behaviors. Tail suspension (59.46%), squatting
(23.81%) and full crouch postures (16.13%) were the most dominant tail-associated behaviors
observed inA. macconnellj S. apellaand P. avus, respectively. NeverthelessP. avus fur-
ther employed its prehensile tail in other positional behaviors including tail suspend postures
(12.90%) and tail suspend drops (11.29%) while tripodal postures made up 18.92% of all tail
use behaviors fromA. macconnelli (Table 1.2). Moreover,P. avus made signi cantly more
use of large substrates in comparison to other substrate typeXq = 139.63, d.f. = 70, P =
1.53e-06) and compared to both primatesX? = 130.06, d.f. = 2, P <2.20e-16).Sapajus apella
used medium substrates signi cantly moreX? = 27.75, d.f. = 2, P = 9.42e-07) thanP. avus
and A. macconnelliwhile simultaneously showing a signi cant preference for both medium €
=129.41, d.f. = 48, P = 2.11e-09) and large substrateX¢ = 103.17, d.f. = 42, P = 4.64e-07).
Interestingly, A. macconnelli showed signi cantly greater use of small substratesx@ = 38.27,
d.f. =10, P = 4.99e-05) compared to other substrate types but not when compared wit
apellaand P. avus (X2 =1.87, d.f. =2, P = 0.39).
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Figure 1.1: Barplot representing the frequencies (percentages) of positional behaviors in relation
to tail use for A. macconnelli (left), P. avus (middle) and S. apella (right). Green represents the
behaviors where the tail is used in a prehensile manner and brown where it is not.

Regarding the PCA including all behaviors (Figure 1.2), the rst axis tended to discriminate
P. avus from the two primate species and is mainly explained by the behaviors \cautious
pronograde bridge", \cling walk", \crouched quadrupedal walk", \hind limb cling", \inverted
guadrupedal walk", \ladder climb”, \pronograde leap", \tail hind limb suspend drop" and
\tail suspend drop" as well as \tail hind limb suspend" and \full crouch” to a lesser extent.
Overall, this axis is mainly explained by the fact thatP. avus tends to exhibit many positional
behaviors that are not shared by any of the other species.

The second axis tends to spliS. apellaand A. macconnelli Sapajus apellas de ned by the
behaviors \bipedal stand”, \quadrupedal stand", \sit", \squat" and \tripedal stand" whereas
A. macconnellis position in the behavioral space is explained by the behaviors \bimanual
pull up”, \head rst descent", \supinograde bridge", \tail suspend” and \tripodal posture".
Sapajus apellaseems to be mainly characterized by static behaviors (sitting and standing)
while A. macconnelli appears to be mainly de ned by vertical movements both downward
(\tail suspend”, \head rst descent”) and upward (\bimanual pull up”). On this axis, P. avus
exhibit an intermediate position betweerS. apellaand A. macconnelli which can be explained

30



by the fact that it tends exhibit postural behaviors similar to S. apellawhile being static above
branches but at the same time share wittA. macconnelli the tendency to suspend itself and
realize head rst descent behaviors. Regarding the substrate siz&, macconnelli is strongly
associated with the use of small substrated?. avus tends to be characterized by the use of
large substrates as well as being strongly negatively associated with the use of medium-sized
substrates compared to the two other species.

Principal Component Analysis
Bipedal stand
4- Sapajus apella Quadrupedal;stand

® Tripedal stand
Sit

Bimanual forelimb crouch
Squat

Full crouch

Inverted quadrupedal walk

9 indlimb cling-

& Cling wal k\ Tail suspend drop

T 0m - Errrsrrreeaa . Pronograde leap——— Ladderclimb___ _
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o Tail hindlimb suspend drop

g Crouched quadrupedal walk - Potos ﬂavus

Cautious pronograde brldge

Tail hindlimb suspend

Blmanual pull up
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Head first descent Suplnograde bridge

25 00 25 50
Dim1 (58.6%)

Figure 1.2: Plot of the principal component analysis including all behavioral variables. Black
points represent the species, green arrows correspond to the positional behaviors and dashed brown
arrows to the supplementary variables i.e. the substrate sizes. The rst axis explains 58.6% and
the second axis explains 41.4% of the observed variance.

The Hellinger transformed PCA (Figure S1.1) tends to show similar results as the PCA on
the non-transformed data. The main di erences being that \head rst descent”, \supinogograde
bridge", \tail hind limb suspend" and \tail suspend” seems more shared betweeh. macconnelli
and P. avus and that \bimanual forelimb crouch”, \bipedal stand" and \quadrupedal stand"
seem more shared betwee® apellaand P. avus.

The PCA presenting only shared behaviors (Figure S1.2) has a rst axis de ned by the
di erences betweenrS. apellaand A. macconnelliand a second one where. avus is separated

from the two primate species.
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Figure 1.3: Asymmetric biplot for the Correspondence Analysis representing the \behavior" vari-
ables mapped onto the \species" space. Black points represent the species, green circles correspond
to the positional behaviors and brown squares to the supplementary variables i.e. the substrate
sizes. The rst axis explains 56.9% and the second axis explains 43.1% of the observed variance.

The rst axis of the CA tends to separateS. apellaand A. macconnelli with P. avus oc-
cupying a rather intermediate position although closer t&\. macconnelli (Figure 1.3). Sapajus
apellais associated with the behaviors \bipedal stand”, \quadrupedal stand”, \sit", \squat"
and \tripedal stand" and A. macconnelli with the behaviors \bimanual pull up”, \head rst
descent”, \supinograde bridge", \tail suspend” and \tripodal posture". As for the PCA re-
sults, S. apella tends to use its prehensile tail in static behaviors on large branches white
macconnelli uses its prehensile tail for vertical upward and downward movements.

On the second axisP. avus tends to be separated from the two other species. It is asso-
ciated with the behaviors \cautious pronograde bridge", \cling walk", \crouched quadrupedal
walk", \hind limb cling", \inverted quadrupedal walk", \ladder climb", \pronograde leap",
\tail hind limb suspend drop" and \tail suspend drop" as well as \tail hind limb suspend" and
\full crouch" to a lesser extent. The distribution along this axis can be mainly explained by
the fact that P. avus tends to use its prehensile tail in a wide array of positional behaviors
that are not shared with the other species.

Lastly, regarding the substrate sizesA. macconnelliis strongly associated with the use of
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small substrates, wherea®. avus tends to be slightly associated with larger substrate sizes.
However,P. avus tends to be strongly negatively associated with medium substrates whereas
the two other species tend to be slightly positively associated with those substrates.

Overall, all the multivariate analyses provide similar results regarding the relationship be-
tween the species and the frequencies of positional behaviors.

Table 1.2: Frequency of prehensile tail use during positional behaviors

Potos avus Sapajus apella Alouatta macconnelli

(%) (%) (%)
Crouched quadrupedal walk 4.84 0.00 0.00
Inverted quadrupedal walk 3.23 0.00 0.00
Cling walk 1.61 0.00 0.00
Pronograde Leap 3.23 0.00 0.00
Ladder climb 3.23 0.00 0.00
Bimanual pull up 0.00 0.00 2.70
Head rst descent 1.61 0.00 5.40
Cautious pronograde bridge 6.45 0.00 0.00
Supinograde bridge 1.61 0.00 2.70
Tail-suspend drop 11.29 0.00 0.00
Tail-hind limb suspend drop 3.23 0.00 0.00
Tail-suspend 12.90 0.00 59.46
Tail-hind limb suspend 6.45 0.00 2.70
Quadrupedal stand 6.45 14.28 2.70
Tripedal stand 0.00 14.28 0.00
Bipedal stand 6.45 14.28 0.00
Sit 0.00 14.28 0.00
Squat 0.00 23.81 2.70
Hind limb cling 1.61 0.00 0.00
Tripodal posture 4.84 9.52 18.92
Full crouch 16.13 4.76 0.00
Bimanual forelimb crouch 4.84 4.76 2.70
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1.1.4 Discussion

Arboreal habitats are characterized by extreme variation in substrate orientation, compliance,
continuity, and diameter. Such complexities are considered important selective pressures im-
pacting the ability of arboreal mammals to e ciently traverse their environment while reducing

the risk of injury and metabolic costs (Granatosky, 2018). Hence arboreal species exhibit a
plethora of behavioral and morphological adaptations (Cartmill, 1985). Climbing encompasses
a great diversity of locomotor strategies and associated morphological adaptations varying be-
tween species and in uenced notably by body size and overall morphology (Cartmill, 1985;
Preuschoft, 2002; Young, 2023). In this context prehensile-tailed species appear to be fairly
diverse in their ecology, body size, overall morphology and general locomotor behaviors (Em-
mons and Gentry, 1983; Meldrum, 1998). Thus, variation is expected in the way they use
their prehensile tails as well, as Meldrum (1998) stated: \It is unlikely, however, that the tail
serves identical behavioral roles in all of these taxa". This study complements previous key
publications (Fleagle and Mittermeier, 1980; Bergeson, 1996, 1998; Youlatos and Gasc, 2001,
Bezanson, 2006, 2009, 2012) comparing positional behavior in the wild among arboreal mam-
mals co-occurring and using similar ecological niches notably in adding for the rst time a
nocturnal species (i.eP. avus). Our results demonstrate an important variation between the
three studied species regarding their positional behaviors implying tail-use (Figure 1.4; Figure
S1.4). Alouatta macconnelliand S. apella are well separated in all of the multivariate anal-
yses. Our data suggest thatA. macconnelli tends to use its prehensile tail often in vertical
movements (head rst descent, tail suspend, bimanual pull up) which often imply body weight
support (head rst descent, tail hind limb suspend, tail suspend). Among those, suspensory
behaviors using only the tail were the most common tail-associated behavior observed Aor
macconnelli in this study. These results are consistent with previous studies of the positional
behavior of di erent species in the genuélouatta, notably for head rst descent (Youlatos and
Gasc, 1994) and especially regarding the importance of tail suspension in postural behaviors
(Fleagle and Mittermeier, 1980; Cant, 1986; Gebo, 1992; Bezanson, 2009). Furthermore, similar
to our observations these postures have been described to be highly associated to foraging and
feeding behaviors (Mendel, 1976; Youlatos, 1993; Bicca-Marques and Calegaro-Marques, 1993;
Youlatos and Gasc, 1994; Bicca-Marques and Calegaro-Marques, 1995; Lawler and Stamps,
2002; Russak, 2005; Urbani et al., 2020). It is noteworthy that unlike our results, tail sus-
pension is rarely described as the main feeding posture even though it is reported to represent
a consistent part of the postures realized (e.g. one third of the observation for Youlatos and
Guillot, 2015 or 20% in Mendel, 1976). Such di erences might be explained by di erences in the
data acquisition method or in spatial structure of the trees where those observations were made
(Bergeson, 1998). Another contrasting result is the frequency of quadrupedal walking reported.
Our results did not show any use of the tail in a prehensile manner during these behaviors,
which is consistent with previous results (Lawler and Stamps, 2002). However, it is considered
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as the main locomotor mode exhibited byAlouatta (Mendel, 1976; Fleagle and Mittermeier,
1980; Gebo, 1992; Bicca-Marques and Calegaro-Marques, 1995; Bergeson, 1996). Although in
our data, quadrupedal walk was in fact the most frequent locomotor mode, it was less common
(9.5% of observations) than foiS. apella(31.3% of observations) oP. avus (20.8% of observa-
tions). Results by Bezanson (2006) revealed similar frequencies betwédéouatta palliata and
Cebus capucinuga close relative ofS. apella previously assigned to the same genus). A possi-
ble reason for this relative lack of observation might be the relatively smaller sample sizefof
macconnelliin our dataset (about half the sample size d@®. avus and S. apellg). However, the
overall similarity between our other results and the literature tend to support the robustness
of our dataset. Alternatively, it might be due to di erences in the data acquisition methods.
Indeed, even if camera traps can provide important advantages compared to direct observa-
tion, including the ability to register behaviors continuously for extended periods of time, it
presents the disadvantage of a relatively narrow eld of view and a xed angle. Consequently,
if quadrupedal walking is used for long distance travel across trees, there is a possibility that
the xed angles and limited eld of view of the camera traps may have missed such behaviors
whereas a direct observer would not. Overall, our results show that iA. macconnelli the
prehensile tail is mainly used for postural behaviors in accordance with the literature. This
pattern of tail-use contrasts with what is observed in other atelid species that tend to also use
their prehensile tails for locomotor behaviors such as tail-assisted brachiation (see Fleagle and
Mittermeier, 1980; Cant, 1986; Youlatos and Gasc, 2001).

Similar observations regarding the use of the prehensile tail mainly for postural behaviors
in Cebud Sapajusas well as the tendency to travel using a quadrupedal walk have led some
authors to draw parallels betweenCebug Sapajus and Alouatta in comparison to the other
prehensile-tailed platyrrhines (Johnson and Shapiro, 1998; Garber and Rehg, 1999; Youlatos
and Meldrum, 2011). Despite those similarities, our results suggest important di erences in
positional behaviors betweerA. macconnelliand S. apella Unlike in A. macconnellj we did
not record below branch tail suspend postures fd8. apella Rather, we found that S. apella
utilized their prehensile tail in static postures above horizontal medium to large branches (sit,
squat, quadrupedal stand, tripedal stand, bipedal stand)Sapajus apellaappears to be using
its prehensile tail to engage mostly in above-branch postures where the tail is used to anchor
onto the substrate, hence providing increased stability. Our results are in accordance with
previous literature on Cebug Sapajuspositional behaviors. Bezanson (2009) noted that squat
and quadrupedal stand where among the most used postural behaviorgdabus capucinusand
Gebo (1992) mentioned that the frequency of use of a quadrupedal stand was an important dif-
ference betweerCebus capucinuand Alouatta palliata. Furthermore, Garber and Rehg (1999)
observed that sitting was the dominant posture while feeding i€ebus capucinusand so did
Youlatos (1999) forS. apellaadding that this posture was associated with the use of the tail in
a prehensile manner. Our results further con rmed that quadrupedal walk was the main loco-
motor mode as previously established fd8. apella (Youlatos, 1999; Youlatos and Gasc, 2001;
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Youlatos and Meldrum, 2011) and forCebus capucinugGarber and Rehg, 1999; Bezanson,
2009). On the other hand, our observations contrast with the literature regarding tail suspend
and tail hind limb suspend behaviors. We did not record any of these behaviors f8r apella
However suspensory behaviors implying tail use have been documented even though described
as rare or less frequent than in other prehensile-tailed platyrrhines (Gebo, 1992; Bergeson,
1998; Garber and Rehg, 1999; Youlatos, 1999; Bezanson, 2009). Still, Garber and Rehg (1999)
observed that in total tail suspend and tail hind limb suspend accounted for about 12% of the
postural behaviors during feeding and foraging. Furthermore, they also described diverse below
branch postures as well as locomotor behaviors like tail drops. One possible explanation for
these di erences might be the interspeci c variation in tail-use and positional behaviors among
prehensile-tailed cebids. Indeed, th€ebusgenus recently underwent a division into two genera
Cebuson one hand andSapajuson the other hand based on molecular, morphological, eco-
logical and behavioral data (Alfaro et al., 2012). Studies conducted before this split tended
to consider the Cebusgenus as a homogeneous taxonomic unit when discussing variations in
behaviors among platyrrhines even though Garber and Rehg (1999) stated that species among
the Cebusgenus tend to dier in \ size, diet, and modes of habitat exploitation”. Regarding
the amount of studies available in the literature we did the same in order to contextualize our
results regardingS. apella However most of the studies reporting tail suspend behaviors were
focused onCebus capucinugGebo, 1992; Bergeson, 1998; Garber and Rehg, 1999; Bezanson,
2009). Furthermore Youlatos (1999) compared two specigSebus olivaceusand Cebus apella
(i.,e. S. apella) and noted that \Suspensory postures were quite infrequent i€. apella while
they represented a considerable proportion inlivaceus. However he argued that this could
be the result of the smaller number of observations faZebus olivaceuzompared toS. apella
With regard to the existing literature, our results tend to suggest that there might be a real
di erence in positional behaviors between the gener@ebusand Sapajus

Potos avus is characterized by many tail-assisted postural and locomotor behaviors not ob-
served in the two other species (cautious pronograde bridge, cling walk, crouched quadrupedal
walk, hind limb cling, inverted quadrupedal walk, ladder climb, pronograde leap, tail hind limb
suspend drop and tail suspend drop). This species appears to use its tail to engage in a wide
array of above- and below-branch postures. Contrary to the two primates, tail-assisted loco-
motor behaviors are quite frequent irP. avus, accounting for about 40% of the tail-associated
behaviors observed. While tail-use for locomotor behavior iA. macconnelli which is second
in frequency, accounts for only 8% of the tail-assisted behavior observed. Furthermore, the
locomotor behaviors ofP. avus appear quite diverse encompassing above- and below-branch,
head up and head down and vertical and horizontal movements. Interestingly apart from these
unique behaviorsP. avus tends to share tail-assisted behaviors both witth. macconnelli on
one hand andS. apella on the other hand. LikeS. apella it uses its tail for anchoring itself
during above-branch postural behaviors (quadrupedal stand, bipedal stand, full crouch). Yet,
similar to A. macconnelli P. avus also engaged in suspensory tail-assisted behaviors (tail sus-
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pend, tail hind limb suspend) quite regularly (about 19.3% of observed behaviors and 33.8%
including tail suspend drops). Studies on the positional behaviors & avus are scarce, but
McClearn (1992) qualitatively described tail hind limb suspension for this species. However, to
the best of our knowledge, suspension by the tail only has never been describedPoravus.

Our results show that it is a rather frequent behavior, being the second most common behavior
for this species. Furthermore, our observations suggest that it might be more common than
tail hind limb suspend. Tail suspension accounted for 12.9% of observed behaviors and 24.2%
including tail suspend drops while tail hind limb suspend accounted for 6.4% of observations
and 9.6% including tail suspend drops.

Interestingly our three species show variation in the way they cross discontinuities in the
arboreal environment. Gap-crossing strategies are key components of the locomotor repertoires
of climbing species. Cartmill (1985) distinguished two major types of climbing species, the
slow climbers on one hand and the acrobatic climbers on the other hand and described a
set of morphological and behavioral adaptations associated with these two strategies. The
main di erence resides in their gap-bridging strategies with cautious bridging behaviors for
slow climbers and leaping in acrobatic climbers. He further associated slow climbers and thus
bridging behaviors and prehensile tails arguing that the loss of the balancing function of the
tail resulted either in a tail reduction/loss or in the origin of a prehensile tail. Alouatta are
particularly known to cautiously bridge across gaps (see Youlatos and Guillot, 2015). Although
not observed in high frequencies, we noted th&. macconnelli crossed discontinuous gaps only
by bridging, primarily by using their prehensile tails coupled with hind limbs to hold on to the
previous substrate. We observed tha®. apelladominantly crossed gap through leaping without
using its prehensile tail which is in accordance with the literature oSapajus(Youlatos, 1999)
and Cebus(Gebo, 1992; Bergeson, 1996; Garber and Rehg, 1999) even though Youlatos (1999)
still noted an important role of tail-assisted bridging. Regarding?. avus, McClearn (1992)
observed cautious bridging in captive animals but noted discrepancies in previous observations.
Indeed Enders (1935) mentioned bridging when Emmons and Feer (1990) observed leaping from
branch to branch. Our results show thatP. avus does engage in both gap-bridging and leaping
quite frequently. Overall, this suggests that, contrary to Cartmill (1985), some prehensile-tailed
species tend to prefer leaping over bridging.

Regarding substrate sizes, our results indicate that even though our three species made use of
each size they demonstrated preferences for particular substratés.macconnellidemonstrated
preferences for small substrates where®& avus used mostly large substrates an&. apella
used its tail to grasp medium to large substrates. Regardirfg, avus too few data are available
in the literature to contextualize this result and further studies especially in other forest types
would be needed to con rm this pattern. A. macconnelli has been previously described to use
its tails on small branches during suspensory postures while feeding and foraging (Mendel, 1976;
Bergeson, 1998). Still, Bezanson (2012) noted that during feeding and foraging it used its tail
equally on small (35%) and medium (39%) substrates. This study also investigated substrate
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sizes used by the tail ofCebus capucinusand showed that during feeding and foraging this
species predominantly used small substrates (81%) which contrasts with our results$oapella
Garber and Rehg (1999) found similar results fa€Cebus capucinusvith 68% of small substrates
used during feeding and foraging. However, as with the di erences in tail suspend behaviors
discussed above it is di cult to know whether this is related to inter-generic di erences and
highlights the need for further studies ors. apella

Regarding the high frequency of tail use in contexts of feeding and foraging in many species,
prehensile tails have been described as playing an important role in acquiring food items other-
wise unreachable (Mittermeier and Fleagle, 1976; Bicca-Marques and Calegaro-Marques, 1993;
Youlatos, 1993; Youlatos and Guillot, 2015). This study illustrates that beyond overall increase
in food accessibility, inter-speci ¢ variations in prehensile tail use might be linked to di erent ex-
ploitation strategies of the same resources. Indeed, all three species are generally phytophagous
and even if preferences for dierent food items have been documented widthouatta being
mainly folivorous (Mittermeier and Roosmalen, 1981; Rosenberger, 1992; Strier, 1992; Berge-
son, 1998),Sapajusdemonstrating preferences for hard fruits but also feeding on invertebrates
(Mittermeier and Roosmalen, 1981; Rosenberger, 1992; Zhang, 1994, 1995; Bergeson, 1998) and
Potos eating mainly fruit and nectar (Charles-Dominique et al., 1981; Julien-Laferrere, 1999),
all three of them include consistent amount of fruits in their diet (Charles-Dominique et al.,
1981; Mittermeier and Roosmalen, 1981; Rosenberger, 1992; Bergeson, 1998; Julien-Laferrere,
1999; Squigne et al., 2022). Furthermore, in the speci c trees where the camera traps were
placed (Virola spp.), fruit consumption has been demonstrated (Seguigne et al., 2022) for these
three species. Sguigne et al. (2022) further showed that these species eat fruits of the same
size, suggesting that the species examined here might be competing for the same resources to
some extent. However, patterns of temporal activity provided by the camera trap data show
that the three species are active at di erent times (Seguigne et al., 2022). In addition to this
temporal segregation, the di erence in substrate size used by the tails demonstrates a pattern of
spatial partitioning within the tree crown. Indeed, the di erences in the sizes of the substrates
also re ect the part of the tree crown explored by the specie®\. macconnellis a nity for small
substrates is associated to foraging behaviors on the terminal branches where it tends to adopt
suspensory postures to access the food items. These results are in accordance with previous
studies describingAlouatta's tendency to explore the periphery of the tree crown (Mendel, 1976;
Bergeson, 1996). In contrastS. apella engaged in more above-branch postures while reaching
with the forearms to grab food and the tail used to anchor onto the substrate. Such behaviors
were mostly performed on the main branches directly emerging from the trunkCebusis de-
scribed as less restricted to the crown periphery compared Adouatta and Ateles by Bergeson
(1996). In addition, Mittermeier and Roosmalen (1981) noted that in the canopySapajus
tended to occupy the lower and middle parts whilélouatta tended to occupy the medium and
higher parts. Even though terminal branch feeding has been documented@ebus capucinus
(Garber and Rehg, 1999) we did not record such behaviors f8r apella In our study where
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species co-occur in the same trees to exploit the same resources, these results suggest spatial
partitioning between the two species of diurnal primates. These ndings are in accordance with
previous literature as Fleagle and Mittermeier (1980) stated that \monkeys with similar diets
show locomotor and habitat di erentiation”. The role of di erentiated locomotor patterns in

niche partitioning has even been considered as one of the plausible explanations for the radi-
ation and current diversity of platyrrhines as a whole (Rosenberger et al., 2009; Youlatos and
Meldrum, 2011).

Our results also contrast a long-standing statement regarding the complexity of positional
behaviors in arboreal mammals and the speci city of primates. Indeed, arboreal primates
have often been considered to exhibit a higher diversity in their positional behaviors than
other climbing mammals (Vilensky and Larson, 1989; Cant, 1992; Blanchard and Crompton,
2011; Fleagle, 2013; Schmitt et al., 2016). In the current study, although the focal species
displayed a wide range of positional behaviors exclusive to either a single species or shared
among species, we found no evidence to support this assumption. On the contrary, our data
suggest thatP. avus displays greater diversity of both locomotor and postural behaviors than
the two primate species. FurthermoreP. avus appeared to be characterized on one hand
by behaviors, especially regarding locomotion, that are unique to it and on the other hand
to share postural and locomotor behaviors withA. macconnelli as well asS. apella Both
primates tended to present highly contrasting behavioral repertories notably regarding gap
bridging strategies, the frequencies of suspensory behaviors and above- versus below-branch
postures. Thus,P. avus appears like a climbing generalist whereas the two primates tend to
exhibit di erent positional behaviors associated with distinct foraging strategies. Youlatos and
Meldrum (2011) previously stated that positional diversity among platyrrhines was di erently
distributed between extant species, which is also the pattern observed in our results. Those
results tend to contradict the hypothesis regarding the speci city of primates compared to
other mammals and is consistent with previous results by Granatosky (2018). The estimations
of the behavioral diversity shed light on another interesting result. Regarding tail-associated
behaviors,P. avus is the species with the highest behavioral diversity whil&. macconnelli
is the species showing the lowest diversity. However, when looking at the frequency of tail use
in a prehensile mannerA. macconnelliis using its tail most (58.73%) followed byP. avus
(25.83%) andS. apella (10.44%). These results show that diversity of behaviors and frequency
of tail use are not necessarily associated.

The general consistency between our results and the literature describing the positional
behaviors and tail use of platyrrhines using other methods con rm the importance of camera
trap data for studies interested in long-term survey of wild animals as previously argued by
Dalloz et al. (2012). In addition to temporal information (Seguigne et al., 2022), these results
provide insight into spatial niche partitioning in the tree crown. It would be interesting to
compare our results with a similar setup where other potentially competing species are present
like representatives of theAteles genus, for example, to explore how this would a ect the pattern
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observed here. Overall, our results add to the body of literature describing positional behaviors
in platyrrhines and provide the rst quantitative description of such behaviors for wildP. avus.

The comparison of the way prehensile tails are used in the three species studied here highlights
important di erences in the behavioral role of this trait, con rming Meldrum's (1998) intuition.
Furthermore, including P. avus revealed that this species exhibits a positional repertoire that

is more diverse than that of the two primates included in this study. These results emphasize
the need to include more species in order to gain a broader understanding of the similarities
and di erences in tail-use among prehensile species.
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Supplementary material

Figure S1.1: Plot for the Principal Component Analysis based on the Hellinger transformed
behavioral variables. Black points represent the species, green arrows correspond to the positional
behaviors and dashed brown arrows to the supplementary variables i.e. the substrate sizes. First
dimension explaining 57.8% and second dimension explaining 42.2% of the observed variance.
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Figure S1.2: Plot for the Principal Component Analysis including only the behavioral variables
shared by at least two species. Black points represent the species, green arrows correspond to the
positional behaviors and dashed brown arrows to the supplementary variables i.e. the substrate
sizes. First dimension explaining 69.3% and second dimension explaining 30.7% of the observed

variance.
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Figure S1.3: Symmetric biplot for the Correspondence Analysis representing both the \behavior"

variables and the \species" variables in their own spaces. Black points represent the species, green
circles correspond to the positional behaviors and brown squares to the supplementary variables
i.e. the substrate sizes. First dimension explaining 56.9% and second dimension explaining 43.1%

of the observed variance.
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Figure S1.4: Some commonly observed tail-associated positional behaviors involved in weight
support (Alouatta macconnelli { A; Potos avus - B and C), stability ( Alouatta macconnelli { D
and E; Potos avus { F, G and H; Sapajus apella{ |, J and K) and locomotion (Potos avus -
L) (A and B: Tail suspend; C: Tail hind limb suspend; D, F and |: Tripod postures; E and G:
Cautious pronograde bridge;H and J: Bipedal stand; K : Squat; L: Inverted quadrupedal walk).
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Table S1.1: De nitions of each positional behavior recorded (based on Hunt et al., 1996)

Positional Behaviors

De nitions

Locomotor behaviors

Quadrupedal walk

Crouched quadrupedal walk

Inverted quadrupedal walk

Quadrupedal run

Tripedal walk

Cling walk

Pronograde Leap

Flexed elbow vertical climb

Bimanual pull up

Ladder climb

Slow pronograde progression on top of a horizontal
substrate where all four limbs are in compression and
body is upright

A slow pronograde progression similar to that of the
guadrupedal walk where the body is lowered closer
to the substrate than usual

Slow pronograde progression below a horizontal sub-
strate with all four limbs in contact with the substrate

Rapid pronograde progression on top of a horizontal
substrate where all four limbs are in compression

Same as quadrupedal walking except one limb is not
used in locomotion but often being used to grasp a
carried object

Slow pronograde progression where a single or both
pair of limbs grasp the substrate during at least one
point of the gait sequence

Leaping motion initiated from either a postural or lo-
comotor position where the torso is primarily prono-
grade at take-o

Upward ascent on upright vertical substrates where
the hind limb together with its contralateral forelimb
provide propulsion to elevate the body

Upward progression where a horizontal support is
grasped by both hands and the body is lifted

Upward progression on relatively horizontal supports
with no single
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Pulse climb

Head- rst quadrupedal descent

Cautious pronograde bridging

Supinograde bridging

Upward vertical bridge

Quadrupedal drop

Tail-suspend drop

Tail-hindlimb suspend drop

Postural behaviors

Tail-suspend

Tail-hindlimb suspend

A vertically bound ascent where forelimbs grasp a
higher level support, the hind limbs are gathered be-
neath the body by exion the knee, hip, and spine

and extension of hind limbs and back push body up-
wards

Downward descent on a vertical or sub-vertical sub-
strate with quadrupedal movement while the head
faces down

A pronograde gap closing movement where the fore-
limb rst grabs the distant support and the hind
limbs release their grip from the original substrate
to move across to the new support

Gap closing movement from an upper substrate to
a lower substrate from a suspensory posture where
hands are used to grasp substrate below before cross-

ing

Gap closing movement where the forelimbs pull the
distant support closer with all four limbs in tension
with an upward progression following an angle supe-
rior or equal to 45

A dropping movement from higher substrate to lower
substrate where prior posture is indistinguishable
from quadrupedal or tripedal standing before drop

A dropping movement where animal assumes a talil
suspend posture with or without minor hind limb sup-
port before drop

A dropping movement where animal assumes a talil
hind limb suspend posture before drop

A position or posture where the tail alone is used to
hang from a substrate

Suspension posture with substantial support from the
extended hind limb and the talil
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Hindlimb-suspend

Trunk vertical suspend

Bimanual cling

Hindlimb cling

Quadrupedal stand

Tripedal stand

Bipedal stand

Sitting

Prone

Squatting

Tripodal posture

Full crouch

Suspension from the foot/feet without any other ap-
pendages involved.

A suspensory posture where the body is orthograde,
head superior and various combinations of all four
appendages attach to substrates in di erent ways

A posture where both hands grasp a support with
the elbows exed, the forelimbs are adducted and the
torso is orthograde or suborthograde.

A posture on a substrate where the hindlimb grasps
the substrate with a power grip and body is prono-
grade to the substrate

A posture in which four limbs are standing on hori-
zontal or sub-horizontal supports

A posture in which three limbs are standing on hori-
zontal or sub-horizontal supports

Standing on hind limbs where the torso is usually held
at an orthograde position. Torso may sometimes also
be held in a pronograde position.

A stationary posture in which the haunches or ischia
support the body with varying limb and tail place-
ments

A position of ventral lying on horizontal substrate

A posture in which both hip and knee are strongly
exed, and the body weight is borne solely by the
feet

Combination of tail suspend and bipedal standing
where animal tail is anchored to a support above,
both hind limbs pressing a substrate and the body
being pronograde or sub-pronograde

A position where both elbows and hind limbs are
exed and the whole torso body is brought close to
the substrate
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Bimanual forelimb crouch

Unimanual forelimb crouch

A posture where both forelimbs are exed, and the
upper torso is brought close to the substrate

A posture where a single forelimb is exed, and the
upper torso is brought close to the substrate while
the other forelimb is used in other activities
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Table S1.2: Frequency of all positional behaviors.

Potos avus Sapajus apella Alouatta macconnelli

(%) (%) (%)
Quadrupedal walk 20.83 31.34 9.52
Crouched quadrupedal walk 2.50 0.00 0.00
Inverted quadrupedal walk 0.83 0.00 0.00
Tripedal walk 0.00 1.00 0.00
Cling walk 0.42 0.00 0.00
Quadrupedal run 0.83 1.49 0.00
Pronograde Leap 3.75 1.99 0.00
Flexed elbow vertical climb 2.50 1.99 9.52
Ladder climb 2.92 0.00 3.17
Pulse climb 1.67 0.00 0.00
Bimanual pull up 1.25 0.50 1.59
Head rst descent 1.25 0.00 3.17
Cautious pronograde bridge 2.50 1.99 3.17
Supinograde bridge 0.42 0.00 1.59
Upward vertical bridge 0.00 0.50 1.59
Quadrupedal drop 1.25 0.00 0.00
Tail-suspend drop 2.92 0.00 0.00
Tail-hindlimb suspend drop 0.83 0.00 0.00
Tail-suspend 3.33 0.00 34.92
Tail-hindlimb suspend 1.67 0.00 1.59
Trunk vertical suspend 1.25 0.00 1.59
Hindlimb suspend 0.42 0.00 0.00
Quadrupedal stand 14.58 18.41 1.59
Tripedal stand 0.00 5.97 0.00
Bipedal stand 4.17 8.46 4.76
Prone 0.42 0.00 0.00
Sit 1.25 7.46 1.59
Squat 2.08 10.45 3.17
Bimanual cling 0.42 0.00 0.00
Hindlimb cling 0.83 0.00 0.00
Tripodal posture 1.25 1.00 11.11
Full crouch 9.17 1.99 3.17
Bimanual forelimb crouch 11.67 4.48 3.17
Unimanual forelimb crouch 0.83 1.00 0.00
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The previous chapter was carried out as part of a project founded by the Labex CeMEB,
called \Junior Research Team". This project has allowed me to be the principal supervisor of
a 5 month Master internship conducted by John Bosu Mensah. During this internship John
has processed the camera trap data, run some of the analyses and contributed to the writing of
the article corresponding to the chapter 1.1. Due to the important amount of data available for
Potos avus, John also conducted a more general investigation of the overall activities exhibited
by this species, their temporal distribution and associated positional behaviors. Even if this
study is less focused on the prehensile tail in itself it provides important data on this elusive
species. This work can be found in the second part of this rst chapter.
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Abstract

Studying positional behaviors is important for understanding how animals interact with their
immediate environment. This is particularly important in arboreal species since arboreal mi-
lieus are primarily characterized by three-dimensional problems that arboreal species must
overcome to e ciently access resources. Similarly, a fundamental aspect of an animal's ecology
Is its daily activity pattern. This information is important for understanding the basic ecology

of animal species and their eco-evolutionary dynamics. This study sought to understand the
habitat use and nocturnal lifestyle of the highly arboreal kinkajouRotos avus) by document-

ing variation in positional behaviors and activity patterns using 2,223 photographs obtained
from 27 camera traps in French Guyana. Data were analyzed using descriptive statistics, Ker-
nel density estimation (KDE), and Gantt charts. Our results indicate that kinkajous show a
strictly nocturnal activity pattern beginning from 19:00h to 05:57h, with peak active periods
between 01:00h and 02:00h. The most frequent activities were scanning (48.33%) and traveling
(47.13%). Quadrupedal walking (95.43%) was the main locomotor behavior during traveling.
However, when crossing gaps between two substrates, kinkajous would either bridge (42.22%),
leap (33.33%), or drop (26.67%) across gaps. Inactive periods were characterized by grooming
(77.32%) and resting (27.84%) while mostly assuming a sitting (90.67%) or a catlike body curl
posture (92.59%), interchangeably. This study highlights the broad array of positional behav-
lors displayed by kinkajous, further providing information to understand its basic ecology and
eco-evolutionary dynamics.

Keywords { Kinkajou, positional behavior, activity-time patterns, camera trap, Neotropical
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1.2.1 Introduction

The study of positional behavior (locomotion and posture) is a highly integrative eld of re-
search that attempts to describe movements and behaviors of animals, therefore providing a
comprehensive understanding of how animals interact with their environment (Bezanson, 2017).
Positional behaviors provide important information not only for untangling form{function re-
lationships within evolutionary lineages, but also for understanding their adaptive signi cance
in food acquisition and manipulation, predator avoidance, social interactions, and access to
mating opportunities (Bezanson and Morbeck, 2013; Youlatos and Guillot, 2015). Moreover,
positional behaviors also provide evidence for the biological roles of morphological character
complexes as well as relevant contextual knowledge for functional-adaptive analysis (Sta ord
et al., 2003).

Locomotor and postural behaviors are largely in uenced by a combination of morphological
features (e.g. body size) and their interaction with the immediate environment (Youlatos and
Gasc, 2001). This is especially evident in arboreal animals because tree canopies are char-
acterized by three-dimensional problems that arboreal species must constantly overcome to
e ciently access food, shelter, and mating partners. More speci cally, arboreal habitats are
characterized by limited discontinuous supports that are variable in width, exibility and ori-
entation (Youlatos et al., 2008). Such habitat variations therefore act as a potential selective
force in uencing diversi cation of morphological and behavioral adaptations, especially among
arboreal and semi-arboreal mammals. For instance, primates have evolved specialized morpho-
logical adaptations such as forelimb elongation, claw-like nails and hind limb elongation that
allow for e cient suspensory behaviors, vertical clinging, and movement on vertical supports,
respectively (Zhu et al., 2015). These adaptations play a critical role in habitat utilization and
resource acquisition, allowing for e cient use and navigation on terminal branches through an
increased grasping ability (Li et al., 2022). However, previous studies trying to understand
positional behaviors of arboreal mammals have focused predominantly on primates (Bicca-
Marques and Calegaro-Marques, 1993; Chatani, 2003; Youlatos and Guillot, 2015; Bezanson,
2017; Wright et al., 2019; Li et al., 2022) with little focus on the positional behaviors of non-
primate arboreal mammals. Therefore, there is the need to investigate the locomotor and
postural behaviors exhibited by non-primates in arboreal environments. Such information is
important for unraveling the evolutionary adaptations of arboreal species (i.e. both primates
and non-primates), and how they use and share resources in this complex three-dimensional
environment.

The study of the activity patterns also provides insights into a fundamental aspect of the
ecology of an organism. While some animals are predominantly active during daytime (diurnal),
others are active during the night (nocturnal), during twilight (crepuscular) or even throughout
the day (cathemeral) (Ikeda et al., 2016; Vallejo-Vargas et al., 2022). Like in many animals,
the activity pattern of mammals may depend on food availability, habitat structure, climate,
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and intra- and interspeci ¢ interactions, such as competition and predation (Ramrez-Meja
and Sanchez, 2016). For instance, rodents may display nocturnal activities to avoid diurnal
predators, but may also be active during the day to exploit food resources and potentially
reduce competition (Vallejo-Vargas et al., 2022). As such, information on the daily activity
patterns, particularly in poorly understood arboreal species, is relevant to understand species
interactions from both an ecological and evolutionary perspective.

Before the advent of camera traps, studies documenting the positional behaviors and activity
patterns of mammals involved direct observations. This approach not only disturbed focal
populations, thus, biasing the information obtained, but also demanded high survey e orts,
especially when studying enigmatic and nocturnal species, and those living in rugged terrain
(Ota et al., 2019). Moreover, direct observation methods can be challenging when investigating
arboreal species within dense tree canopies. Given these drawbacks, the introduction of camera
traps has received a great deal of attention in wildlife surveys over the past few decades.
Camera traps provide a non-invasive method of accurately documenting presence and absence
of multiple species together with their corresponding spatial and temporal behaviors within
their natural environments (Azcarraga et al., 2020). Camera traps have been used to document
activity patterns (van Schaik and Gri ths, 1996; Halle and Stenseth, 2000; Blake et al., 2012;
Monterroso et al., 2013; Ramrez-Meja and Sanchez, 2016; Gracanin and Mikac, 2022) and even
some positional behaviors in mammals (Dalloz et al., 2012). However, the application of this
methodology to evaluate the locomotor and postural behaviors, along with activity patterns
remains largely understudied in enigmatic arboreal species within the canopy of dense forests.

One poorly understood forest mammal is the primate-like carnivoran, the kinkajouPptos
avus). The kinkajou is a medium sized procyonid inhabiting most parts of the Neotropi-
cal forests from central to northern South America (Kays, 1999; Wright and Edwards, 2009).
Its rounded head and short face, together with its frugivorous and strongly arboreal lifestyle
parallels that of several primates (Kays and Gittleman, 1995). Yet, data on some aspects of
its ecology, life history traits, and evolutionary dynamics remain scant. The few studies docu-
menting the ecology of kinkajous have primarily focused on their home range (Julien-Laferriere,
1993), social organization (Kays et al., 2000; Kays and Gittleman, 2001), and dietary behav-
ior (Julien-Laferrere, 2001; Seguigne et al., 2022). Nevertheless, other fundamental aspects
of their ecology and behavior, particularly locomotor and postural behaviors as well as their
activity patterns remain understudied. The present study therefore investigated aspects of the
positional behaviors and general activity patterns of kinkajous located within the rainforest of
French Guyana. Our data is important to better understand the basic ecology (e.g. species-
environment interactions) and eco-evolutionary dynamics, such as interspeci ¢ competition,
predator-prey interactions and spatio-temporal niche partitioning and segregation between the
study species and other sympatric species (e.@\louatta macconnellj Sapajus apellaAteles
paniscus.
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1.2.2 Material and methods

Study Area

The study was conducted in the rainforest of French Guyana, speci cally along the mature
rainforest of the \Nationale 2" road extending from Cayenne to Saint-Georges-de-I'Oyapock
(near Oyapock River), which makes up the border between Brazil and French Guyana (Figure
1.5). The area is characterized by hilltop and downslope forests, both of which present a
di erent species composition (Guitet et al., 2015). The forest is a mosaic of mixed forest types
and ecotones (Coutant et al., 2022) with altitudes ranging between 30 to 90m above sea level
(Sequigne et al., 2022). It has a humid equatorial climate characterized by a mean temperature
of about 26C and a mean annual rainfall of about 2861mm per year (Gayot et al., 2004;
Richard-Hansen et al., 2015; Ho Tong Minh et al., 2016). It experiences a dry season from
August to November (driest months are September and October), and a rainy season between
December and July, with a possible small dry season in February or March.

Figure 1.5: Map of study area showing camera trap clustersf, B, C and D) and their respective
locations (Adapted from Coutant et al., 2022)

Camera trapping protocol and data collection

A total of 34 (21 HC600 Hyper re, 8 Hyper re2, and 5 XR6 Ultra re) camera traps equipped
with infrared motion sensors were installed within the crowns of 11 trees (mostifirola kwatae

and Virola michelii and only one in a fruiting Sapotaceae tree) ranging from 30 to 40 meters
high, and used by frugivorous mammals. Camera traps were installed for an average duration
of 50 days (range = 12 { 93 days) between the years 2019 and 2022. In each tree, camera
traps were set on the trunk, and within the main branches for maximum coverage, with each
trap con gured to take ve photographs when movement was detected (see detailed protocol
description in Coutant et al., 2022 and Seguigne et al., 2022). Camera traps were also con gured
to continuously take pictures for up to 120 minutes when animals remained mobile within its
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focal range. However, data presented here only included pictures captured by a total of 27
camera traps for trees where kinkajous were observed. Following home range information from
previous studies (Julien-Laferriere, 1993; Kays and Gittleman, 1995), camera traps from which
data were obtained were grouped into four separate clusters on the basis that each cluster may
have captured a single individual within a given home range. We grouped camera traps such
that each cluster was separated by a distance of at least 3.5km and comprised at least one
camera trap (range = 1 to 20 camera traps per cluster on one to ten fruiting trees) located
within 250m radius of each other (clusters A, B, C and D; Figure 1.5B).

We considered a group of at least three consecutive photos as a single observational event
(periods of activities and behavioral gestures). Since at least ve seconds interval was the
required time without activity for a camera trap to stop taking pictures, collective groups of
consecutive photos separated by ve or more seconds were considered as separate observational
events. Within each observational event, we described the di erent activities (i.e. engagement
in a particular task), times of each activity, and their corresponding positional behaviors using
photos that captured complete or almost complete bodies of the focal individuals. For obser-
vational events where multiple activities and positional behaviors were observed, we recorded
each as a separate activity and/or positional behavior within the same observational event.
Activities were categorized as scanning, traveling, climbing, bridging, leaping, dropping, de-
scending, foraging, feeding, grooming, or resting (Table 1.3). Positional behaviors were mostly
classi ed using behavioral descriptions adopted from Hunt et al. (1996) (Table 1.4). We further
grouped times of activities as either active or inactive periods. Active periods included times
when kinkajous were more alert, mobile, and engaged in di erent activities (e.g. traveling,
climbing, bridging, leaping, dropping, descending, foraging, and feeding) while inactive periods
were times when kinkajous were comparatively less active (e.g. resting and grooming). Scan-
ning activities were excluded from this grouping since it was observed during both active and
inactive periods, hence, being less indicative of either category.

Data Analysis

All data analyses and visualizations were performed in RStudio Version 4.3.2 (2023-10-31) using
the \dplyr" (Wickham et al., 2023), \ggplot2" (Wickham, 2011), \tidyverse" (Wickham et al.,
2019), \lubridate" (Grolemund and Wickham, 2011), \cowplot" (Wilke, 2024), \patchwork™
(Pedersen, 2024), \reshape" (Wickham, 2007), \gridExtra" (Auguie and Antonov, 2017), and
\density" (Deng and Wickham, 2011) packages. Gantt charts were used to show the timing of
di erent activities during the entire duration of active and inactive periods. Data were analyzed
using a descriptive statistical approach to quantify the activities by estimating the frequency
of an activity as a percentage of the number of observational events in which said activity was
observed divided by the total number of observational events. Positional behaviors displayed
during each activity were computed as the number of observational events where speci c loco-
motor or postural behaviors were observed divided by the total number of observational events
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within which the activity was observed. Additionally, behaviors and activities were analyzed
separately in instances where observational events captured multiple positional behaviors and
activities. Consequently, this yielded percentages that may exceed 100% when the total activi-
ties and positional behaviors are summed. For instance, if there were four instances of traveling
and two instances of resting activities observed across ve observational events with one obser-
vational event having both traveling and resting activities, this would result in 80% and 40% of
the observational events including traveling and resting activities, respectively, hence making
a combined total of 120%.
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Table 1.3: Ethogram established for Potos avus

Activity state De nitions
Traveling General movement of individual from one point to
another on a continuous horizontal or sub-horizontal
substrate.
Climbing An upward progression on vertical substrates using

various limb combinations.

Descending A downward progression on a vertical substrate using
various limb combinations.

Leaping A gap-crossing movement in which hind limbs are
mainly used as propulsion and there is an extended
period of free ight.

Dropping Movement from a higher stratum substrate to a lower
stratum substrate where take o is initiated by falling
after releasing the support.

Bridging Movement across two discontinuous substrates where
hind limbs or tail remain in contact with previous
substrate while it reaches for another substrate across
the gap.

Foraging Searching behaviors directed toward a potential food
source within foliage and/or small branches of trees.

Feeding Processing, handling, and consumption behaviors
when holding food.

Scanning Visual inspection of surrounding area while momen-
tarily remaining in a single position.

Grooming When individual is licking or scratching itself of an-
other individual.

Resting When individual is immobile with its ventral body
surface on substrate.
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Table 1.4: Ethogram of positional behaviors of Potos avus

Positional behaviors

De nitions

Locomotor behaviors

Quadrupedal walk

Crouched quadrupedal walk

Inverted quadrupedal walk

Cling walk

Quadrupedal run

Pronograde Leap

Flexed elbow vertical climb

Ladder climb

Pulse climb

Slow pronograde progression on a horizontal or sub-
horizontal substrate with body upright and all four
limbs bear body weight.

Slow pronograde progression similar to that of the
guadrupedal walk where the body is lowered closer
to the substrate than usual.

Slow pronograde progression on ventral side of a hor-
izontal substrate with all four limbs in contact with
the substrate and sometimes aided by the tail.

Slow pronograde progression where a single or both
pair of limbs tightly hold the substrate during at least
one point of the gait sequence.

Rapid pronograde progression on top of a horizontal
or sub-horizontal substrate where all four limbs bear
body weight.

Gap crossing leaping movement initiated from either
a postural or a locomotor position where the torso is
primarily pronograde at take-o .

Upward ascent on vertical substrates where the hind
limb together with its contralateral forelimb provide
propulsion to elevate the body.

Upward progression on a series of horizontal supports
following a diagonal sequence movement of limbs.
Similar to a person climbing a ladder.

A vertically ascent where forelimbs grasp a higher
support, the hind limbs are gathered beneath the
body by exion of the knee, hip, and spine and the
extension of hind limbs and back pushes the body
upwards.
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Bimanual pull up

Head- rst descent

Cautious pronograde bridge

Supinograde bridge

Upward vertical bridge

Quadrupedal drop

Tail-suspend drop

Tail-hind limb suspend drop

Postural behaviors

Tail-suspend

Tail-hind limb suspension

Upward progression where horizontal support is
grasped by both forelimbs and the body is hoisted
up by retracting the forelimbs.

Downward descent on a vertical substrate with
quadrupedal movement while the head faces down.

A pronograde gap crossing movement where the fore-
limb rst grasps the distant support and the hind
limbs release their grip from the original substrate to
move onto the new support.

Gap crossing movement from an upper substrate to
a lower substrate from a suspensory posture where
hands are used to grasp lower substrate before cross-

ing.

Upward gap crossing movement where forelimbs
grasp higher substrate with hind limbs still on lower
substrate followed by a lunge upwards.

A dropping movement from higher substrate to lower
substrate where prior posture is indistinguishable
from quadrupedal or tripedal stance.

A dropping movement from higher substrate to lower
substrate where animal assumes a tail suspend pos-
ture just before drop.

A dropping movement from higher substrate to lower
substrate where animal assumes a tail hind limb sus-
pend posture just before drop.

Suspensory posture with tail alone used to hang be-
low a substrate.

Suspensory posture with substantial support from a
combination of the extended hind limb and the tail
used to hang below a substrate.
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Trunk vertical suspension

Hind limb suspension

Quadrupedal stance

Bipedal stance

Prone

Sit

Squat

Bimanual cling

Hind limb cling

Tripodal posture

Full crouch

An orthograde suspensory posture with head superior
and various combinations of all four limbs attached
to substrates in di erent ways.

Suspensory posture where the body hangs below sub-
strate and is only supported by the extended hind
limbs.

A posture in which four limbs are standing on hori-
zontal or sub-horizontal substrate.

Standing on hind limbs where torso is usually held at
an orthograde position but may sometimes be held in
a pronograde position.

A ventral lying position on horizontal substrate with
limbs usually tucked in.

A stationary posture in which the ischia is used to
support the body with varying limb and tail place-
ments.

A posture in which both hip and knee are strongly
exed, and the body weight is borne solely by the
feet.

A posture on substrate where both forelimbs and hind
limbs grasp substrate with a power grip and body
pronograde to substrate.

A posture on substrate where the hind limb grasps
substrate with a power grip and body pronograde to
substrate.

Combination of tail suspend and bipedal standing
where animal has both hind limbs pressing on a sub-
strate and tail is anchored to a di erent substrate.

A position where both elbows and hind limbs are
exed and the whole torso body is brought close to
the substrate.
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Bimanual forelimb crouch A posture where both forelimbs are exed and the
upper torso is brought close to the substrate.

Unimanual forelimb crouch A posture where a single forelimb is exed, and the
upper torso is brought close to the substrate while
the other forelimb is used in other activities

Body curl A ball-like lying posture with the head bent towards
the feet and tail is tucked in.

Sideways lie A posture where the individual lies on one of its lat-
eral sides with belly half exposed and legs out.
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1.2.3 Results

Figure 1.6: Frequencies of occurrence of various nocturnal activities of kinkajous

Overall, we analyzed a total of 2,223 photographs making up 418 observational events (206
locomotor events and 307 postural events) from at least four (but possibly more) individuals.
Kinkajous showed a strict nocturnal activity pattern starting from around 19:00h to 05:57h
with a gradual increase in frequency of activities until the peak active period between 01:00h
and 02:00h, after which there was a gradual decrease (Figure 1.7). Results further showed a
total occurrence of 12 activities (9 during active periods, 2 during inactive periods, and 1 during
both periods) and 34 positional behaviors (17 locomotor and postural behaviors each). Scanning
and traveling were the most frequently observed activities (48.33% and 47.13% respectively;
Figure 1.6), occurring throughout the entire nocturnal period. Conversely, feeding was the least
observed activity (0.48%) and was only recorded about two hours before sunrise, during which
individuals assumed a squatting posture (Figure 1.7 and Table 1.5).

Active periods were primarily characterized by traveling (92.23%) and climbing (45.36%)
behaviors. Kinkajous used quadrupedal walk (95.43%) as their main locomotor behavior when
traveling. However, when crossing gaps between two substrates (i.e. branches), they either
bridged (42.22%), leaped (33.33%), or dropped (26.67%) depending on the height and hori-
zontal distance between the two substrates. Upward vertical bridging (57.89%) was a common
bridging behavior used to cross gaps from low level to higher level substrates while tail suspend
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drop made up 58.33% of all dropping behaviors used to cross gaps from higher to lower sub-
strates. Nevertheless, when crossing gaps between substrates of about the same level, kinkajous
preferred to leap or bridge, speci cally engaging in a pronograde leap (100%) or cautious prono-
grade bridge (36.1%). They also assumed either a quadrupedal stance, a bimanual forelimb
crouch, sitting or full crouching postures at a respective 45.54%, 22.28%, 21.29% and 19.31%
when scanning or exploring their immediate environment (Table 1.5). During inactive periods,
we observed individuals mainly engaging in 77.32% of grooming activities as opposed to 27.84%
of resting (Table 1.5). Ninety-six percent of the grooming activities involved self-grooming be-
haviors (65% and 40.28% licking and scratching behaviors, respectively) while assuming a sitting
posture (90.67%), but resting consisted predominantly of catlike body curl postures (92.59%;
Table 1.5).
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Figure 1.7: Activity-time patterns ( A) and trends of active and inactive periods 8). Active
periods are characterized by kinkajous being more alert, mobile, and engaged in various activities
while inactive periods are characterized by kinkajous being comparatively less active and/or rest.
KDE densities represent the distribution expressed as the probability density per unit of time
(1/hour) of active and inactive periods within a given time interval.
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Figure 1.8: Overall frequencies of occurrence of observed locomotoA() and postural behaviors
(B) displayed by kinkajous
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Figure 1.9: Some positional behaviors observed during activeA : Quadrupedal walk, B : Ladder
climb, C: Pulse climb, D: Upward vertical bridge, E: Squat during feeding, G: Bipedal stance
during foraging, H: Cautious pronograde bridge) and inactive periods (: Allogrooming, J: Auto-
grooming by licking, K : Autogrooming by scratching, L: Prone, M : Body curl)
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Table 1.5: Frequency of occurrence of positional behaviors associated with each activityN =
Number of observational events)

Periods Activity  Obs. (N) Positional behaviors Obs. (%)

Quadrupedal walk 95.43

Crouched quadrupedal walk 4.06

Traveling 197 Quadrupedal run 1.02
Inverted quadrupedal walk 1.02
Cling walk 1.02
Tail suspend 9.09
Tail-hind limb suspend 9.09
Tripodal posture 27.27
Foraging 11 Bipedal stance 27.27
Hind limb suspend 9.09
Hind limb cling 9.09
Unimanual forelimb crouch 9.09
Active periods
Flexed elbow vertical climb 45.45
Bimanual pull up 27.27
Climbing 44
Ladder climb 25
Pulse climb 11.36
Quadrupedal drop 25
Dropping 12 Tail-suspend drop 58.33

Tail-hind limb suspend drop 16.67

Cautious pronograde bridge 31.58
Bridging 19 Supinograde bridge 10.53

Upward vertical bridge 57.89
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Leaping 15 Pronograde leap 100
Descent 8 Head rst descent 100
Feeding 2 Squat 100
Sitting 90.67
Squatting 4
Body curl 2.67
Grooming 75
Quadrupedal stance 1.33
Inactive periods Bipedal stance 1.33
Sideways lie 1.33
Body curl 92.59
Resting 27 Sideway lie 7.41
Prone 14.81
Quadrupedal stance 45.54
Bipedal stance 4.46
Sit 21.29
Prone 2.48
Squat 6.44
Scanning 202 Bimanual cling 0.5
Full crouch 19.31
Trunk vertical suspend 1.49
Bimanual forelimb crouch 22.28
Hind limb cling 1.49
Tail hind limb suspend 0.5
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1.2.4 Discussion

This study highlights the broad array of positional behaviors and activity patterns displayed
by kinkajous and the use of camera traps as a relevant and less intrusive methodological ap-
proach in assessing such behaviors in arboreal nocturnal animals in their natural habitats. In
natural environments, movement is a major component of an animal's daily activity, allowing

it to exploit available food resources, patrol territories, and search for potential mates (Resende
et al., 2014). Similar to reports from Julien-Laferriere (1993), we found that kinkajous spent a
signi cant amount of time travelling (speci cally quadrupedal walking) through their environ-
ment. This may be due to the fact that kinkajous within the study area have been shown to
be predominantly frugivorous, feeding on a wide variety of fruits and nectar (Julien-Laferriere,
1993; Coutant et al., 2022; Seguigne et al., 2022). Compared to leaves, fruits may be patchily
distributed in the environment and therefore, frugivorous animals such as kinkajous may have
to invest more time and e ort traveling in search of them. Alternatively, the high frequency

of kinkajou movement may be an activity directed towards patrolling, marking, and defense of
territories. Indeed, kinkajous have been observed to exhibit territorial behaviors by marking
areas encircling suitable food resources and engaging in aggressive defensive behaviors towards
male conspeci cs from other groups (Kays and Gittleman, 1995).

One of the challenges faced by highly arboreal species when moving within their environment
is the crossing of gaps between supports (Druelle et al., 2020). McClearn (1992) observed
that kinkajous crossed gaps mainly by bridging between the gaps. However, there has been
some con icting data on whether kinkajous slowly and cautiously bridge gaps (Enders, 1935
or leap across them (Emmons and Feer, 1990). According to Bezanson (2006), factors such as
substrate (i.e. branch) use, and the length of the body and limbs are likely to a ect positional
behaviors used for gap crossing in arboreal species. In that respect, it is possible that kinkajous
may employ either leaping or bridging depending on the size of substrates involved as well as
the width of the gap between said substrates. Our data support these claims. Interestingly,
we noticed that leaping was used between relatively medium to large substrates with gap
widths typically larger than their body length, while slow bridging was employed between
small and medium to large substrates with smaller gap widths. Although these are preliminary
observations that were not systematically analyzed, quanti ed and presented in this study (see
Chapter 1.1), they however, indicate a potential substrate size e ect on arboreal behaviors as
mentioned by Seguigne et al. (2022). Thus, we recommend that subsequent studies may bene t
from exploring substrate size and stability as factors likely a ecting positional behaviors, not
only in kinkajous, but also other arboreal species.

We observed grooming to be a major behavior during inactive periods. Grooming is an im-
portant adaptation in mammals to care for their body surfaces by keeping the integument clean
from parasites (Bush and Clayton, 2023). This activity may be either performed by the same
individual (self-grooming or autogrooming) or by other conspeci c individuals (allogrooming).
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As such, grooming behaviors do not only serve hygienic purposes, but also play an important
role in the establishment and maintenance of social bonds (Molesti and Majolo, 2013). Studies
have reported the engagement of kinkajous in allogrooming behaviors especially when in social
groups (Kays and Gittleman, 2001). However, in this study we recorded a rather higher fre-
guency of self-grooming behaviors. Kays and Gittleman (2001), found that allogrooming was
largely directed towards the upper parts of the body, including the head, ears, and neck regions.
In contrast to this, all self-grooming behaviors observed in this study were directed towards the
lower torso, including the hind limbs, tail, genitals, and abdominal regions. This would suggest
that kinkajous may engage in allogrooming not only for social bonding purposes as reported by
Kays and Gittleman (2001), but also to reach parts of the body that may otherwise be di cult

to reach during self-grooming.

We further noticed that grooming behaviors were mostly before or after resting. McClearn
(1992) observed that kinkajous either lie sideways (which she called right side up) or upside-
down when resting. Although our data was consistent with lying sideways, records of this
posture were scant. Rather, kinkajous were mainly observed to assume a catlike body curl
posture when resting. According to Lopes and Bicca-Marques (2017), animals may use body
postures to change their surface-to-volume ratio for the purpose of regulating heat dissipation.
Consequently, heat exchange between animals and their environment is greatly reduced when
they assume postures that keep their limbs close to the torso. Thus, for kinkajous, the major use
of body curl and even proning postures when resting may act as a thermoregulatory adaptive
behavior to conserve energy. To the best of our knowledge, this is the rst observation of
body curl together with proning postures during resting in kinkajous. On the other hand, the
use of these postures during resting activities may be a function of substrate size such that
kinkajous potentially exhibit the best and most e cient resting postures based on branch size
and stability. However, since substrate size was not measured within the scope of this study,
we are unable to explore this further.

Interestingly, kinkajous displayed a wide array of food acquisition postural behaviors when
foraging. Although most of these postures were observed on very few occasions, it nonetheless
highlights the capabilities of this species to exploit food resources on dierent parts of the
tree canopy. Similar postures and behaviors were recorded by McClearn (1992), who also
reported the use of sitting and hanging postures as feeding behaviors in kinkajous. She further
argued that these postures free the forelimbs, allowing for e cient food manipulation. We
did record the use of squatting posture during which the focal individual leaned forward and
downwards while manipulating food with its free forearms. This observation adds to the existing
knowledge of the various feeding postures of kinkajous and in part, supports McClearn's (1992)
observations.

Previous studies of the activity pattern of kinkajous using radio tags showed that kinkajous
were strictly nocturnal, with activities commencing shortly after sunset and lasting for about
eight hours in females and ten hours in males (Julien-Laferriere, 1993). Findings from the
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current study indicated that kinkajous exit their day dens a few minutes after sunset with
activities lasting at least 10 hours, in accordance with the observations of Julien-Laferriere
(1993), and complementary to a previous study by Seguigne et al. (2022). Other studies have
also con rmed the strict nocturnality of kinkajous both in captivity (Kavanau and Ramos,
1972) and in the wild (Kays and Gittleman, 2001). Moreover, Kays and Gittleman (2001) also
observed that some adult males become active few minutes before sunset during reproductive
periods. Seguigne et al. (2022) argued that the strict nocturnality of kinkajous may be a
behavioral adaptation to avoid spatio-temporal niche competition with other diurnal frugivores
such as tufted capuchins $apajus apellaLinnaeus 1758) and Guyana red howlersAlouatta
macconnellj Linnaeus, 1766) with which they share a large part of their diet and home range.
However, due to little information on feeding periods recorded in this study as a result of
limited sampling, we are unable to e ectively disentangle feeding time allocation of kinkajous.
This could be attributed to the behavior of kinkajous, as they primarily forage on both large
and small branches situated in the background (Forget et al., unpublished eld observation).
As a result, they are rarely observed eating directly in front of the cameras. Moreover, since
photos taken by camera traps may also have the potential of taking a small fragment of an
activity due to its limited range of coverage, it is possible that some activities and behaviors
observed here may be a fraction of unobserved ones. This raises the likelihood of overlooking
additional activities and positional behaviors exhibited in ecologically signi cant contexts and
areas that may have been missed in this study. Additionally, given that activity patterns
may also be subjected to seasonal changes (Suzuki and Ando, 2017), and that the current
study primarily focused on the general activity patterns of kinkajous, it remains possible that
there exist seasonal variation in the activity patterns of kinkajous that may not have been
highlighted. In these regards, we recommend that camera trap sampling e orts prioritize
camera trap stations at key ecological areas such as feeding sites and individual dens (along
with its surrounding areas) to capture a broader range of positional behaviors and activities
while simultaneously incorporating the e ect of seasonal changes on the dynamics of activity
patterns and positional behaviors of kinkajous. One other noteworthy shortcoming of the
current study has to do with the number of individuals captured by camera traps. Although
individuals were isolated based on a group of camera traps stationed in and out of potential
home ranges, this does not remove the fact that multiple individuals may have been moving
around in the same tree since kinkajous often move in ones or twos (Julien-Laferriere, 1993).
As such, it is possible that there exist potential individual di erences that may not have been
highlighted here.

1.2.5 Conclusion

In summary, our study showed that kinkajous display a wide combination of primate-like and
catlike positional behaviors, consequently highlighting how kinkajous interact with their imme-
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diate environment. Moreover, this study showed that kinkajous spend most of their nocturnal
active periods traveling through their home range, but also spend a signi cant amount of time
grooming and resting during inactive periods. It also provides relevant information for under-
standing the basic ecology and eco-evolutionary dynamics of the species in comparison to other
mammals such as felids and primates that may display similar positional behaviors. The study
further provides a baseline documentation of positional behaviors useful for training Arti cial
Intelligence (Al) analysis of camera traps or Accelerometer data obtained from data collars
through which other positional behaviors can be studied.
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Abstract

Species possessing prehensile tails (i.e. presenting grasping abilities) share unique constraints in
comparison to their non-prehensile relatives. Such capacities imply ner and greater mobility,
especially at the tip of the tail and the ability to generate forces capable of partly or totally
supporting the body weight of the animal. As a result, anatomical convergences have been
investigated in species having evolved such capacities independently. Two clades, both encom-
passing two independent origins of this trait have mainly been studied, primates and carnivo-
rans. Osteological studies have demonstrated important convergences between these species,
functionally related to the aforementioned constraints. Investigations of myological convergence
in these clades are rarer and no studies to date have described or quanti ed muscular structures
of the two prehensile-tailed carnivorans (i.elPotos avus and Arctictis binturong). Here, we
describe and quantify the caudal musculature of the two prehensile carnivorans in comparison
with two non-prehensile speciesNasua nasuaand Patnhera onca Our quantitative results
highlighted greater muscle masses of the main exor muscles in prehensile-tailed species, simi-
lar to previous observations of prehensile primates. On the other hand, prehensile carnivorans
did not display the characteristic short tendons described for prehensile primates. Furthermore,
both prehensile species were characterized by muscular insertions on the ventromedial region
of the tail that di ered between the two prehensile carnivorans and in comparison to their
non-prehensile relatives. Overall, these results suggest a partial decoupling of osteological and
myological convergence associated with prehensile capacities.
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2.1 Introduction

The tail is a fundamental component of the body plan and its presence is an ancestral trait in
vertebrates (and chordates in general; Handrigan, 2003; Hickman, 1979). In early vertebrates,
as well as many primarily and secondarily aquatic vertebrates, the tail plays a major role
in locomotion, for both propulsion and stabilization (see Hildebrand et al., 1985; Kardong,
2019; Webb and Smith, 1980; Webb, 2002). For terrestrial species, limbs are generally the
main appendages involved in the propulsion of the body (Kardong, 2019). Thus, although the
function of the tail in locomotion appears reduced, a new role in balance emerged. In this
context, tails are functionally relevant and show an important variety of functions including
but not restricted to thermoregulation, energy storage, intra- (e.g. courtship) and interspeci c
communication (e.g. signaling) and defense (e.g. weaponization; see Hickman, 1979; Schwaner
et al., 2021).

Among those functions, prehensile tails appear unique, sometimes considered as a \ fth
limb" (Fleagle and Mittermeier, 1980). They are grasping appendages displaying capacities
somewhat similar to the grasping hands and feet of some arboreal species (Cartmill, 1974,
1985). Such tails play important roles in postural and locomotor behaviors of arboreal species,
notably allowing these species to increase access to food resources, increase stability during
above-branch behaviors, prevent falling and aiding in gap crossing (see Bergeson, 1996, 1998;
Bezanson, 2006, 2009, 2012; Fleagle and Mittermeier, 1980; Garber and Rehg, 1999; Youlatos,
1999; Youlatos and Gasc, 2001).

In mammals, at least 40 genera are considered to possess prehensile tails, distributed across
six orders (Bergeson, 1996). This distribution along the mammalian tree of life implies several
independent origins of this trait. Much attention has been accorded to the caudal vertebrae,
mainly in primates (Ankel, 1962; Deane et al., 2014; Dor, 1937; German, 1982; Organ, 2007,
2010; Schmitt et al., 2005) and carnivorans (Dor, 1937; Organ, 2007; Youlatos, 2003). Com-
pared to their non-prehensile relatives, prehensile species were found to present wider shorter
distal vertebrae, more developed transverse processes, vertebral articular surfaces that are more
convex and larger, and a relatively longer proximal region of the tail.

Fewer studies have focused on the musculature of prehensile-tailed species. Complete de-
scriptions of the caudal muscles have been realized flatyrrhini (primates) comparing pre-
hensile species to their non-prehensile relatives (Lemelin, 1995). That study found that pre-
hensile primates were characterized by more homogeneous masses of the dorsal and ventral
long lateral muscles; that the long tendons of these muscles cross fewer vertebrae before in-
sertion; and that these species possess more developed exor muscles and intertransversarii
caudae. Furthermore myological descriptions in Dor (1937) treated four prehensile species, a
primate, (Lagothrix lagotricha), a carnivoran (Arctictis binturong), a xenarthran (Tamandua
tetradactyla), and a diprotodont (Trichosurus vulpeculg. The results of Dor (1937) are compa-
rable to those of Lemelin (1995) fot.agothrix lagotricha Tamandua tetradactylaand Arcticits
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binturong are also described as presenting overall hypertrophied muscles and especially well
developed intertransversarii caudae.Trichosurus vulpeculais, however, described as lacking
both hypertrophy and tail muscles similar to those found in other prehensile-tailed species.
Quantitative inspections of the caudal muscles of prehensile-tailed species are even more scarce
(Organ, 2007; Organ et al., 2009). These studies focused Blatyrrhini and Procyonidae
(Carnivora), and found prehensile-tailed species to be characterize by greater muscles masses.
These quantitative data however were collected for a single tail muscle, the intertransversarii
caudae. Thus, a quantitative assessment of the variations in all tail muscles between prehensile
and non-prehensile species is still lacking. More broadly, the study of tail myology in itself, re-
gardless of prehensile capacities, appears largely unexplored in comparison to other anatomical
regions such as the skull, the limbs or even the rest of the axial skeleton (but see Brink and
Pfa, 1980; Dawson et al., 2014; Dor, 1937, Ercoli et al., 2013; Haines, 1935; Mackenzie et al.,
2014; Mahoney and Rosenberg, 1981; Schumacher, 1909; Wada et al., 1994).

To address this lack of information we here provide qualitative and quantitative descriptions
of the tail muscles in the arboreal prehensile-taileéPotos avus (Procyonidae, Caniformia),
its close relative the scansorial non-prehensilasua nasua(Procyonidae, Caniformia), the
arboreal prehensile-tailedArctictis binturong (Viverridae, Feliformia) and the terrestrial non-
prehensilePanthera onca(Felidae, Feliformia). We focused on prehensile-tailed carnivorans as
osteological data, a description of the caudal muscles fér binturong (Dor, 1937) as well as
guantitative data on the Intertransversarii caudae forP. avus and N. nasua (Organ, 2007,
Organ et al., 2009) were available in the literature. In order to investigate potential myological
convergences as well as di erences between our prehensile species, we used traditional dissec-
tions describing the origin and insertion of the caudal muscles and acquired quantitative data
for each tail muscle including muscle masses as well as muscles and tendon lengths.
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2.2 Material and methods

The tail, pelvis, and lumbar region of four carnivoran species were dissected. This sample
included the arboreal prehensile-tailedPotos avus or kinkajou (P. avus) and its scansorial,
non-prehensile relativeNasua nasuaor coati (N. nasua) both procyonids belonging to the
suborder Caniformia. In addition we dissected the arboreal, prehensile-tailédctictis bintur-

ong or binturong (A. binturong) from the family viverridae and the terrestrial, non-prehensile
Panthera oncaor jaguar (P. onca) from the family felidae, both belonging to the suborder
Feliformia. The four species are represented by one specimen each. The specimens studied
were from the JAGUARS collection in Cayenne (French Guiana) fdP. onca P. avus and N.
nasuaand the Musum National d'Histoire Naturelle in Paris (France) forA. binturong.

Prior to the dissection, measurements were taken on the tail and pelvis of each specimen.
On the pelvis, length of the ilium as well as minimal and maximal width between the two
iliac crests were measured. Total tail length, starting directly posterior to the acetabulum, was
also recorded. Finally, tail width and height were measured in the proximal-most, 25%, 50%,
75% and distal-most part of the tail. Additionally, during the dissections, the total number of
caudal vertebrae was counted.

Photographs were taken for each specimen at every stage of the dissection. For all muscles
the weight as well as length without the tendons was measured. On small repeated muscles
(intervertebral muscles), if they spanned an important proportion of the tail, a proximal, a
middle and a distal segment were measured. If they were restricted to the proximal region of
the tail, each segment was measured. For long, segmented muscles the total mass and length
were recorded as well as the mass and length of a proximal, middle and distal segment. When
muscles presented long tendons, the length of a proximal, a middle and a distal tendon were
recorded.

Relative muscle masses and length were calculated by dividing the initial measurements by
the geometric mean of the three pelvic measures, used here as a size proxy.

In our descriptions we follow the nomenclature of Lemelin (1995), as this paper is a bench-
mark regarding myology of prehensile-tailed species. An overview of synonymies between the
main tail muscles found in the literature can be found in Table 2.1.

Graphical representations were realized in R v.4.1.2 (R Core Team, 2017) using R base and
ggplot2 (Wickham, 2011).
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2.3 Results

2.3.1 Muscles descriptions

Abductor Muscles

Abductor caudae medialis

The abductor caudae medialis (ACM) is an unsegmented muscle located dorsolaterally in
the sacral and caudal proximal region (Figure 2.1). It originates dorsomedially on the iliac
crest and on the dorsolateral part of the transverse processes of the three sacral vertebrae. It
inserts dorsolaterally on the transverse processes of the rst (C1) and second (C2) caudal ver-
tebrae. In the prehensileA. binturong and P. avus this muscle is separated into two parts, a
dorsal and a ventral one. Both parts originate next to one another in the same region as in the
non-prehensile species. The dorsal part inserts dorsolaterally on the transverse process of C1
whereas the ventral part inserts similarly on C2. The ACM is a rather short muscle spanning
ve vertebrae in all species with the exception oN. nasuawhere it inserts on C3 as well thus
spanning six vertebrae.
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Figure 2.1: Abductor caudae medialis. A and B: Panthera onca C and D: Arctictis binturong .
E: Potos avus. F: Nasua nasua Note the two parts of the muscle in Arctictis binturong and
Potos avus (D and E).

Abductor caudae lateralis

The abductor caudae lateralis (ACL) is a segmented muscle, dorsolaterally positioned and
restricted to the proximal region of the tail. It lies directly caudal to the ACM (Figure 2.2).
The ACL inserts laterally on the transverse processes of the proximal caudal vertebrae. The
rst insertion is located on C1 in all species excepl. nasuaand the muscle spans between six
(P. onca) to eight (A. binturong and P. avus) vertebrae. In N. nasua this muscle is rather
short and more distally located spanning ve vertebrae and inserting on C3 to C7. Generally,
this muscle appears to be a continuation of the ACM (Figure 2.2). However, iR. avus
its structure appears quite dierent. In this species, despite presenting a similar pattern of
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insertion, the ACL present an important proximal part originating similarly to the ACM on
the dorsomedial region of the iliac crest and on the lateral part of the transverse processes of
the sacrum (Figure 2.2). Thus inP. avus the ACL is quite long and spans eleven vertebrae.

Figure 2.2: Abductor caudae lateralis. Top picture: Panthera onca Bottom picture: Potos
avus.
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Extensor muscles

Extensor caudae lateralis

The extensor caudae lateralis (ECL) is a long, segmented muscle spanning the whole tail.
It is positioned dorsolaterally, medial to the ACM and lateral to the extensor caudae medialis
at the level of the ilium. It is considered to be the caudal extension of the longissimus muscle
(Lemelin, 1995; Figure 2.3). In the sacral and proximal caudal region the ECL originates on
the dorsal part of the sacral lateral crest as well as on the lateral part of the prezygapophyses
of the caudal vertebrae. In the more distal region of the tail (i.e in the transitional and distal
regions), where the pre- and postzygapophyses disappear, it takes its origin on the proximal
metapophyses. In all species studied muscle bellies are not present at the very end of the
tail and tend to span between 70% and 76% of the caudal vertebrae before disappearifg (
onca C19, 76%;A. binturong C22, 73%;P. avus C19, 73%,N. nasua C14, 70%). A tendon
arises from each muscular segment and inserts on the lateral part of the prezygapophyses and
subsequent cranial metapophyses. IR. onca, P. avus and N. nasuathe rst tendon arises
at the level of the rst sacral vertebra (S1) whereas it arises clearly more proximally fok.
binturong at the level of the third last lumbar vertebra (S4). The long tendons arising from the
muscle segments appear to be constant in the number of vertebrae crossed, six vertebra® for
onca, eight for A. binturong, seven forP. avus, and six for N. nasua Due to this consistency
in the number of vertebrae crossed, the intraspeci ¢ variation in tendon length appears to be
associated with the variation in vertebral length along the tail. Contrary to previous results for
primates (Lemelin, 1995), prehensile species do not appear to present tendons that cross fewer
vertebrae.
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Figure 2.3: Extensor caudae lateralis. A ,C,E: Panthera onca overall, proximal and distal views
respectively. B: Arctictis binturong . D: Potos avus. F: Nasua nasua

Extensor caudae medialis

The extensor caudae medialis (ECM) is found dorsally and lies medial to the ECL and,
in the proximal-most part of the tail, lateral to the interspinales caudae (Figure 2.4). Itis a
long, segmented muscle that spans the whole tail. The ECM is considered to be the caudal
extension of the multi dus muscle (Lemelin, 1995). The cranial part of the muscle in the
sacral and proximal caudal region appears less segmented (Figures 2.4B and 2.4D). In this
region it takes its origin dorsolaterally on the spinous processes of the sacral vertebrae and
the proximal caudal vertebrae (i.e. until the spinous processes disappear) and inserts on the
dorsal part of the prezygapophyses. In the transitional and distal region of the tail the muscle
becomes well segmented with each segment originating dorsomedially on one vertebra and
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inserting anteriomedially on the subsequent vertebra. The only species deviating slightly from
this conserved pattern isA. binturong for which the ECM takes its rst origin not on the

spinous process of S1 but on the last two lumbar vertebrae (L5 and L6). This more proximal
origin is identical to what Lemelin (1995) described in atelids compared to the other primates.

Figure 2.4: Extensor caudae medialis.A : Panthera onca proximal view. B: Panthera onca C:
Arctictis binturong , distal view. D: Arctictis binturong .

Pelvic muscles

lliocaudalis

The iliocaudalis (lIC) is a short fan shaped unsegmented muscle restricted to the pelvis and
the proximal region of the tail. It is located ventrolaterally and rather super cially on the tail
(Figure 2.5). The IIC is positioned medially to the ischiocaudalis and laterally to the exor
caudae longus. It originates broadly on the mediodistal part of the ilium from the distal part
of the sacroiliac joint to the iliopubic border. The IIC inserts ventromedially on the haemal
arches of the proximal region of the tail with only slight variations between the species studied.
Panthera onca has the most proximal insertion, with one on the posteromedial part of the
centrum of S3 and the other on the haemal arch between C1 and C2. Farbinturong, the IIC
inserts on two haemal arches but more caudally between C3 and C4 and between C4 and C5.
Both P. avus and N. nasuashow only one insertion on the haemal arch between C4 and C5.
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Figure 2.5: lliocaudalis (Nasua nasug.
Ischiocaudalis

The ischiocaudalis (IsC) is a rather short unsegmented muscle restricted to the pelvis and
the proximal region of the tail (Figure 2.6). It is rather super cial, positioned ventrolaterally
and is found between the IIC and the ACM and ACL. The IsC takes its origin on the medial part
of the ischium, on the ischial spine. Its insertion starts ventrally on the transverse processes
and gradually shifts laterally. In P. onca the insertions are ventral for S3 and C1, ventrolateral
for C2 and C3 and lateral for C4 and C5, spanning six vertebrae in total. IA. binturong the
insertions are ventral for S3, ventrolateral for C1 and C2 and lateral for C3, thus spanning only
four vertebrae in total. In P. avus the insertions are ventral for C2 and C3, ventrolateral for
C4 and C5 and lateral for C6, inserting more distally and spanning ve vertebrae in total. In
N. nasuathe insertions are ventral for S3 and C1, ventrolateral for C2 to C4 and lateral for
C5 to C7, spanning the most vertebrae, eight in total.
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Figure 2.6: Ischiocaudalis. A and B: Panthera onca C and D: Nasua nasua E: Potos avus.
F: Arctictis binturong .

Flexor muscles

Flexor caudae longus

The exor caudae longus (FCL) is a long muscle spanning the whole tail and positioned
ventrolaterally (Figure 2.7). It lies medially to the IIC and laterally to the exor caudae brevis.
The FCL is slightly segmented presenting a main muscle mass running along the whole talil
with muscle bundles emerging at the level where tendons arise. It originates initially rather
proximally by a short tendon on the postero-medial part of the centrum of the last lumbar
vertebra in P. onca, A. binturong and N. nasua and penultimate lumbar vertebra inP. avus
with, for each species, the muscle belly appearing at the level of the subsequent vertebra.
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The FCL further originates on each vertebra ventrolaterally on the centrum, at the base of
the transverse process in the proximal region of the tail. In each species, the FCL presents a
network of long tendons arising from the muscle bundles distributed regularly at the level of
each vertebra. The rst tendon arises at the level of C1 fdP. onca, P. avus and N. nasuabut

Is present more proximally inA. binturong, arising at the level of the last lumbar (L6). InP.
onca A. binturong and N. nasuathe tendons insert on the cranioventral part of the transverse
processes. More distally, on vertebrae presenting a cranial and a caudal pair of transverse
processes, the tendons insert also on the cranial process. Each tendon spans seven vertebrae in
A. binturong and ve vertebrae in N. nasua In P. onca, two tendons arise from each muscle
segment with the rst tendon spanning ve vertebrae and the second one spanning six vertebrae
and inserting both similar to what was observed in the other species. . avus, the pattern

of insertion of the tendons appears to be di erent. Muscle segments alternate tendons inserting
laterally on the lateral anterior part of the transverse processes similarly to the other species,
and tendons inserting medially on the haemal arches and subsequent sesamoids more distally.
This pattern is similar to what has been described by Lemelin (1995) in all primates, prehensile
or not. The lateral tendons span nine vertebrae. The rst medial tendon arises at the level of
C1 and the medial ones span seven vertebrae before insertion. The rst of those tendons arises
at the level of C2 (Figure 2.7C). In each species, muscle bellies appear to be present up to the
very end of the tail despite starting to be highly reduced at the level of the last quarter of
the tail (P. onca C19; A. binturong C23;P. avus C20;N. nasua C15). This distal reduction
appears to be more important in non-prehensile species than in prehensile ones.
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Figure 2.7: Flexor caudae longus.A and B: Panthera onca (A : proximal view). C and D: Potos
avus (C: proximal view). E: Arctictis binturong . F: Nasua nasua proximal view.

Flexor caudae brevis

The exor caudae brevis (FCB) is a long, segmented muscle that is located ventrally. It
is the medial-most ventral tail muscle (Figure 2.8). It takes its initial origin ventromedially
on the posterior region of the centrum of S1 foA. binturong and N. nasua and on the same
position on S3 forP. onca and P. avus. Subsequent origins are located ventromedially on
the posterior region of the centrum of S2 and S3 and then on the haemal arches of the caudal
vertebrae and subsequent sesamoids. fh onca P. avus and N. nasuathe rst segments are
less clearly demarcated and share a unique insertion site (Figure 2.8C). This rst segment spans
four vertebrae and inserts on the haemal arch between C4 and C5Hnonca This rst segment
spans seven vertebrae iR. avus and N. nasuainserting on the haemal arches between C7 and
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C8 and between C5 and C6 respectively. Subsequent segments are well demarcated originating
on a haemal arch, spanning one vertebra with a muscle belly and then spanning one more
vertebra with a tendon inserting on the next haemal arch (Figure 2.8C)Arctictis binturong
possess a FCB with a pattern of insertion di erent from the three other species. In this species
the FCB more closely resembles the ECL and FCL and inserts through long tendons spanning
nine vertebrae before inserting on the haemal arches and subsequent sesamoids (Figure 2.8A
and 2.8B). The rst of these long tendons arises at the level of S3 and muscle bellies tend to
be greatly reduced after C23.

Figure 2.8: Flexor caudae brevis. A and B: Arctictis binturong . B: lllustrate FCB once FCL
has been removed.C and D: Potos avus. C: Proximal and mid-distal segments.

Intervertebral muscles

Interspinales caudae

The interspinales caudae (IS) are small intervertebral muscles located between the spinous
processes (Figure 2.9). They are located dorsally, medial to the ECM and are the most medial
muscles in the proximal region of the tail. They insert on the posterior dorsal part of one spinous
process proximally and on the anterior dorsal region of the next spinous process distally. In all
species dissected here, these muscles appear reduced and in close association with the ECM. In
P. onca only one of these muscles was found, between S3 and C1. Two muscles appear to be
present in A. binturong between S3 and C2P. avus presents three muscles, between S3 and
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C3 and N. nasuafour, between S3 and CA4.

Figure 2.9: Interspinales caudae. A: Panthera onca B: Arctictis binturong. C: Nasua nasua
D: Potos avus.

Intertransversarii caudae

The intertransversarii caudae (IC) are small intervertebral muscles located between the
transverse processes (Figure 2.10). They are laterally located, lying between ECL and FCL,
especially distally. They also lie next to the more super cial ACL and IsC proximally. They
insert caudolaterally on a transverse process proximally and craniolaterally on the transverse
process of the next vertebra. More distally in the tail, the muscles attach from the anterior part
of the transverse process and insert on the anterior part of the transverse process of the next
vertebra. The shape of these muscles appears constrained by the shape of the transverse pro-
cesses. The proximal muscles, when the vertebrae present only one central transverse process,
are short and wide, while when vertebrae increase in length and present one proximal and one
distal pair of transverse processes, the IT muscles are longer and narrower (Figure 2.10E and
2.10F). In P. onca the IT muscles are found between S3 and C11, spanning 44% of the tail, in
A. binturong they are found between S3 and C29, spanning 96% of the tail,n avus they are
found between S3 and C23, spanning 88% of the tail and M nasuathey are found between
S3 and C13, spanning 65% of the tail. Overall prehensile-tailed species have IT muscles that
appear more developed and are present more distally along the tail than non-prehensile species.
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Figure 2.10: Intertransversarii caudae. A and B: Arctictis binturong , proximal and overall view
respectively. C and D: Potos avus, proximal and overall view respectively. E and F: Nasua
nasug proximal and mid-distal view respectively.

Intermammilares caudae

One intervertebral muscle that we found during our dissections is absent in the descriptions
from Lemelin (1995) of primates and also missing in descriptions of the caudal myology of other
carnivorans (Ercoli et al., 2013; Wada et al., 1994). However, it is described by Dawson et al.
(2014) in Macropus fuliginosusand by Mahoney and Rosenberg (1981) iG@astor canadensis
Dor (1937), presents it as a tail muscle present in mammals in general and describes it in both
primates and carnivorans. This muscle is named the intermammillary in the aforementioned
studies. In this work, the choice has been made to name it the intermammilares caudae (IM)
after Slijper (1946) in order to match the naming convention used by Lemelin (1995). The IM
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are small intervertebral muscles found dorsolaterally between zygapophyseal joints and subse-
guent metapophyses (mammillary processes) when these joints disappear more distally along
the tail (Figure 2.11). These muscles originate proximally at the mammillary process dorsal
to the prezygapophysis and insert distally on the same attachment point on the subsequent
vertebra. They also attach through a short tendon originating dorsomedially on the vertebral
lamina on the rst vertebra and inserting on the dorsomedial part of the anterior mammillary
process on the second vertebra (Figure 2.11E). Similarly to the IT, the rst segments in the
proximal region of the tail, where prezygapophyses and postzygapophyses are still present, are
short and large. Then, when zygapophyseal joints disappear and only metapophyses remain,
the muscles are more elongated and narrower. Due to the lack of description of this muscle,
in P. onca, IM were initially considered as part of ECM and were not counted (but see Figure
2.11A). In all other species the rst IM is found between S3 and C1 and disappears after C18
in A. binturong, after C24 in P. avus, and after C12 inN. nasua
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Figure 2.11: Intermammilares caudae. A: Panthera onca proximal view. B: Potos avus,
proximal view. C and D: Nasua nasua proximal and mid-distal view respectively. E and F:
Arctictis binturong , proximal and mid-distal view respectively.

2.3.2 Quantitative data

All measurements taken, including external measurements of tail dimensions, muscles masses
and lengths, can be found in Table 2.2.

Table 2.2: Summary of all measurements taken on each specimen

Species Panthera onca  Arctictis binturong  Potos avus  Nasua nasua

label M5332 NA M5846 M5710

origin KWATA MNHN KWATA KWATA

prehensility Non-prehensile Prehensile Prehensile Non-prehensile
Overall measurements (in mm)

ilium length 98.99 68.2 43 47.5
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Table 2.2: Summary of all measurements taken on each specimen

Species Panthera onca  Arctictis binturong  Potos avus  Nasua nasua
ilium min width 53.25 62.12 295 39.8
ilium max width 106.81 67.01 37 51.4
tail proximal-most width 45.03 52.85 29 29.5
tail proximal-most height 40.41 42.2 20.5 23.8
tail width 25% 34.04 32.34 17.1 14
tail height 25% 33.21 35.09 15.1 14.5
tail width 50% 19.34 26.14 15.2 10.6
tail height 50% 17.76 24.86 121 11.2
tail width 75% 10.85 17.91 10.9 8.2
tail height 75% 10.99 20.77 10 9
tail distal-most width 1.93 5.43 3.2 3.3
tail distal-most height 2.13 5.81 2.8 3.1
tail length 620 882 500 441
number of vertebrae 25 30 26 20
Muscle measurements (in mm and g)
ACM dorsal part mass NA 4.82 0.2 NA
ACM dorsal part length NA 94.28 325 NA
ACM ventral part mass NA 2.8 0.67 NA
ACM ventral part length NA 98.01 45 NA
ACM total mass 105 7.62 0.87 1.51
ACM total length 152.96 98.01 45 79.28
ACL mass 7.8 4.66 1.94 0.75
ACL length 189.71 188.91 172 77.74
ECL proximal mass 23.2 2.4 1.69 1.59
ECL proximal length 190.53 107.65 77.8 85.94
ECL middistal mass 3.3 14 0.29 0.99
ECL middistal length 236.7 123.78 43 85.19
ECL distal mass 1 0.4 0.15 0.15
ECL distal length 159.63 47.45 37.1 77.47
ECL total mass 54.9 52.1 9.9 8.5
ECL total length 720 935 589 504
ECL tendon length proximal 60 155 122 96
ECL tendon length middistal 230 270 181 168
ECL tendon length distal 205 170 166 144
ECM proximal mass 21.9 3.19 0.8 0.86
ECM proximal length 118.78 86.8 39.8 55.53
ECM middistal mass 31 1.08 0.15 0.2
ECM middistal length 109.68 42.87 32 45.17
ECM distal mass 1 0.26 0.04 0.18
ECM distal length 79.85 18.92 17.1 36.37
ECM total mass 57.4 34.4 55 5.5
ECM total length 750 1045 545 515
IS 1 mass 0.8 0.94 0.08 0.1
IS 1 length 31.39 32.96 14.1 17
IS 2 mass 0.8 0.26 0.08 0.09
IS 2 length 37.26 26.13 14.8 15.88
IS 3 mass 1.7 NA 0.06 0.06
IS 3 length 54.34 NA 12.6 16.8
IS 4 mass 1.2 NA NA 0.03
IS 4 length 40.93 NA NA 15.12
IA proximal mass NA 0.49 0.06 0.05
IA proximal length NA 18.15 11.2 10.49
IA middistal mass NA 0.64 0.1 0.14
IA middistal length NA 39.99 25.5 28.83
IA distal mass NA 0.11 0.02 0.04
IA distal length NA 19.45 16.8 27.31
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Table 2.2: Summary of all measurements taken on each specimen

Species Panthera onca  Arctictis binturong  Potos avus  Nasua nasua
IsC mass 13.1 6.35 211 1.83
IsC length 164.25 61.25 186.81 122.36
IIC mass 9.6 6.59 1.32 21
IIC length 129.88 91.14 74.34 63.21
FCL proximal mass 6.6 1.58 0.71 0.58
FCL proximal length 103.92 79 54.32 53.55
FCL middistal mass 1.3 1.22 0.83 0.09
FCL middistal length 61.52 138 47.58 31.05
FCL distal mass 0.1 0.18 0.27 0.1
FCL distal length 23.77 52.5 45.6 27.6
FCL total mass 54.8 48.9 17.2 6
FCL total length 750 830 484 339
FCL lateral tendon length proximal 110 240 149 61
FCL lateral tendon length middistal 180 230 189 129
FCL lateral tendon length distal 210 195 227 138
FCL medial tendon length proximal NA NA 97 NA
FCL medial tendon length middistal NA NA 163 NA
FCL medial tendon length distal NA NA 152 NA
FCB proximal mass 6.4 2.39 1.77 1.03
FCB proximal length 109.35 80 74.36 58.41
FCB middistal mass 1.1 1.49 0.43 0.22
FCB middistal length 65.71 113 27.21 24.42
FCB distal mass 0.2 0.29 0.16 0.13
FCB distal length 31.34 415 17.59 24.33
FCB total mass 21 66 5.6 2.9
FCB total length 650 775 447 323
FCB tendon length proximal NA 270 NA NA
FCB tendon length middistal NA 290 NA NA
FCB tendon length distal NA 210 NA NA

IT proximal mass 1.1 1.08 0.09 0.23
IT proximal length 20.45 34.5 8.51 17.55
IT middistal mass 0.8 0.85 0.23 0.27
IT middistal length 38.34 38 23.86 29.95
IT distal mass 0.3 0.33 0.09 0.09
IT distal length 43.33 29 14.86 22.83

2.3.3 External measurements

Relative height and width appear to be greater in prehensile-tailed species compared to non-
prehensile species in each region of the tail studied (Figure S2.1), suggesting more developed
muscles overall. Furthermore, in all species, tails appear relatively circular in cross-section
with height and width values being almost equal in all regions. The only exception being
the proximal most region where the tails appear wider than they are high, likely due to the
presence of the abductor and pelvic muscles. This pattern seems slightly more pronounced in
prehensile-tailed species.
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2.3.4 Muscle masses

Flexor and extensors

Regarding exor muscles (Figure 2.12)A. binturong appears to have a relative total mass of
both the FCL and FCB that is higher than the other species in the dataset, especially for
the FCB. Potos avus has total masses of FCB and especially FCL that are greater than its
non-prehensile relativeN. nasua, however, masses are comparatively lower than those of the
non-prehensileP. onca Regarding the relative mass of individual segments from the three
regions of the tail, it appears thatP. onca is characterized by a massive proximal musculature.
Furthermore, P. avus presents the second greatest relative muscle mass for the proximal seg-
ment of the FCB. Comparing prehensile and non-prehensile species, it appears that di erences
become more pronounced from the mid-distal part of the tail onwards with the prehensile species
having both higher masses for the FCL and FCB compared to the non-prehensile species. The
only exception being the mid-distal segment of the FCB foP. avus that is comparatively
higher than N. nasua but smaller than that of P. onca

Regarding extensor muscles (Figure 2.12). binturong presents the highest relative muscle
mass but only for the ECL, wheread?. onca possesses the highest mass for the ECHMotos
avus still presents higher values thanN. nasua for both muscles and lower ones than the
two other species. When looking at the individual muscle segment, onca still shows more
strongly developed proximal muscles compared to all other species. The major di erence be-
tween the exor and the extensor muscles resides in the mid-distal and distal regions. For the
extensor musclesP. onca possess the highest muscle massAs binturong present masses that
are silimar to those ofN. nasuafor the mid-distal ECL and the distal ECM and P. avus has
values that are inferior toN. nasuafor the mid-distal ECL and distal ECM and similar for the
distal ECL and mid-distal ECM. When exploring the ratio of the mean relative mass of both
exor muscles relative to the mean relative mass of both extensor muscles, a clear demarca-
tion appears between prehensile and non-prehensile species (Figure 2.13). Prehensile species
have a exor musculature that is comparatively more developed than the extensor musculature,
whereas this is the opposite for non-prehensile speci®atos avus exhibits the highest values
of all species.
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Figure 2.12: Barplots representing relative muscle masses of the exor and extensor muscles.
Left plots represent total muscle masses. Right plots represent masses of one muscular segment
for each region of the tail. Blue-green indicates prehensile species. Beige indicates non-prehensile
species. Blue, yellow, and green indicate the proximal, mid-distal and distal regions of the tall
respectively.
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Figure 2.13: Barplots representing the ratio of relative total exor muscles masses (FCL and
FCB) to relative total extensor muscles masses (ECL and ECM). Blue-green indicates prehensile
species and beige indicates non-prehensile species.

Intertransversarii

Arctictis binturong has the highest relative IT masses in the proximal, mid-distal, and distal
regions followed byP. onca in all three regions (Figure 2.14). In the proximal regiorN. nasua
showed higher values tha®. avus. In the mid-distal and distal regions,P. avus appears to
have greater muscle masses thdw. nasua but only marginally so.
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Figure 2.14: Barplots representing relative muscle masses of the intertransversarii caudae by
region. Blue-green indicates prehensile species. Beige indicates non-prehensile species.
Abductor muscles

For both abductor muscles,P. onca has the highest relative masses, followed 3. binturong
(Figure S2.2). Nasua nasua is characterized by a higher muscle mass of the ACM compared to
P. avus, when for the ACL, P. avus has a much higher relative muscle mass thad. nasua

Pelvic muscles

Regarding pelvic musclesP. onca exhibits the highest values for both the I1sC and the IIC,
followed by A. binturong (Figure S2.3). Potos avus has a higher IsC relative muscle mass
compared toN. nasua but N. nasua has slightly higher IIC values thanP. avus.
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2.3.5 Tendon lengths

Regarding the length of the long tendons shared by all species (i.e. tendons of ECL and lateral
tendons of the FCL), prehensile species tend to have overall longer tendons (Figure 2.15). This
di erence is more pronounced in the proximal region of the tail and less so in the distal region
of the tail with P. avus having the longest tendons butA. binturong having values close to
those of P. onca and N. nasua and even a slightly shorter ECL distal tendons tharN. nasua
The overall pattern of regional tendon length variation seems to be that proximal tendons are
the shortest; the mid-distal ones are the longest, and the distal ones are of similar size to the
mid-distal ones or of intermediate length compared to the two previous regions. However, the
proximal tendons of the FCB and the FCL inA. binturong are longer than the distal ones. The
distal lateral tendon of the FCL is also longer than the mid-distal one, especially iR. avus

but also to a lesser degree iR. onca and N. nasua Regarding the long tendons not shared by
other species, the tendons inserting medially from the FCL iR. avus are shorter than those
inserting laterally in every region. ForA. binturong, the tendons of FCB are the longest tail
tendons present in this species.

Figure 2.15: Barplots representing relative length of tendons from ECL, FCB and FCL. Blue-
green indicates prehensile species. Beige indicates non-prehensile species. Blue, yellow, and green
indicate the proximal, mid-distal, and distal regions of the tail respectively.
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2.4 Discussion

Overall, regarding the organization of the tail muscles, we observed a structure similar to that
described in the literature. Dorsally we nd two long muscles acting as extensors of the tail
that are caudal extensions of trunk muscles (ECL and ECM). Ventrally, two long muscles act

as tail exors (FCL and FCL). Laterodorsally in the proximal region of the tail are two ab-
ductor muscles (ACM and ACL). We consistently found two pelvic muscles inserting on the
proximal caudal region involved in depression (IIC) and abduction (IsC) of the tail. Lastly

a series of small repeated intervertebral muscles were found between vertebral bony processes
of consecutive vertebrae, the IS between spinous processes (extensor), the IM between mam-
millary processes (extensor) and the IT between transverse processes ( exor). Their presence
appears determined by the presence and absence of these processes along the tail vertebrae.

Regarding di erences between prehensile and non-prehensile species, externally, Dor (1937)
described most prehensile-tailed species to be characterized by hypertrophied muscles. Such
descriptions are consistent with our results showing that for carnivorans, the relative height
and width of the tail appear to be higher in every region for prehensile species. When looking
at individual muscles, Dor (1937) mentioned the IT to contribute to increase the tail volume in
A. binturong and to be hypertrophied inL. lagotricha as well. Moreover, in primates, Lemelin
(1995) similarly noted that, especially in the distal region of the tail, prehensile species were
characterized by an important development of this muscle. Furthermore, Organ et al. (2009)
guantitative investigation of tail muscles in prehensile-tailed primates and carnivorans focused
entirely on IT muscles. The results of our study demonstrated that overall, prehensile-tailed
species are characterized by more important muscle masses than non-prehensile species in ev-
ery region of the tail. Our results tend to support previous studies as IT muscles are found
to be present more distally, spanning almost the entire tail (96% foA. binturong and 88%
for P. avus) compared to non-prehensile species (44% fBr onca and 65% forN. nasua).
Quantitatively, A. binturong has higher masses than any other species in each region of the tall
(Figure 2.14). Potos avus possess masses that are slightly higher than thoseMafnasuain the
mid-distal and distal region. Organ et al. (2009) noted more pronounced di erences between
the masses of those two species in the distal region of the tail with avus exhibiting higher
values. Such di erences might be explained by the di culty to compare homologous muscles
in serially repeated structures. Indeed, regarding the distal muscles we chose the last of these
muscles in order to sample the distal-most muscle possible. In contrast, Organ et al. (2009)
chose to sample the muscles located at the level of \the vertebra that falls at the midpoint (in
terms of vertebral number) of the distal region of the tail" thus being located more proximally.
Thus, even ifP. avus present clearly more developed IT muscles, spanning almost the entire
tail, than N. nasug due to gradual reductions of the anatomical structures along the tail, the
last muscle ofN. nasua being located more proximally it present a relative mass that is only
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slightly smaller than the one ofP. avus positioned more distally, despite being almost twice
its length (P. avus: 14.86 mm;N. nasua 22.83 mm). Despite those di erences, based on
both the distal presence of IT muscles and their overall relative masses, similarly to primates,
these muscles appear to play an important role in prehensile-tailed carnivorans.

Electrophysiological stimulation of the IT in Ateles demonstrated that these muscles gener-
ate ventral and lateral exion of the tail (Lemelin, 1995). The addition of the forces generated
by each segment of the IT has been described to result in having the tip of the tail \at an
angle relative to more cranially-placed vertebral segment (in a frontal plane)" (Lemelin, 1995).
This action has been associated with suspensory posture as it maximizes contact between the
tip of the tail and the substrate. Furthermore, well developed IT muscles might also help
reduce part of the stresses imposed on intervertebral joints during such suspensory behaviors
(Lemelin, 1995). The presence of developed transverse processes at the tip of the tail of prehen-
sile carnivorans, similar to those found in suspensory atelids, lead Youlatos (2003) to suggest
that tail-assisted suspensory behaviors might also occur in those species. Our results, showing
the presence of well-developed IT muscles in relationship with these well-developed transverse
processes tends to con rm this hypothesis. Furthermore, iR. avus, tail-hindlimb suspensory
behaviors have been documented (McClearn, 1992; Chapter 1.1) and tail-only suspensory be-
haviors have been demonstrated to be an important part of the positional repertoire of this
species (Chapter 1.1). More data are still needed fér. binturong to link these osteological and
myological results with tail use, but a consistent amount of tail suspend and/or tail-hind limb
suspension is likely. Lastly, similarly to Organ et al. (2009) we found proximal IT muscles to
be relatively more robust inN. nasuacompared toP. avus. Organ and colleagues formulated
the hypothesis that, like Cebuscompared to atelids, these results might suggest prehensile ca-
pacities to some extent. Furthermore, due to observations of tail-bracing behaviod, nasua
has sometimes been classi ed as semi-prehensile (Emmons and Gentry, 1983; Youlatos, 2003).
However osteological results from Youlatos (2003) suggested no prehensile capacities. Our over-
all results suggest no prehensile capacities in this species, especially when looking at the other
exor muscles.

The long exor muscles (FCL and FCB) demonstrate the most variation between prehensile
and non-prehensile species in our study. Quantitativelyd. binturong possess heavier FCL and
FCB muscles than any other species arfél. avus exhibited values that are higher than those in
N. nasua (Figure 2.12). Looking at the variation between regions, with the exception the prox-
imal region for which P. onca has the highest relative muscle mass, prehensile species possess
heavier muscles in all three regions and the di erences between prehensile and non-prehensile
species tends to increase in the mid-distal and distal regions of the tail. Furthermore, when
looking at the ratio between both long exor muscles and long extensor muscles, prehensile-
tailed species are characterized by proportionally more developed exor muscles where it is
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the opposite in non-prehensile species. Those results are in accordance with what has been
described for primates (Lemelin, 1995) and are expected due to the fact that tail movements
linked to prehension are executed via tail exion in species coiling their tails ventrally. De-
spite the fact that all species in our dataset had a relatively similar muscular organization, the
FCL and FCB muscles are also the ones where the most variation was found. Whereas the
three other species are characterized by FCL muscles inserting only on transverse processes,
P. avus possess tendons that insert both on the transverse processes (i.e. laterally) and on
haemapophyses and subsequent sesamoids (i.e. medially). These additional tendon insertions,
located ventromedially, might be functionally related to prehensile capacities. Especially taken

in conjunction with the increased relative mass of the exor muscles found in this species.
Interestingly, this pattern of insertion has been described in primates, whether they possess a
prehensile tail or not (Dor, 1937; Lemelin, 1995), but descriptions found for other mammals
present a patter similar to the other species of the dataset with tendons inserting only on the
transverse processes (Dawson et al., 2014; Mahoney and Rosenberg, 1981; Wada et al., 1994).

Several non-prehensile primates have been reported to exhibit occasional partial prehensile
behaviors, wrapping their tails around branches and other objects without relying on their
tails for body mass support (Dunbar and Badam, 2000; Grand, 1972; Meldrum, 1998). Such
species do, however, not demonstrate morphological convergences with classically recognized
prehensile-tailed primates whether in terms of osteology (Ankel, 1962) or myology (Lemelin,
1995). These medioventral insertions of the FCL are convergent betwd@navus and primates.

If functionally related to prehensile capacities, this may partly explain the aforementioned be-
havioral description of tail-use in non-prehensile primates. Further investigations will be needed
to test this hypothesis, notably based on a sample allowing for a better understanding of the
structure of the FCL across mammals. IMA. binturong, the FCL appears similar to that of
non-prehensile carnivorans in structure, despite showing a higher relative mass. However, the
FCB appears unique in structure and relative mass. Regarding its mass, all other species tend
to have a heavier FCL compared to the FCB, yet this is the opposite iA. binturong. Indeed,
this species is characterized by a relative mass of the FCB that is strikingly higher than the
other species in the dataset. Furthermore, the FCB im\. binturong is also characterized by
an insertion by means of long tendons crossing several vertebrae (Figure 2.8A and 2.8B). In
Dor's (1937) dissection ofA. binturong both the FCL and the FCB are presented as one unique
muscle presenting two networks of tendons inserting on the transverse processes and on the
haemal arches. In our dissection, however, the FCL and the FCB appear to be two clearly
di erentiated muscles (Figure 2.7E and 2.8B). This organization of the FCB has, to the best of
our knowledge, not been described in any other mammal. The role of FCB as a exor muscle
and its considerable mass i\. binturong suggest that its pattern of insertion might be func-
tionally related to prehensile capacities. However, as no similar structures have been described
in the literature, further investigations like biomechanical modeling of the action of this muscle
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are needed to better understand its signi cance.

Besides the aforementioned similarities between our results and previous investigations of
prehensile-tailed mammals we also noted several di erences. First, in primates, Lemelin (1995)
described prehensile species to have more evenly distributed muscle masses along the tail for
the ECL and FCL. In our study, however, we found that ECL muscle bundles were found up
to 70% to 76% of the tail with no clear di erences between prehensile and non-prehensile car-
nivorans. Furthermore, quantitatively, for this muscle prehensile species do not present higher
relative muscle masses than non-prehensile ones in the mid-distal and distal regions of the tail
(Figure 2.11). Regarding the FCL, the muscle bundles follow a similar pattern with no clear
di erences between prehensile and non-prehensile species. Quantitatively, however, prehensile
species do demonstrate higher relative muscle masses in the more distal regions of the tail (Fig-
ure 2.11). In primates, these results were interpreted to suggest that contrary to non-prehensile
species that have the bulk of their muscle masses located proximally along the tail, prehensile
species have more developed muscle masses in the distal region of the tail (Lemelin, 1995). It
is, however, noteworthy that non-prehensile tailed species in our dataset are characterized by
relatively short tails, especiallyP. onca (P. onca: 38-47% of head-body lengthN. nasua 94-
97%; Wilson and Mittermeier, 2009). In contrast, non-prehensile primates included in Lemelin
(1995) tended to have relatively longer tails (e.gCercopithecus aethiops 109-127%;Macaca
fascicularis: 97-113%;Callithrix jacchus: 147-156%;Eulemur fulvus 95-102%; Mittermeier
et al., 2013). The di erences between primates and carnivorans might thus be explained by
these di erences in relative tail-length. However, relationships between tail elongation and/or
reduction and the distribution of caudal muscles still need to be investigated further to test
this idea. Further studies including related species of variable tail-length would help to better
understand the impact of tail-length on caudal myology.

Another notable di erence between our results and previous studies concerns the relative
length and number of vertebrae crossed by the long tendons of the ECL and FCL. Lemelin
(1995) considered the presence of tendons crossing fewer vertebrae as a key morphological
feature of prehensile-tailed primates compared to their non-prehensile tailed relatives. In our
results for carnivorans, we did not nd a similar pattern. In fact, non-prehensile species were the
ones having ECL and FCL tendons that crossed fewer vertebrae (i.e. six and ve respectively).
This di erence might be clade dependent, prehensile primates having long tendons that cross
few vertebrae whereas this is not the case for prehensile carnivorans. Dor (1937) results tend
to con rm this hypothesis noting that L. lagotricha, a prehensile primate, was characterized
by having shortened ECL and FCL tendons. On the other end, the only mention regarding
tendon length in the description ofA. binturong indicates that tendons of ECL tend to be
shorter at the extremities of the tail compared to those found in the mid-distal region, which is
consistent with our results (Figure 2.15). Functionally, shorter tendons in prehensile primates
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have been hypothesized to provide greater degrees of exion or extension depending on the
muscle, thus increasing \the degree of curvature achieved at a given area of the tail" (Lemelin,
1995). It is therefore interesting that this pattern is not found in carnivorans. Biomechanical
modeling (e.g. Fu et al., 2024) might help to better understand the functional implications of
these di erences in terms of mobility of the tail through simulations.

When comparing myological results between the two independent origins of prehensile tails
in carnivorans and in primates, it appears that several anatomical convergences are shared by
these species. Namely, compared to their non-prehensile relatives, they are both characterized
by an important development of their exor muscles including the IT, the FCL and the FCB.
Those similarities appear mainly related to increased muscle masses in this region of the tail.
However, an important morphological variation also exists and appears to be mainly related to
the patterns of insertion of these same exor muscles. Although a reduction in tendon length
appears to be a trend found in prehensile primates but not in carnivoran®, avus, despite
its lack of short tendons, presents a pattern of tendon insertion of the FCL that is convergent
with primates. On the other hand, A. binturong is characterized by a hypertrophied FCB that
is inserting through long tendons with no other mammals possessing a similar structure. Such
diversity is interesting with regards to the highly convergent pattern found in the caudal verte-
brae of prehensile-tailed primates and carnivorans (Organ, 2007; Youlatos, 2003). Such results
evoke the concept of \many-to-one mapping" described by Wainwright et al. (2005), demon-
strating that di erent morphological organizations can lead to similar mechanical properties.

In this case, it highlights the fact that convergent osteological characters can be associated
with di erent muscular organizations, showing that the relative expansion of structures like the
transverse processes (Ankel, 1962; German, 1982; Organ, 2010; Youlatos, 2003) or the chevron
bones (see discussion in Zavodszky and Russo, 2020) might be associated with the development
of di erent muscles. Here, chevron bones were insertion sites for the FCB M binturong
whereas they were insertion sites for both the FCB and FCL iR. avus. These results put

the emphasis on the need to acquire data for more species representing the diversity of conver-
gent origins of this trait in order to properly assess both the variation that might exist in the
muscular organization of prehensile-tailed species and the link between this variation and the
osteological convergences previously described.

In addition to a broader taxonomic sampling, the inclusion of more than one specimen for
each species is needed in order to assess intraspeci ¢ variation. This would also allow to conduct
more proper size correction protocols based on linear regressions. Indeed, it has been previously
demonstrated that simple division by a proxy of size is not the most appropriate way to remove
size-dependent variation (Albrecht et al., 1993). This could explain the results obtained for
P. onca for which relative muscle masses were often the highest in our dataset as this species
is considerably larger than any other species included. Moreover, PCSA estimations will be
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useful to estimate forces generated by the tail muscles and the way those forces vary between
prehensile and non-prehensile carnivorans. Lastly, as mentioned throughout this discussion,

biomechanical models based on data generated in this study would help better understand the

functional implications of those convergences and variations on the mobility of the tail.
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Supplementary material

Figure S2.1: Barplots representing relative height and width of the tail. Blue-green indicates
prehensile species. Beige indicates non-prehensile species. Blue, light blue, yellow, light green and
green indicate the proximal-most, 25%, 50%, 75% and distal-most part of the tail respectively.
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Figure S2.2: Barplots representing relative muscle masses of the abductor muscles. Blue-green
indicates prehensile species. Beige indicates non-prehensile species.
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Figure S2.3: Barplots representing relative muscle masses of the pelvic muscles. Blue-green
indicates prehensile species. Beige indicates non-prehensile species.
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Abstract

Among morphological adaptations to an arboreal lifestyle, prehensile tails (i.e. tails that are
capable of grasping) are undoubtedly the least studied. In mammals, investigations of mor-
phological convergence associated with tail prehensility have been conducted for primates and
carnivorans. Such studies have demonstrated convergence including the presence of wider and
shorter vertebrae presenting more developed transverse processes in prehensile-tailed species.
Functionally, these convergences have been associated with increased mechanical resistance to
the stresses generated during prehensile behaviour as well as the need to support better de-
veloped muscles. However, whether small prehensile-tailed mammals are subjected to similar
constraints and show similar adaptations remains to be studied. To this end, we focused on the
Murinae (Rodentia), and especially the Hydromyini, a tribe including several prehensile genera
distributed in New Guinea. Morphometrics and phylogenetic comparative analyses based on
ratios of vertebral dimensions revealed convergence in vertebral morphology among murines
and with other prehensile-tailed mammals. Furthermore, our results allowed the identi cation

of putative \new" prehensile species. An ancestral state estimation was conducted, supporting
seven convergent events including ve in the Hydromyini. We suggest that this methodology
might be useful to infer prehensility in poorly known species and fossils.
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3.1 Introduction

A prehensile tail is de ned as a tail adapted for grasping and able to hold objects or to support
part or all the body weight of a suspended animal (Deane, 2022). Currently, such capacities are
thought to have evolved independently in at least six mammalian orders (including primates,
carnivorans, rodents, xenarthrans, and pholidota). This trait has consequently been reported
in at least 40 genera of mammals and is extremely widespread among arboreal taxa (Bergeson,
1996). Despite a tendency to be arboreal, prehensile-tailed mammals are diverse in their lo-
comotion, habitat, diet, and body mass (Bezanson, 2017). The widespread distribution across
the mammalian phylogenetic tree, coupled with their overall diversity, makes prehensile tails
an interesting case of convergent evolution.

Because of these convergent capacities, an important body of research has been devoted to
investigating the morphological convergences of the tail to better understand the functional con-
straints associated with this behaviour. For example, it has been demonstrated that in primates
and carnivorans, prehensile-tailed species tend to have relatively more developed transverse
processes (lateral bony projections) on the caudal vertebrae, shorter and wider tail vertebrae
especially at the tip of the tail, and a relatively longer proximal region of the tail (Ankel, 1962;
German, 1982; Organ, 2010; Youlatos, 2003). In primates, tail prehensility has also been as-
sociated with larger and more convex articular surfaces than in non-prehensile species (Deane
et al., 2014). Furthermore, previous studies in primates and carnivorans have highlighted that
prehensile-tailed species are characterised by more strongly developed tail muscles, especially
the exor and lateral musculature (Lemelin, 1995; Organ, 2007; Organ et al., 2009). Lastly,
a histological study in primates has revealed the presence of mechanoreceptors in the skin at
the tip of the tail of prehensile-tailed species suggesting increased tactile sensibility despite
variations in prehensile capacities between the two independent origins of this trait in primates
(Organ et al., 2011). Interestingly, only atelids possess the four mechanoreceptor types found
in the hands and feet of other primates. Associated with this di erence in receptors is the pres-
ence of a naked region at the tip of the tail. The presence of a ventrally positioned prehensile
pad (also referred to as gripping or friction pad) is another anatomical convergence found in
prehensile-tailed species including atelids (Organ et al., 2011), myrmecophagids (Dor, 1937),
didelphid marsupials (Voss and Jansa, 2021), and phalangerid marsupials (Dor, 1937). Such a
structure is also present on the dorsal part of the tail in rodents (Flannery, 1995; Musser and
Durden, 2002; Voss, 2015). The ventral or dorsal position of this pad depends on the direction
of tail coiling during prehensile behaviours (Musser and Durden, 2002; Voss, 2015). Previous
descriptions of the tail pad have noted its role in resisting friction with the substrate as the skin
of the pad appears calloused (Musser and Durden, 2002), \ eshy and bearing dermatoglyphs"
(Voss and Jansa, 2021) or \marked by papillary ridges and exure lines" (Organ et al., 2011).
However, not every prehensile-tailed species possesses a naked pad at the tip of the talil, in-
cluding prehensile-tailed cebids (Organ et al., 2011) and the two prehensile-tailed carnivorans,
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l.e. Potos avus and Arctictis binturong (Dor, 1937). Whether these di erences have relevant
functional implications regarding tail-use remains to be explored. Despite not being found in
every prehensile-tailed species, the presence of a pad is often used as a diagnostic element to
identify tail prehensility (Flannery, 1995; Musser and Durden, 2002).

Functionally, previous results regarding vertebral morphology suggest that convergence be-
tween prehensile-tailed species is mainly associated with increased tail muscle mass and verte-
bral mechanical resistance. However, the primates and carnivorans studied can be considered
as relatively heavy-bodied arboreal species. Some authors have suggested that small mammals
may be exposed to di erent mechanical constraints than these heavier prehensile-tailed species
(Maniakas and Youlatos, 2019). Indeed, scaling has a major impact on the biomechanics of
organisms (Clemente and Dick, 2023) and small mammals have been demonstrated to present
unique morphological scaling patterns (Smith et al., 2024). Furthermore, Dor (1937) stated
that, in species such as murid rodents, prehensile capacities would not be associated with
speci ¢ osteological characters.

Despite decades of research on prehensile-tailed mammals, our understanding of the diver-
sity and extent of these prehensile-tails remains limited. More and more studies attempt to
investigate large-scale macroevolutionary and biogeographical patterns of the tail in mammals
(Alroy, 2019; Mincer and Russo, 2020; Sheard et al., 2024). Those studies often gather ecolog-
ical and behavioural data from the literature to test explanatory variables. Among such data,
prehensile capacities are frequently considered. However, for small mammals, due to a lack
of behavioural data, the real diversity of prehensile-tailed species is likely severely underesti-
mated. For example, a previous study (Emmons and Gentry, 1983) looked at the distribution
of gliding and prehensile-tailed vertebrates at a global scale in association with data on forest
structural properties to identify features that could explain the distribution of prehensile and
gliding species across the globe. The authors focused on the Neotropics, West Central Africa,
and Borneo and highlighted that most prehensile-tailed species were found in the Neotropics.
However, based on our current knowledge prehensile species might have been overlooked partly
due to their small size. Indeed, in BorneoRithecheirops otion a prehensile-tailed murid was
discovered by one of the authors of the above-cited paper a decade later (Emmons, 1993). In
the Neotropics, several species of cricetids have been proposed to possess prehensile capac-
ities (Carrizo et al., 2014; Hershkovitz, 1969). LastlyPrionomys batesi a prehensile-tailed
nesomyid (Petter, 1966) is known from West Central Africa. Additionally, the study of Em-
mons and Gentry (1983) mentions only two genera of Hydromyini as prehensile. Thus, a global
updated inventory of prehensile-tailed species, especially small mammals is urgently needed.

The aforementioned Hydromyini are a tribe of murine rodents mainly distributed in the
Australo-Papuan region. The rst prehensile-tailed genus was initially documented by Thomas
in the genusChiruromys. However, subsequent taxonomic and ecological studies on the clade
(Flannery, 1995; Musser and Lunde, 2009; Rummler, 1938; Tate, 1936; Tate, 1951) have doc-
umented prehensile pads or even prehensile behaviour in several other genera. Currently, the
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presence of prehensile pads is documented in seven genera among the tribe, distributed in the
Uromys division (2 genera), the Mallomys division (2 genera), the Coccymys division (1 genus)
as well as the Pogonomys division (2 genera). Moreover, recent phylogenies of the Australo-
Papuan Hydromyini (Rowe et al., 2008, 2019; Roycroft et al., 2022) suggest that this trait
might have evolved several times through their evolutionary history. Furthermore, these di-
visions include most of the diversity of locomotor lifestyles present in mammals (terrestrial,
arboreal, scansorial, amphibious), and most of the prehensile lineages have arboreal and ter-
restrial non-prehensile counterparts, making it an interesting model to study the evolution of
prehensile tails in a clade of small-bodied mammals.

Here we focus on the Murinae, a subfamily of murid rodents. This subfamily entails nu-
merous described prehensile-tailed species (59 species and 12 genera) distributed in ve tribes,
with the majority of those species belonging to the Hydromyini tribe (40 species and 7 genera;
Wilson et al., 2017). Furthermore, the size of species in this subfamily spans two orders of mag-
nitude ranging from the prehensile-tailedMlicromys minutus (4-11g) up to the non-prehensile
Phloeomys pallidug2200-2700g), with the heaviest prehensile species belBglomys ponceleti
with one specimen weighing up to 1000g (Wilson et al., 2017). Likewise, multiple independent
origins of tail prehensility are likely, thus o ering an exceptional framework for the investiga-
tion of the anatomical traits associated with prehensility in small-bodied mammals. Lastly,
the range of size variation will be helpful to investigate the association between size and the
constraints associated with the evolution of prehensile tails. Speci cally, this study aims to
assess morphological variation in the caudal vertebrae associated with convergent prehensile
capacities of the tail in a clade of small mammals. The goal is to compare these results with
previously established convergent patterns in larger-bodied mammalian species to establish if
convergent evolution occurs irrespective of size variation. If reliable anatomical proxies of pre-
hensile capacities can be found, then these may be used as a tool to infer prehensility on species
for which behavioural data are lacking.
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3.2 Material and Methods

3.2.1 Specimen acquisition and ecological categories

Our sampling comprises 87 specimens representing 64 species from the subfamily Murinae, Ro-
dentia, with a particular focus on the Hydromyini tribe (58 specimens and 39 species). Whole
body uid specimens were loaned from the following collections: Australian Museum (AM, Syd-
ney), American Museum of Natural History (AMNH, New York), University of South Bohemia

in Cesle Budkjovice (CBUN, Ceske Budejovice), Estacon Biobgica de Dorana (CSIC-EBD,
Sevilla), Field Museum of Natural History (FMNH, Chicago), Musum National d'Histoire
Naturelle (MNHN, Paris), Museums Victoria (NMV, Melbourne), Museum Zoologicum Bo-
goriense (MZB, Bogor), Natural History Museum London (NHMUK, London), and the Smith-
sonian Institution National Museum of Natural History (USNM, Washington DC). Specimens
were sampled to include every prehensile-tailed species available as well as their non-prehensile
relatives and to represent the broadest diversity of the subfamily.

Prehensile-tailed species were identi ed based on descriptions found in Wilson et al. (2017).
When descriptions presented no mention of prehensility, species were categorised as non-
prehensile. As the generally accepted de nitions of semi-prehensility and prehensility are not
applicable given the lack of behavioral data for these taxa (Emmons and Gentry, 1983), every
species for which prehensility was mentioned to at least some extent was initially considered
as prehensile in this study. Locomotor modes were also recorded using Wilson et al. (2017).
Species described as both terrestrial and arboreal were considered scansorial. Further cate-
gorisation was done grouping arboreal and scansorial species as \climbing" and the others as
\non-climbing”. The list of all taxa including information regarding prehensility and locomotion
can be found in Table S3.1.

3.2.2 Scans and segmentation

X-ray microtomography was used to scan every specimen and segmentation was performed with
Avizo Lite (version 2020.1). Caudal vertebrae were segmented excluding chevron bones. The
beginning of the caudal region was de ned as the rst vertebra whose centrum was not fused
with the sacrum (see Buchholtz, 2012). In addition, left femurs were segmented.

3.2.3 Measurements

On each vertebra four measurements were taken: the craniocaudal length, the median height
(including neural spine when present), the median width of the centrum, and the maximal
width of the transverse processes. In addition, the diameter of the anteroposterior midshaft of
the femur was measured as an initial proxy of size following Welfer et al. (2019). Furthermore,
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the number of caudal vertebrae (VN) was counted for each specimen. Additionally, tail length
(TL) was estimated by computing the sum of the length of each centrum for each specimen.

Previous studies have demonstrated that two ratios of vertebral linear measurements can
discriminate prehensile and non-prehensile primates and carnivorans (German, 1982; Organ,
2010; Youlatos, 2003).

- Robusticity index = (median width / craniocaudal length) * 100 (abbreviated as RI)
- Transverse process expansion index (transverse process max width / craniocaudal length)
* 100 (abbreviated as TPEI)

RI is considered a proxy of resistance to mechanical stress while TPEI is associated with
the development of exor and rotator tail muscles (German, 1982; Lemelin, 1995; Organ, 2010;
Youlatos, 2003). Here we measured every vertebra, including the small vestigial ones at the
distalmost end of the tail. For four specimens the last vertebrae were associated with abnormally
high values for the two ratios due to their proportion and were thus removed (Figure S3.1).

Caudal vertebrae are classically divided into a proximal, a transitional and a distal region
based on two landmark vertebrae, the transitional vertebra (i.e. the rst vertebra without
postzygapophyses) and the longest vertebra (Ankel, 1962; German, 1982; Youlatos, 2003). As
osteological correlates of prehensility have been described as variable between caudal regions,
the position of the landmark vertebrae was identi ed allowing to split the dataset by caudal
region (Ankel, 1962; German, 1982; Youlatos, 2003). Previous literature (Ankel, 1962; German,
1982; Organ, 2010; Youlatos, 2003) has demonstrated that the distal region and especially the
tip of the tail best discriminated prehensile and non-prehensile species. Thus, we focused on
the distal region and generated a subset comprising the last quarter of the distal region.

We estimated specimen size by computing the geometric mean of all linear measurements
(Claude, 2013).

3.2.4 Molecular phylogenetics

We obtained a time-calibrated species-level phylogeny for the Murinae, with taxonomy follow-
ing Burgin et al. (2018) and including the recent taxonomic update for newly discovered genera
and species. Five molecular markers proven valuable to resolve murine phylogenies were con-
sidered in this study (Steppan et al., 2005; Rowe et al., 2008, 2019): one mitochondrial gene
(cytochrome b apoenzyme: cyt b) and four nuclear genes (growth hormone receptor exon 10:
GHR; interphotoreceptor retinoid binding protein exon 1: IRPB; breast and ovarian cancer
susceptibility protein exon 11: BRCAL; Recombinating Activating protein 1 RAG1). Murine
sequences available from previously published studies were downloaded from public databases
and added to our new data. By this way, our nal dataset includes 492 murine species rep-
resenting a total of 132 genera following Burgin et al. (2018) classi cation. We included 12
representatives of Deomyinae, Gerbillinae (Muridae) and Lophiomyinae (Cricetidae) as out-
groups (Michaux et al., 2001; Steppan et al., 2004).
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Maximum likelihood inference was implemented on our mito-nuclear dataset using IQ-TREE
2.1.3 (Minh et al., 2020). 15 character partitions by codon were identi ed for this mito-nuclear
dataset, using IQ-TREE 2.1.3 (Minh et al., 2020) and the corrected Akaike information criterion
(GTR+F+1+G4: CYTB codons 1 and 3, TIM2+F+1+G4: CYTBP codon 2, HKY+F+I+G4:

GHR codon 1, TVMe+G4: GHR codon 2, TN+F+G4: GHRP codon 3, TVM+F+I+G4:

IRBP codon 1 and RAG1 codon 2, TIM3+F+I1+G4: IRBP codon 2, K3P+G4: IRBP codon 3,
TIM+F+I+G4: RAG1 codon 1, SYM+G4: RAG1 codon 3, TIM3+F+G4: BRCAL1 codon 1,
TPM3u+F+G4: BRCA1 codon 2, TVM+F+G4: BRCA1 codon 3). We used IQ-TREE 2.1.3

and the 13 selected evolutionary models to construct a phylogeny based on our supermatrix
dataset. The robustness of nodes was assessed using nonparametric bootstraps (BP) with 1,000
replications.

To estimate the ages of divergence between murines, we employed a relaxed molecular clock
approach as implemented in BeaSt 2.5.0 (Bouckaert et al., 2014). We de ned data partitions
based on the results of IQ-TREE 2.1.3, with the maximum number of partitions de ned by
the three codon positions of each locus. Among partitions, we unlinked clock and substitution
models but linked the trees. We set the priors on substitution models based on the best
models obtained from IQ-TREE 2.1.3. Because a strict molecular clock was rejected for the
concatenated data (likelihood ratio test: p<.01), we used an uncorrelated lognormal relaxed-
clock model for each partition. We applied a Yule speciation prior, set the birthrate prior to
exponential with a mean of 1 and left other priors at default settings. We initiated the BeaSt
analysis using the topology from IQ-TREE 2.1.3, but allowed tree space to be fully explored.
We set four calibration priors combining three fossils from the Siwalik formation (Aghowa et al.,
2018; Kimura et al., 2015) with a calibration for the origin of Australian murines (described
in Aplin and Ford, 2014 and specied in Smissen and Rowe, 2018). These previous studies
provide extensive detail on ages and phylogenetic placement of fossils, as well as an evaluation
of their utility as fossil constraints for dating the phylogeny of Murinae. In our phylogeny, these
fossils refer to the shared ancestors of (a) Mus and Arvicanthis (11.1{12.3 Ma), (b) Arvicanthis
and Otomys (8.7{10.1 Ma), (c) species of the genus Mus (7.3{8.3 Ma) and (d) Pseudomys and
Zyzomys (4.0{4.5 Ma). All fossil calibrations were set in BeaSt as lognormal distributions with
means and o sets following guidelines in Aghowa et al. (2018): (a) o set = 10.47, log(SD) = 1.0,
log(mean) = 4.0; (2) o set = 8.52, log(SD) = 1.0, log(mean) = 4.6; (3) o set = 7.29, log(SD)
= 1.0, log(mean) = 4.9; (4) o set = 4.0, log(SD) = 1.0, log(mean) = 1.0. We used initial runs
to optimize operators and conducted a nal MCMC run with 20 108 generations, sampling
trees and other parameters every 2,000 generations. We evaluated convergence and assessed
sampling adequacy in Tracer 1.4. We used TreeAnnotator to discard the rst 20% of trees
as burn-in, and pool the remaining samples to form the posterior distribution and generate a
maximum clade credibility tree.
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3.2.5 Comparative analyses

We performed all subsequent analyses within the R environment version 4.3.3 (R Core Team
2017).

Multivariate analyses

To incorporate phylogenetic data into the analyses, mean values by species were computed
for each measurement. However, a preliminary exploration of the dataset revealed strong
di erences between one specimen éfyomys goliathand the two others (Figure S3.2). Thus,
we separated those specimens into two groupslyomys goliath1" (specimens MW1700025,
CBUN and 50.1189, NHMUK) and \Hyomys goliath2" (specimen M.30894, AM) and grafted

a branch forH. goliath 2 as a sister taxon toH. goliath 1 with an arbitrary branch length of

0.1.

We performed phylogenetic generalized linear least squares regression (PGLS) using the
function gls implemented in the package \nmle" version 3.1 to test whether prehensile species
deviate from allometric predictions. We performed linear regressions between either Rl or TPEI
for each region (including the last quarter) as well as tail length against our size proxy. When
the correlation between a variable and the size proxy was signi cant, residuals of the regression
were extracted and used as size-free measurements.

Principal component analysis (PCA) was performed to summarize the variation in the
dataset using the function \PCA" from the package FactoMineR (L& et al., 2008). The rst
PCA comprised size-corrected RI and TPEI values for the proximal (prox), transitional (tran)
and distal (dist) regions as distinct variables as well as VN and relative TL (rTL). Next, one
PCA was computed by region, including the overall VN and rTL. Lastly, a PCA was performed
including RI and TPEI for the last quarter of the distal region (Ig) including VN and rTL. For
this last analysis, RIlg and TPEIlq were not size-corrected as no correlation with size was
observed. However, these variables were log-transformed to be normally distributed.

The diagnosis of prehensility in the literature is based on behavioral observations that can be
scarce for some taxa. Based on preliminary observations and PCA results, eight species (Table
3.2) were identi ed for which the reassessment of their prehensile capacity seemed warranted. To
test group attribution for these species, a Linear Discriminant Analysis (LDA) was conducted
on the rest of the dataset using the \LDA" function from the package MASS (Ripley et al.,
2013). Results of the LDA were used as a model to estimate group a liation of the species of
interest using the \predict" function from the same package. Attribution to one group or the
other was taken into account if the probability was greater or equal to 70%, otherwise, species
were classi ed as undetermined (NA). The LDA was performed on the data comprising the last
quarter of the distal region.
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Phylogenetic comparative analyses

For all the phylogenetic comparative analyses, we used a sub-tree derived from the global
consensus calibrated tree. This tree includes 64 species, for which at least one specimen has
been measured following the procedure highlighted in part \Measurements".

Phylomorphospace and traitgram

To visualize phenotypic and phylogenetic relationships between our species, phylomorphospaces
(Sidlauskas, 2008) were generated based on PCA results using the function phylomorphospace
from the package \phytools" (Revell, 2012). For the same purpose, trait grams (Revell, 2013)
were generated using scores from the rst principal components of the PCAs using the function
\phenogram" from the same package.

Phylogenetic analyses of morphological convergence

Following Stayton (2015), we estimated the level of morphological convergence on a dataset
comprising rTL, VN, last quarter Rl and TPEI values using the four C metrics implemented

in the function convSig from the package \convevol" version 2.0.1 (Stayton, 2015). We ran
analyses of convergent evolution for 1,000 simulations on the consensus and 1,000 random trees
taken from the posterior distribution.

Phylogenetic analyses of covariance

We performed subsequent PGLS between either Rl or TPEI across our estimated size proxy
by treating prehensile and non-prehensile species as two groups to test for di erent allometric
patterns. We performed each regression on averaged Rl and TPEI measurements for the whole
tail, distal region, and the last quarter. We computed each linear regression's 95% con dence
interval for the slope and intercept parameters. Comparison between each linear model was
performed using a phylogenetic ANCOVA (after Smaers and Rohlf, 2016). Post-hoc tests
were performed using Tukey's contrasts. We removed species with prehensility uncertainty
(LDA score <70%) from the phylogenetic linear regression. We accounted for dating and
phylogenetic uncertainty, by re-running each PGLS on 1,000 random trees taken from the
posterior distribution.

Maximume-likelihood analysis of trait evolution

To understand the tempo and mode of prehensility evolution among murids, we performed
ancestral state estimation using Hidden Markov models of trait evolution. We used the function
corHMM from the R package \corHMM" version 2.8 (Boyko and Beaulieu, 2021), which can
model discrete trait evolution while accounting for rate heterogeneity across the phylogeny. We
implemented an equal rate (ER) and an all-rates di er (ARD) model for each trait. To account
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for rate heterogeneity, we implemented each ER and ARD model considering one, two and three-
rate classes. We chose to perform ancestral state estimation using marginal reconstruction. We
selected the best-t model based on Akaike's Information Criterion corrected for small samples
(AICc).

To account for dating and phylogenetic uncertainties, we tested for model signi cance by
performing a parametric (or non-parametric) repeated measure ANOVA (or Friedman test)
comparing the AICc of each model and then performing pairwise comparisons of each model
with a paired student T-test (or signed-rank Wilcoxon test) using the R package \rstatix"
(Kassambara, 2023) where the T statistic and p-value are given.
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3.3 Results

Figure 3.1: Principal component analysis biplots. A: PCA on all tail regions, biplot representing
principal components 1 and 2.B: PCA on all tail regions, biplot representing principal components

1 and 3. C: PCA on the distal region, biplot representing principal components 1 and 2.D: PCA

on the last quarter of the distal region, biplot representing principal components 1 and 2. Size of
the points is proportional to the size of the specimens. Circles represent climbing species, squares
represent non-climbing species, triangles indicate no data. Colours represent prehensile capacities;
blue-green for prehensile, beige for non-prehensile. Question marks represent species potentially
misattributed.

PGLS regressions (Figure S3.3) demonstrated signi cant correlations between our size proxy
and all the variables except for the RI and TPEI values in the last quarter of the distal region
(Table 3.1).
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Table 3.1: Results for PGLS regressions of Rl and TPEI on size by region.

. TPEI TPEI .
RI all RI distal Rl last  TPEI all ) Tail
distal last
vertebrae vertebrae quarter vertebrae length
vertebrae  quarter

Estimate 0.23 0.22 -0.01 0.25 0.27 0.11 0.73
Std. Error 0.06 0.09 0.18 0.05 0.08 0.16 0.06
p-value < 0.001 0.02 0.99 < 0.001 0.001 0.50 <0.001

t-value 3.89 2.40 -0.01 4.67 3.44 0.68 12.13

The PCA performed on all vertebrae discriminates prehensile species on the rst and third
principal components, summarizing respectively 45.2% and 14.3% of total variation (Figure
3.1). Variables associated with this morphospace are VN, distal RI, and distal TPEI (Figure
S3.4).

The distal and last quarter PCA groups prehensile species even closer together (Figure 3.1).
For the distal PCA, the rst two axes summarize 57.4% and 38.9% respectively, whereas they
summarize 58.5% and 37% respectively when analyzing data for the last quarter only. In both
cases the position of the prehensile species is explained by high values for RI, TPEI and VN as
well as rTL to a lesser extent (Figure S3.4).

Notably T. poensis which is classi ed as prehensile in the literature, falls with non-prehensile
species in all PCAs. On the contrary six species tend to group with prehensile species, especially
regarding the last quarter (Table 3.2). Thus, those species were selected for the subsequent LDA
analysis in addition to U. imperator and \H. goliath 2" due to their phylogenetic relationships
with the aforementioned species as well as their position in the morphospace.

Lastly, M. minutus is a prehensile species that is placed far from the others by having a
relatively short tail and few vertebrae by comparison. However, due to the important amount of
knowledge regarding its ecology and behaviour (Karantanis et al., 2018; Urbani and Youlatos,
2013), its status as a prehensile species is not questioned.

The results of the LDA can be found in Table S3.2 (see also Figure S3.5), including group
means and coe cients of the variables for the linear discriminants. Predictions based on LDA
results re-assigned all species of interest with a probability greater than 70%, except fot.\
goliath 2" which was assigned as prehensile but with a probability of 54% and. imperator
which was not re-assigned but with a probability of 58% (Table 3.2).
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Table 3.2: Results of predictions based on linear discriminant analysis.

Species T.- H -H. M. . M. M.. . P. o u. U.
poensis goliath  goliath 2 hercules istapantap  rothschildi fellowsi  imperator rex
Group N P P P P P P N P
Probability group N 0.987 0.001 0.459 <0.001 <0.001 <0.001 0.278 0.582 0.060
Probability group P 0.013 0.999 0.541 >0.999 >0.999 >0.999 0.722 0.418 0.940
Position on LD1 -0.396 3.282 1.090 3.878 3.799 3.522 1.350 0.926 1.944

The test for convergence for the combination of VN, rTL, Rl and TPEI in the last quarter
of the distal region is signi cant for three out of the four Stayton convergence indices (Stay-
ton, 2015) (C1: X<0.001; C2: K0.001; C3: K0.001; C4: P=0.312; Table S3.3). Results
performed on the posterior tree distribution yielded similar results, with 1,000 replicates sup-
porting signi cant value for C1, C2, C3 while C4 was never supported.

Figure 3.2: A : Phylomorphospace based on the PCA results for the last quarter of the distal
region. B: Traitgram, x-axis representing time and y-axis corresponds to the scores of the rst
principal component of the PCA on the data for the last quarter of the distal region. A and B:
Colours of dots represent prehensile capacities, blue-green for prehensile, beige for non-prehensile
and black when the status is uncertain. Coloured lines represent the main tribes and lineages of
the phylogeny, Hydromyini being represented in pink.
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Both the phylomorphospace and the traitgram allow to visualize the topology of the phy-
logeny mapped onto the PCA results (Figure 3.2). The phylomorphospace represents the rst
two components of the PCA on the vertebrae of the last quarter. The traitgram represents
the species scores on the rst axis of the same PCA in relationship with temporal data from
the phylogeny. In both cases these representations reveal noteworthy positions like the clade
composed ofPogonomys Chiruromys, and Hyomys compared to their non-prehensile relatives
Macruromys and Lorentzimys the prehensileU. rex compared toU. caudimaculatusand P.
melanurus compared to the Arvicanthini tribe. Overall, prehensile species occupy the higher
PC1 scores regardless of their phylogenetic relationships highlighting phenotypic convergence.
The two species for which grouping could not be predicted by the LDA exhibit intermediate
values. Micromys minutus is the only prehensile species that does not share the same position
in the morphospace.

Phylogenetic analyses of covariance for Rl and TPEI consistently revealed statistically sig-
ni cant di erences between prehensile and non-prehensile taxa (R0.05; Table S3.4). Specif-
ically, our results indicate consistent support for intercept di erences for both indices on all
regions measured, except for the TPEI measurements on all vertebrae (Table S3.4). Gener-
ally, measurements on the last quarter show no allometry (Table S3.4). On average, prehensile
species possess higher Rl and TPEI values than their non-prehensile relatives (Table S3.4).
Such a pattern is more evident when examining distal and last-quarter vertebrae. Overall,
last quarter vertebrae for prehensile species possess on average higher TPEI and RI than non-
prehensile species compared to distal vertebrae, but at the expense of higher variance (Table
S3.4). These results are further con rmed by post-hoc analyses, indicating consistently that
prehensile species possess higher mean Rl and TPEI measurements of the distal and last quar-
ter vertebrae. Furthermore, sensitivity analyses on the posterior probability tree distribution
con rmed our results by indicating clear support for di erences in intercept for the distal and
last quarter vertebrae region (Table S3.4).

Table 3.3: Model ranking for prehensile tail evolution.

Model calt:eeagtsry Transition type Iikell_icr:?)-od Parameters AlICc [,)ATICt:?: ~ AICcWt
pt_1eq 1 Equal -27.207 1 56.477 0 0.646
pt_1.ard 1 All rates di er -27.110 2 58.415 1.938 0.245
pt_2 eq 2 All rates di er -25.732 4 60.131 3.654 0.104
pt_2 eq 2 Equal -26.327 6 66.102 9.624 0.005
pt_3.eq 3 Equal -25.583 9 72.439 15.962 0.000
pt_3.ard 3 All rates di er -25.976 12 81.950 25.474 0.000
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The best- tting model of trait evolution using corHMM is a one-rate and equal-rate model
(AIC w= 0.64; Table 3.3), with a unique transition rate estimated at 0.020 events/lineage/Myrs.
Ancestral state estimations from this best- tting model revealed that prehensile tails appeared
at least seven times across the phylogeny (marginal probabilig/0.75). This pattern is relatively
recent, as the earliest evidence for a prehensile-tailed lineage in this clade is the Tortonian
(Late Miocene; Figure 3.3). Analysis performed on the posterior tree distribution con rmed
our results, as the one-rate category ER model is consistently the best- tting model when
examining the posterior distribution (Friedman test, df =5, n = 1,000, statistic = 4996.592, P
<0.0001; Table S3.5). Furthermore, analysis of the posterior tree distribution indicated six to
nine independent apparitions of prehensility across the phylogeny.

Figure 3.3: Ancestral state estimation for the phylogeny representing all the species of the
dataset. Colours represent prehensile capacities, blue-green for prehensile, beige for non-prehensile
and black when the status is uncertain. Found on this gure is the transition rate between the
two states as well as a box representing the tip of the tail of pairs composed of prehensile and
non-prehensile relatives. Names of the species illustrated are coloured in the phylogeny.
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3.4 Discussion

3.4.1 Morphological trends and convergence in murine tail verte-
brae

Morphological convergence associated with tail prehensility has been demonstrated in primates
and in carnivorans, two clades where it appeared twice (Ankel, 1962; German, 1982; Organ,
2010; Youlatos, 2003). Caudal vertebrae of prehensile species of primates and carnivorans are
notably characterized by being shorter and wider and by having more developed transverse
processes than those of their non-prehensile relatives especially in the distal part of the tail.
However, primates and carnivorans tend to be relatively heavy-bodied species. Hence, most
hypotheses on the potential adaptive role of this trait have been focused on the constraints of
relatively heavy species navigating a fragile and discontinuous environment (Emmons and Gen-
try, 1983). However, an important diversity of smaller prehensile-tailed species seems to have
largely been overlooked. These are of interest as they might be exposed to di erent constraints
(Maniakas and Youlatos, 2019). Furthermore, it has been stated that small mammals such as
murids may not demonstrate any morphological adaptations even when possessing prehensile
capacities (Dor, 1937). Our morphometric results including indices of convergence, phyloge-
netic covariance analyses, PCAs, and traitgrams demonstrate morphological adaptation as well
as convergence between the prehensile-tailed murines species. This convergence mainly occurs
in the distal region of the tail and is even more pronounced in the last quarter of this region
(Figure 3.3). Our morphological results further highlight that small to medium sized prehensile
murines demonstrate a pattern of vertebral variation convergent with the one previously de-
scribed in prehensile-tailed primates and carnivorans. Indeed, prehensile-tailed species among
our dataset appear to present vertebrae that are shorter and wider than non-prehensile species
as well as having relatively longer transverse processes.

These results suggest that even in small prehensile murines, and despite the fact that rodents
coil their tails dorsally (Flannery, 1995; Musser and Durden, 2002; Voss, 2015), the adaptive
convergent trend observed here, suggests that these species have been exposed, at least to
some extent, to similar constraints to those of prehensile primates and carnivorans. Firstly,
the shortening and widening of the vertebrae have been suggested to be linked to increased
mechanical resistance in response to the stresses generated by the tail muscles and the partial
or complete support of body weight. This pattern is classically observed broadly in the distal
region of the tail of prehensile-tailed mammals, whether or not they engage in tail suspension
(Ankel, 1962; German, 1982; Organ, 2010; Youlatos, 2003). The expansion of the transverse
processes has been suggested to be linked to the development of the tail exor muscles. Fur-
thermore, well-developed transverse processes in the distalmost region of the tail have also been
associated with tail suspension behaviour in primates and carnivorans (German, 1982; Lemelin,
1995; Youlatos, 2003). The important expansion of the transverse processes at the tip of the
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tail suggests similar behaviours in the Hydromyini and Pithecheir, even if behavioural data
would be needed to con rm and further interpret the functional implications of this convergent
vertebral trait (but see Musser and Durden, 2002).

3.4.2 Phenotypic diversity, size, and incomplete convergence

Previous studies highlighted that the vertebral adaptations of prehensile-tailed species are more
developed at the tip of the tail, where the shortest and widest vertebrae and in general the
relatively most developed distal transverse processes are found (Ankel, 1962; German, 1982;
Organ, 2010; Youlatos, 2003). However, despite accentuated di erences between prehensile and
non-prehensile species in this region, prehensile primates and carnivorans tend to possess more
robust vertebrae with more developed transverse processes in the transitional and distal caudal
regions. In murines, this pattern seems more restricted to the tip of the tail only. As shown by
the PCA results (Figure 3.1) and phylogenetic covariance analyses (Figure S3.6, Table S3.4),
when proximal and transitional vertebrae were taken into account in the analyses it was harder
to discriminate prehensile-tailed species from non-prehensile species (see also Figure S3.7).
Furthermore, this restriction of the morphological markers of tail prehensility to the last quarter
of the distal region of the tail seems to be associated with the size of the prehensile species.
Indeed, size variation in the prehensile-tailed species included in our study spans an order of
magnitude ranging fromM. minutus (4-11g) to M. rothschildi (925-1500g). Our results suggest
that smaller species tend to have more robust vertebrae with expanded transverse processes
restricted to the tip of the tail. On the other hand, the biggest prehensile species among
our dataset exhibit morphologies similar to those of prehensile-tailed primates and carnivorans
with vertebrae that are shorter and wider, and more developed transverse processes along the
whole distal region of the tail as well as the transitional region (Figure S3.3). Moreover, the
allometric trend observed for both Rl and TPEI is noteworthy. Considering the whole talil,
there is a positive correlation between the indexes and size of the specimens in the proximal,
transitional and distal regions (Figure S3.3; Table S3.4). In the last quarter of the distal region,
no correlation between size and the indices was found and prehensile-tailed species always have
higher values for both indices than non-prehensile ones. This suggests that regardless of size,
the tip of the tail that interacts with the substrate must be able to withstand enough stress
resulting in more robust vertebrae. In addition, the increase in size is accompanied by an
increase in the number of vertebrae along the tail, exhibiting a ‘prehensile phenotype', possibly
to distribute stress over a larger area. Biomechanical analyses would be required to properly test
this last hypothesis. This size-dependent variation among prehensile-tailed species is similar to
results by Grossnickle et al. (2020) highlighting size as a factor driving incomplete convergence
in gliding mammals due to its e ect on mechanical constraints associated with gliding.
Additional phenotypic variation found among otherwise convergent prehensile tailed murines
is the presence or absence of the prehensile pad. Indeed, in our dataset, the species dfidhe
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lomys genus,Solomys sapientisas well asHyomys goliathpresent typical vertebral morphologies

of prehensile species, along the whole transitional and distal regions due to their important body
masses but lack the typical distal pad described in other prehensile-tailed Hydromyini (Flannery,
1995; Wilson et al., 2017). The case ¢f. goliath would however need further taxonomic and
ecological investigations as an important variability seems to exist within this species. Indeed,
out of the three specimens studied, two fell within the range of prehensile species but the third
specimen could not be diagnosed as either prehensile or non-prehensile based on osteological
investigations (Table 3.2) and presented no pad externally, according to previous descriptions
(Flannery, 1995). However, of the two specimens grouped with the prehensile species, one did
not present a pad but the other one did (Figure S3.8). The absence of a pad at the tip of
the tail has previously been documented in prehensile-tailed cebids and carnivorans. In cebids
some authors have advocated to consider these species as semi-prehensile (Emmons and Gen-
try, 1983; Mangalam et al., 2022), yet, morphological studies have demonstrated adaptations
toward prehensility (Ankel, 1962; German, 1982; Organ, 2010) and an important role of tail-use

in a prehensile manner in the locomotor repertoires of these species (Bergeson, 1998; Garber
and Rehg, 1999; Youlatos, 1999; Bezanson, 2009). In carnivorans osteological and myologi-
cal studies have demonstrated phenotypic convergence of those species with prehensile-tailed
atelids despite the absence of prehensile pads (Organ, 2010; Youlatos, 2003). The presence of
this naked pad in prehensile species seems phylogenetically structured as a prehensile tail in
primates is thought to have evolved in parallel both in atelids and cebids (Lemelin, 1995) and

all extant prehensile carnivorans lack it. Thus murines appear to be the rst described clade
where the prehensile pad is variable at the scale of a tribe and furthermore is variable between
species for which a prehensile tail is synapomorphic (eMallomys in contrast to Abeomelomys
Hyomys in contrast to Pogonomys Solomysin contrast to Melomys). Therefore, the relation-

ship between the morphology of caudal vertebrae, the presence of a prehensile pad, and tail-use
in prehensile species remains to be investigated further.

Despite vertebral variation related to size and variability regarding the presence of pads, os-
teological convergence characterises prehensile-tailed murines, mainly in the distal region of the
tail and especially in the last quarter of this region (Figure 3.2). The only exception to the con-
vergent pattern observed in our dataset i8licromys minutus. Its position in the morphospace
can be partly explained by the fact that, contrary to the other prehensile-tailed species, it has
a relatively short tail with few vertebrae. Furthermore, despite having rather robust tail verte-
brae and well-developed transverse processes (Figures S3.3 and S3.7) the accentuation of this
pattern at the tip of the tail is not observed for this species. Rather, the 'prehensile pattern’
seems to be moderately present across the whole tail. This species usually climbs tall grasses
and shrubs and tends to coll its entire tail around twigs and stems, rarely exerting a powerful
grasp at the tip of the tail only (Haines, 1958; Urbani and Youlatos, 2013). This tail-use in
addition to its very small size might explain its divergence from the overall pattern. Further
investigations involving species sharing similar sizes and climbing habits likeisista Dendro-
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mus and Tarsipes (Wilson and Mittermeier, 2015; Wilson et al., 2017) would be interesting

to determine if these species are convergent and di er compared to larger murids and other
mammals. Micromys minutus being the only prehensile rodent in Dor's study (1937), it might
explain the conclusions drawn regarding the absence of osteological specialisation of prehensile
rodents as the pattern of morphological variation exhibited by this species appear less striking
than in other prehensile species among our dataset.

3.4.3 Reassessment of tail prehensility

Prehensile capacities are mainly identi ed based on behavioural observations of tail-use. As
behavioural data are di cult to obtain and thus scarce for arboreal, nocturnal, small mammals,

our current consideration of the occurrence of tail prehensility in small mammals might need to
be reassessed. In such species, the presence of a prehensile pad at the tip of the tail has long been
the only phenotypic clue to identify tail prehensility (e.g. Musser and Durden, 2002). However
not every prehensile-tailed species known is characterised by a prehensile pad. Thus, whereas
the existence of prehensile capacities when a pad is present is likely, dismissing such capacities
if this structure is absent might lead to misidenti cation of prehensile species. The convergent
pattern highlighted in this study enabled us to diagnose tail prehensility in species among our
dataset for which behavioral data or pads were lacking. Our results show that one species in our
data set considered as prehensile might not have such capacities. More importantly, six species
distributed in four genera are likely to possess as of yet undescribed prehensile capacities. This
methodology could have applications to estimate prehensility based on osteological data and
help to update the number of extant prehensile-tailed mammals which is likely underestimated.
Recent studies (Sheard et al., 2024) demonstrate the need for better estimations of prehensile-
tailed species diversity for broader-scale studies using metadata. To con rm these results, it
might be interesting to investigate other proxies. As part of the convergent pattern is associated
with an increase in vertebral robusticity, cortical bone thickness could be relevant to explore
(see Montoya-Sanhueza and Chinsamy, 2017; Amson and Kolb, 2016). In addition, geometric
morphometrics approaches could be used to highlight more subtle vertebral shape variations
that characterise small-bodied prehensile-tailed species.

3.4.4 Number of convergent events

Our updated assessment of prehensile capacities allowed us to conduct an ancestral state esti-
mation of its presence across the Murinae subfamily. The sole noteworthy species missing from
this analysis isSommeromys macrorhinoswhich is the only known prehensile species of the
Rattini tribe (Musser and Durden, 2002). Despite this, our analysis suggests that prehensile
tails have appeared at least seven times independently in the subfamily, eight times if we in-
clude S. macrorhinos This important number of convergent origins of prehensile tails is rather
unique in mammals. Indeed carnivorans, for example, encompass two origiRstos avus, Pro-
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cyonidae andArctictis binturong, Viverridae) and a similar trend is found in primates (Lemelin,
1995). In the highly diversi ed clade of didelphid marsupials, the prehensile tail is thought to
be an ancestral condition shared by the entire clade (Voss and Jansa, 2021). However further
investigations aiming to reconstruct ancestral states in clades presenting prehensile species are
needed in order to put these results in perspective.

Nonetheless, the Hydromyini tribe alone encompasses the majority of the convergent events
in the subfamily with ve independent origins. Furthermore, the large majority of these species
are from Papua New Guinea (Flannery, 1995; Roycroft et al., 2022). Interestingly Papua New
Guinea is home to an important number of prehensile-tailed marsupials as well (acrobatids,
burramyids, petaurids, phalangerids and pseudocheirids; Wilson and Mittermeier, 2015). This
suggests that Papua New Guinea could be another hotspot for the origin of prehensile-tailed
mammals in addition to the Neotropics (Emmons and Gentry, 1983). An exploration of the
similarities in the composition and spatial structure of forests in these regions might help
identify shared characteristics that could be associated with a selection for prehensile tails in
arboreal species. Alternatively, this pattern might be explained by the biogeographic history
of New Guinea. Indeed, the landmass forming the current New Guinea is the result of orogenic
processes that happened around 5 Ma (Roycroft et al., 2022). Thus, the colonization by the
Hydromyini (ca. 8.5 Ma) happened when this region was composed of a series of small islands.
This insular context has been demonstrated to be an important driver for the early and rapid
diversi cation of the Hydromyini. For similar reasons, this context might also explain the
important number of independent origins of prehensile tails among this clade. These hypotheses
are not mutually exclusive, however. Both forest structure selecting for prehensile tails and an
insular context favouring geographic isolation might explain the yet unprecedented number of
convergent apparition of the prehensile tail found in this tribe.

Interestingly, this important number of convergent events is also associated with very few
transitions from a prehensile to a non-prehensile state. Such a pattern is not unprecedented
as in didelphid marsupials, where the prehensile tail is considered ancestral, even non-arboreal
species retained prehensile capacities (Voss and Jansa, 2021). The only notable exception in
our study is the case oH. goliath for which one specimen was highly divergent from the other
two and could not be diagnosed as either prehensile or non-prehensile. As mentioned above,
this species appears to be highly variable with one of the two other specimens presenting a
pad when the other did not. Further investigations appear needed to understand the variation
of this trait in this species. A greater sampling for morphometric analyses would help to
characterise the amount of variation allowing to determine if this specimen is at an extreme of
the morphological spectrum or if the species is structured in at least two groups, one presenting
prehensile morphologies whereas the other does not. Furthermore, genomic investigations might
be needed to determine if this variation is indeed intraspeci c or if two cryptic species coexist
in the taxon H. goliath.

146



3.4.5 Perspectives

Currently, one of the main obstacles to further investigate the evolution of tail prehensility in
mammals is the underestimation of their diversity in small-bodied mammals as highlighted by
our data. Indeed, as behavioural data are lacking, the prehensile capacities of many species are
likely unknown or may be misattributed. For example, in clades such as the Sigmodontinae
(Carrizo et al., 2014), Tenrecidae (Benjamin Sulser and MacPhee, 2023) or Soricidae (Meester
and Dippenaar, 1978) prehensile-tailed species may be more common than currently considered.
In addition to using other proxies, it would be interesting to test our methodology on other
known prehensile-tailed small mammals like didelphids to test if it could be applied more
generally as a diagnosis for prehensility. The arboreality of early mammals and by extension
the arboreal origin of mammals is a long-standing discussion (Matthew, 1904; Haines, 1958).
Haines (1958) stated that osteological correlates of tail prehensility \cannot be justi ed" and
thus cannot be used as a diagnosis for arboreality in small early mammals. If the pattern
observed here in the distalmost region of the tail is to be con rmed in other groups of small
mammals, then this character could be a reliable proxy of arboreality in early mammals (Bi
et al., 2014, Jager et al., 2020; Ji et al., 2002; Martin et al., 2015).
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Table S3.2: Summary of the results of the LDA used as model for the predictions of prehensility.

Rl Ig TPEIIg rTL VN
Non-prehensile group mean 3,449162 3,666594 0,05033466 33,02439
Prehensile group mean 4,042597 4,225405 0,18149894 40,60556
coe cients of LD1 -1,4580507 4,348845 -3,04323 0,2456517

Table S3.3: Results for the four Stayton's convergence indices (Stayton, 2015)

Stayton's convergence indices

Index data p-value
C1 0,43102192 < 0,001
C2 2,98461861 < 0,001
C3 0,24925526 < 0,001
C4 0,01104702 0,312
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Table S3.5: Pairwise model comparison for ancestral state estimation models.

Group 1 Group 2 Sample size 1 Sample size 2 Statistic  p-val p-val.adj
ptlard ptleq 1000 1000 500500 3.33e-165 5.00e-164
ptlard pt2ard 1000 1000 0 3.33e-165 5.00e-164
pt_lard pt2.eq 1000 1000 0 3.33e-165 5.00e-164
ptlard pt3ard 1000 1000 0 3.33e-165 5.00e-164
ptlard pt3eq 1000 1000 0 3.33e-165 5.00e-164
pt_1 eq pt2.ard 1000 1000 0 3.33e-165 5.00e-164
pt_1 eq pt2_eq 1000 1000 0 3.33e-165 5.00e-164
pt_1_eq pt3.ard 1000 1000 0 3.33e-165 5.00e-164
pt_1eq pt3.eq 1000 1000 0 3.33e-165 5.00e-164
pt2ard pt2eq 1000 1000 500413 4.32e-165 6.48e-164
pt2ard pt3ard 1000 1000 0 3.33e-165 5.00e-164
pt 2ard pt3.eq 1000 1000 0 3.33e-165 5.00e-164
pt_2_eq pt3.ard 1000 1000 0 3.33e-165 5.00e-164
pt_2.eq pt3.eq 1000 1000 0 3.33e-165 5.00e-164
pt3ard pt3eq 1000 1000 500500 3.33e-165 5.00e-164
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Figure S3.1: lllustration of the last vertebrae removed from the analyses. Red circle indicate
the vertebrae removed. Graphical representation shows Rl values for each vertebra. Diamonds:
Chiropodomys gliroides (BOR014); Circles: Chiropodomys major (BOR678); Triangles: Microhy-
dromys sp (FR1200.008); Crosses:Mallomys rotschildi (MW2700_058).
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Figure S3.2: Biplot representing the rst two axes of the PCA conducted on the size-corrected
\last quarter" indexes (Rl and TPEI) and rTL as well as VN for all the specimens in the dataset
(not average by species). Size of the points is proportional to the size of the specimens. Regarding
climbing capacities, circle represent climbing species, square represent non-climbing species, trian-
gles indicate that data are lacking. Colors represent prehensile capacities, blue-green for prehensile,
beige for non-prehensile and black when the status is uncertain. Red circle highlight the position
of the three Hyomys goliath specimens.
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Figure S3.3: Phylogenetic generalized least squares analysis of log TPEI and RI on log siz& :

RI, all vertebrae. B: RI, distal region. C: RI, last quarter of the distal region. D: TPEI, all
vertebrae. E: TPEI, distal region. F: TPEI, last quarter of the distal region. Colors represent
prehensile capacities, blue-green for prehensile, beige for non-prehensile and black when the status
in uncertain.
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Figure S3.4: Correlation circles of the PCAs found in Figure 3.1. A: all regions, principal
components 1 and 2. B: all regions, principal components 1 and 3. C: distal region, principal
components 1 and 2.D: last quarter of the distal region, principal components 1 and 2.
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Figure S3.5: Graphical representation of the results of the LDA. Group N represents the distri-
bution of non-prehensile species on LD1. Group P represents the distribution of prehensile species
on LD1.
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Figure S3.6: Phylogenetic generalized linear regressions of log TPEI and RI on log size for all the
vertebrae, the distal region, and the last quarter of the distal region. Regressions were calculated for
prehensile and non-prehensile species separately. Colors represent prehensile capacities, blue-green

for prehensile and beige for non-prehensile.
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Figure S3.7: Boxplots representing the size-corrected values of Rl and TPEI by region between
prehensile and non-prehensile species. Colors represent prehensile capacities, blue-green for pre-
hensile and beige for non-prehensile. 170



Figure S3.8: A : Picture of the dorsal prehensile pad ofHyomys goliath (CBUN, MW1700 _025).
B: Drawing of the dorsal part of the tip of the tail of H. goliath found in Flannery (1995). C:
Descriptive notes by F. Shaw Mayer (1940) describing prehensile behaviour ifl. goliath. To our
knowledge, it is the only mention of a prehensile tail inH. goliath.
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Discussion

Overall, the purpose of this PhD thesis has been to expand upon previous explorations of the
form, function and evolution of tail prehensility in mammals.

Behavioral studies investigating tail-assisted positional behavior have mostly focused on pri-
mate species (see Bergeson, 1996; Bezanson, 2009; Cant, 1986; Fleagle and Mittermeier, 1980;
Gebo, 1992; Rosenberger, 1992; Strier, 1992; Youlatos and Gasc, 2001; Youlatos and Meldrum,
2011). These studies have noted variation in exhibited behaviors and their relationships to the
position of the animal in the arboreal strata, the overall ecological niches lled, and have even
described ontogenetic variation in prehensile behaviors. In this context, the rst chapter of this
manuscript proposed to conduct similar investigations in a prehensile-tailed carnivoraBptos
avus. Furthermore, | compared prehensile behavior in this carnivore to that of two prehensile-
tailed primates for which positional behaviors have previously been described. The similarity
between our results and the existing literature on those primates supports the reliability of
our data acquisition protocol based on camera trapsPotos avus showed a combination of
behaviors found inSapajus apellaand Alouatta macconnellj including frequent above-branch
behaviors observed in the former and below-branch behaviors found in the latter. Moreover,
Potos avus distinguished itself from the other species by its frequent use of tail-assisted loco-
motor behaviors. Furthermore, the important quantity of available camera trap data foPotos
avus allowed for the documentation of the overall activities (feeding, foraging, traveling, rest-
ing...) realized by this species, the temporal distribution of these activities and the associated
positional behaviors. This work provides important knowledge on this rather elusive species
and demonstrates results, especially the temporal activity pattern, consistent with previous
studies utilizing di erent methods such as radio-tracking (Julien-Laferriere, 1993).

Regarding the myology of prehensile tails, the most complete investigation to date focused
also on primates (Lemelin, 1995). More fragmentary descriptions of four species, including one
primate and one carnivoran can be found in Dor (1937). Lastly, Organ et al. (2009), provided
the only quantitative investigation of this structure. This study was conducted on neotropical
primates and carnivorans, however, only one muscle was taken into account. In this context,
the second chapter aimed to describe and quantify the tail muscles of carnivorans, including

172



the two prehensile species found in this clade. Our results suggest convergences, especially
regarding the mass of the exor muscles, between prehensile carnivorans and primates. How-
ever, some important di erences were also observed, especially regarding muscle insertions.
Short tendons characteristic of primates were not found in prehensile carnivorans. Moreover,
the muscles inserting on the ventromedial region of the tail and the way they inserted were

di erent between Potos avus and Arctictis binturong.

Finally, several investigations of the osteological convergences of prehensile species can be
found in the literature (Ankel, 1962; Deane et al., 2014; Dor, 1937; German, 1982; Organ,
2010; Youlatos, 2003; Zavodszky and Russo, 2020). Such studies have investigated the relative
proportion of the tail region, the dimensions and shape of the caudal vertebrae, the relative size
of vertebral processes, the size and shape of intervertebral surfaces, as well as chevron bones
size and shape. However, these studies have only been conducted on primates and carnivorans.
Thus, many clades encompassing prehensile species warrant further inspection. Moreover, all
species studied previously consisted of relatively heavy species (for arboreal animals). As the
adaptation of prehensile species was suggested to be mostly linked to mechanical stresses re-
lated to the action of gravity, small mammals might be less exposed to, or exposed to di erent,
constraints compared to heavier species. In this context, the third chapter focused on a subfam-
ily of small mammals (Murinae, Rodentia) composed of several prehensile species. The results
highlighted that small prehensile mammals share convergent osteological features with heavier
ones. These species tend to present more robust vertebrae with more developed transverse
processes. However, compared to other species, these \prehensile" vertebrae were restricted to
the very end of the tail, only expanding to the rest of the distal region in heavier species.

Adding these new species and clades to the previous literature provides broader perspectives
on the anatomical convergences and diversity, both osteological and myological, and on sim-
ilarities and di erences in tail-use behaviors, allowing to better understand their relationship
with the functional anatomy of prehensile tails.

3.5 Convergences of prehensile-tailed species

In order to understand caudal anatomical convergences and their functional relevance for pre-
hensile capacities, data on the way those tails are used (i.e. behavioral data) are needed. To
cite Hunt et al., 1996, \Anatomists, particularly those who use biomechanical approaches, have
long recognized, often explicitly, that the most complete understanding of the primate muscu-
loskeletal system must rely on quantitative primate positional behavior data". Our results on
Potos avus, both behavioral (Chapter 1.1) and myological (Chapter 2), in addition to Youlatos
(2003) osteological results, provide a framework allowing to compare and put in perspective
similar data previously generated for primates. Early on, Dor (1937) stated th&®otos avus
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was reminiscent ofCebusboth in its locomotion and in its osteological characters. For the
latter, he meant that both Cebusand Potos avus share prehensile characters that are less de-
rived compared to those observed in atelids, possessing a tail that he considered to be less sti,
without a prehensile pad and with less robust and longer vertebrae. Youlatos (2003), however,
demonstrated that both Potos avus and Arctictis binturong were characterized by larger and
shorter vertebrae with more developed transverse processes, thus converging with prehensile-
tailed primates. Furthermore, the carnivorans presented well developed transverse processes
at the tip of the tail, similar to atelids but not to prehensile-tailed cebids (German, 1982;
Lemelin, 1995). Based on discussions of these results in primates (German, 1982; Lemelin,
1995), it has been suspected that prehensile-tailed carnivorans might engage in tail-suspend
behaviors. Between these transverse processes is found the intertransversarii caudae muscle.
Lemelin (1995), studying primates, proposed that the relative development of this muscle is
functionally linked to suspensory behaviors. He stated that its action on the whole tail helps to
maximize contact between the tail and the substrate, and its presence and relative development
may reduce the stresses imposed upon the intervertebral joints during suspensory behaviors.
Organ et al. (2009), as well as our results (Chapter 2), support a distal presence and an im-
portant development of the intertransversarii caudae irPotos avus, further suggesting the
importance of suspensory behaviors in this species. Tail hind limb suspension has previously
been qualitatively described forlPotos avus (McClearn, 1992) and our results (Chapter 1.1)
con rm this observation (9.7% of the observed behaviors), as well as tail only suspensory behav-
iors (24.5% of the observed behaviors), which to our knowledge were not previously described.
Together, these results tend to reinforce the assumption that the convergence between atelids
and prehensile carnivorans is likely to be functionally related to the presence of suspensory
behaviors. Osteological (Youlatos, 2003) as well as muscular data (Chapter 2), including well
developed intertransversarii caudae found until the distalmost region of the tail, suggest that
Arctictis binturong uses its prehensile tail to engage in suspensory behaviors as well. However,
behavioral data are still lacking and are needed to establish the proportion of tail-suspension
behaviors realized by the species and, more broadly, its positional repertoire in relation to
tail-use. Similarly, for rodents, the presence of more robust vertebrae (Chapter 3) tends to
suggest a consistent role of the tail in mass-bearing behaviors. Furthermore, the presence of
more developed transverse processes (Chapter 3), especially at the tip of the tail, might suggest
suspensory behaviors to some extent. Nonetheless, behavioral data are also needed to test these
hypotheses, but remain inexistent.

The addition of more prehensile species, belonging to di erent clades, with diverse ecologies
and sizes is fundamentally important in order to assess the anatomical features shared by all
prehensile tails and thus to better understand the core constraints and requirements allowing
caudal grasping. In relation to previous literature, our results further highlight the impor-
tance of the intertransversarii caudae in prehensile tails, especially at the tip of the tail for
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suspensory species, but also proximally and in the mid-distal region of the tail in all prehensile
species (Chapter 2; Lemelin, 1995; Organ et al., 2009). In addition, both in primates (Lemelin,
1995) and carnivorans (Chapter 2), the other exor muscles of the tail ( exor caudae longus
and exor caudae brevis) appear hypertrophied compared to non-prehensile species. Due to
the ventral wrapping of the prehensile tail in these clades, it seems logical that exor mus-
cles, responsible for the ventral/downward and coiling motion of the tail would be heavier and
thus able to generate greater forces. As aforementioned, the intertransversarii caudae is closely
linked to the transverse processes as it attaches onto these bony extensions. Thus, it appears
logical that more developed transverse processes are an indicator of tail prehensility (Ankel,
1962; German, 1982; Organ, 2010; Youlatos, 2003). Our results indicate a similar development
of the transverse processes in murine rodents (Chapter 3), suggesting a similar development of
the intertransversarii caudae muscle and thus similar functional demand in prehensile rodents.
However, as discussed later, prehensile rodents are known to coil their tails dorsally (Flan-
nery, 1995; Hershkovitz, 1969; Musser and Durden, 2002). The intertransversarii caudae being
known to be a exor muscle (Lemelin, 1995), this might suggest a di erent muscular organiza-
tion in prehensile rodents despite convergent development of the transverse processes. Further
investigations are needed to better understand the relationship between transverse processes
and tail musculature in rodents. Prehensile-tailed murine rodents also demonstrated a conver-
gent pattern with prehensile primates and carnivorans regarding the shape of their vertebrae.
Indeed, prehensile-tailed species are characterized by shorter and wider vertebrae, especially in
the distal region of the tail (Ankel, 1962; German, 1982; Organ, 2010; Youlatos, 2003). These
\prehensile" vertebrae are considered more robust, thus they have been functionally associated
to the need to resist mechanical stresses when the tail is used to realize mass-bearing behaviors,
including but not limited to tail-suspension behaviors. This convergence of prehensile rodents is
especially interesting regarding the relationship between prehensile tails and size. In new world
monkeys, German indicated that size and degree of prehensility were strongly correlated, the
e ect of both factors on tail shape being di cult to disentangle. Furthermore, prehensile-tailed
species previously studied can be considered as rather heavy arboreal animals. Thus ques-
tions have been raised regarding the mechanical stresses that small prehensile mammals may
experience and their implications on vertebral shape (Maniakas and Youlatos, 2019). Small
mammals might be exposed to reduced stresses compared to heavier ones and may thus not
necessarily converge toward more robust vertebrae despite their prehensile tails. Our results
indicate that even small mammals are exposed to constraints leading to the evolution of more
robust vertebrae. Moreover, the size-dependent pattern observed in prehensile murines is par-
ticularly interesting. Compared to other prehensile species, the small to medium size species
(i.,e. under 1kg) possess more robust vertebrae that are restricted to the distalmost part of
the tail (about the last quarter of the distal region). Heavier species however tend to present
more robust vertebrae found more proximally, the heaviest species of the dataset exhibiting a
pattern similar to the one found in primates and carnivorans. Functionally, it could mean that
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the region interacting with the substrate (the tip) is always exposed to stresses, thus presenting
adaptations toward more robust vertebrae. Then, as the mass of the species increases the mag-
nitude of stress generated leads to more robust vertebrae all along the distal region of the tail,
probably to dissipate stresses over a larger area. This hypothesis remains to be tested through
biomechanical modeling such as nite element analyses, for example. It is also important to
note that we do not know how homogeneous the use of the prehensile tail is in this group, thus
behavioral variations in tail-use might also impact this pattern.

Overall, the convergences found in this study, in addition to previously established results,
further support and provide new perspectives to our ability to diagnose tail prehensility in
fossil species. Thorough investigations of potential prehensile capacities of the tail in extinct
species are scarce (see Organ et al., 2011). Generally, such hypotheses are less morphologically
informed. More in depth investigation of the vertebral anatomy of fossil taxa liké&rethizon
poyeri (Vitek et al., 2024) or the genugAiluravus (Wood, 1976) would greatly bene t the infer-
ences of tail prehensility previously established. Furthermore, on small species lk&ravus,
our results strongly suggest to focus on the tip of the tail.

3.6 Diversity among prehensile-tailed species

Despite the strong convergences found in prehensile species, a ner yet important behavioral
and morphological diversity has been described in my study as well as in the existing literature.
This variation is insightful in order to more fully understand the link between behavior, function
and morphology of prehensile tails. One type of tissue appearing to show considerable variation
in prehensile species are the muscles. Indeed, despite the convergent trends of hypertrophied
exor muscles, the structure and arrangement of the muscles, described in Chapter 2, appears
variable between prehensile primates and carnivorans as well as betw®eos avus and Arc-

tictis binturong. These results especially contrast with the highly convergent patterns found in
the anatomy of the caudal vertebrae Arctictis binturong presents a unique organization of the
exor caudae brevis, inserting on the haemal arches and sesamoids of the ventromedial region
of the tail through long tendons. Potos avus, on the other hand, presents a exor caudae
longus that is highly convergent with that of primates inserting on the ventromedially on the
haemal arches and sesamoids in addition to the exor caudae brevis. Biomechanical modeling
would be needed in order to understand the functional signi cance of such di erences. Re-
gardless of those implications, these results demonstrate that similar osteological regions can
be the insertion site of di erent muscles. This decoupling of osteological and myological char-
acters stressed the importance of investigating both muscles and bones to conduct functional
inferences based on anatomical observations. Indeed, as the presence of short and wide verte-
brae in prehensile species is likely associated with mechanical constraints, the expansion of the
transverse processes might be associated with di erent muscles depending on the species. This

176



is especially noteworthy regarding our results on rodents (Chapter 3), as those species have
been described to coil their prehensile tail dorsally (Flannery, 1995; Musser and Durden, 2002).
Thus, despite vertebral convergence, they might diverge in the arrangement of their muscular
system. It is, for example, likely that quantitatively the di erence between exor and extensor
muscles is the opposite of the one described in species coiling their tails ventrally. Furthermore,
the intertransversarii caudae being a exor muscle, the development of transverse processes in
these species might imply a modi ed action of this muscle or that other muscles important
for the dorsal coiling of the tail insert on these processes. Further investigations are needed in
order to better understand which muscles are inserting on these processes in rodents and their
relationship with the dorsal coiling of the tail.

Linking morphological diversity to behavioral diversity, primates are still the most relevant
clade to discuss. In primates, three general categories of prehensile-tailed species can be estab-
lished based on the role of the prehensile tail in their positional behavioCebusand Sapajus
are mainly above-branch quadrupedal walkers, using their tails to anchor themselves to the
branches while walking or during static postures, like sitting, and as a cantilever mainly to
reach out for food items (Chapter 1.1; Bezanson, 2009; Garber and Rehg, 1999; Mangalam
et al., 2022; Youlatos, 1999; Youlatos and Gasc, 2001; Youlatos and Meldrum, 2011). However,
they appear to rarely engage in suspensory postures (Bergeson, 1998; Bezanson, 2009; Garber
and Rehg, 1999; Gebo, 1992; Youlatos, 1999). Anatomical correlates of this type of tail use have
been previously discussed. The absences of expanded transverse processes at the tip of the tail,
in addition to vertebral articular surfaces that are larger than those in non-prehensile-tailed pri-
mates but smaller than in atelids have been functionally associated with the tendency of these
species to not often engage in tail suspensory behaviors (Deane et al., 2014; German, 1982).
Furthermore, Lemelin (1995) found that the caudal musculature irCebusshared similarities
with both non-prehensile and prehensile-tailed primates, having extensor muscles more similar
to the former, but exor muscles more similar to the latter. The second group of prehensile pri-
mates would be composed &louatta and Lagothrix to some extent. Those species are known
to frequently engage in static tail suspensory behaviors, notably while feeding (Chapter 1.1;
Bergeson, 1998; Cant, 1986; De er, 2000; Youlatos and Gasc, 2001). Anatomically, suspensory
behaviors have been correlated to the presence of expanded transverse processes at the tip of
the tail (German, 1982), larger articular surfaces (Deane et al., 2014), and well developed exor
muscles, especially the intertransversarii caudae (Lemelin, 1995). Lastly, the third group of pre-
hensile primates would be composed Ateles and Brachyteles and Lagothrix to a lesser extent.
These species are known not only to engage in static suspensory behaviors but also actively
use their tails for locomotion as an active limb during brachiation (Jones, 2008; Schmitt et al.,
2005). Fewer morphological data are available f@rachyteles but Ateles is often described as
the opposite of the prehensility spectrum compared t€ebus It has been described to present
several unique morphological adaptations functionally related to its tail-use, mainly located in
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the proximal region of the tail. Indeed, in addition to adaptation to tail-suspension found in
other atelids, Ateles is characterized by an intertransversarii caudae muscle arising more prox-
imally as well as a more developed abductor caudae medialis (a muscle found in the proximal
region of the tail; Lemelin, 1995). German (1982) noted thafteles possesses wider proximal
transverse processes and Schmitt et al. (2005) estimated that it presents more, smaller, proxi-
mal vertebrae and a more acute sacro-caudal articulation comparedltagothrix. Lastly, Ankel
(1962) described bothAteles and Brachytelesto possess shorter and stockier sacra than the
other atelids. These categorizations are made possible thank to the amount of data available
on both the behavior and the anatomy of prehensile-tailed primates as well as other methods
that have been used to more directly test the relationship between anatomy and behavior in
those species, such as electrophysiological stimulations (Lemelin, 1995) and kinematic data
(Schmitt et al., 2005). These categories of prehensile primates, i.e. above-branch anchoring,
static tail suspension, tail-assisted brachiation, have their limitsCebug Sapajuscan perform
tail-suspension behaviors andlagothrix can engage in tail assisted brachiation (Schmitt et al.,
2005). However, these categorizations do help to provide a better understanding of the relation
between form and function. The applicability of those categories remains to be further explored
at the scale of all mammals. Whether other prehensile species fall into the same categories or
constitute another \type" of prehensile species remains thus to be investigated. For example
it is highly unlikely that other extant prehensile mammals engage in tail-assisted brachiation.
Furthermore, our investigation of the positional behaviors oPotos avus (Chapter 1.1) indi-
cated that this species uses its tail in above branch locomotor and postural behaviors similar to
prehensile cebids but at the same time engages in tail-suspensory behaviors similar to prehensile
atelids. Additionally, it also exhibited several tail-assisted locomotor behaviors not found in
other species. Further investigations will be needed to estimate whether this \generalist" style
of tail-use is rather the norm in prehensile mammals or if most species tend to be more \spe-
cialized" like primates. Moreover, the morphological implications of such di erences remain
to be investigated. However, despite the case &otos avus, it is likely that under certain
circumstances the investigation of prehensile tail morphologies through the lens of potential
prehensile categories might help interpret functional implications of observed morphological
characters. For example, in myrmecophagous mammals, terrestrial pangolins (Pholidota) and
anteaters (Vermilingua) use their tail as props while they dig into ants and termites colonies
(Zavodszky and Russo, 2020). In their arboreal relatives a similar prop role is observed; how-
ever, it is translated by the presence of a prehensile tail in those species. These prehensile
tails might be exposed to mechanical stresses that are higher or at least di erent to the ones
generated by gravity during suspensory behaviors and anchoring might occur not only through
the tip of the tail. Thus, those di erences in constraints and tail-use might result in di erent
morphological adaptations than those found in previously studied species and lead to a pat-
tern convergent between myrmecophagous prehensile species. Another potential category of
prehensile mammals could group the really small (not heavier than a few grams) species often
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climbing on grass and shrubs. Indeed our investigation of murine rodents (Chapter 3) indicated
that Micromys minutus was the only prehensile species in the dataset diverging slightly from
the pattern observed. It was characterized by having intermediate width/length ratios and an
intermediate development of the transverse processes. Furthermore, this pattern was observed
across the whole tail and not restricted to the tip as in other species. This morphology might
be the result of this species' extremely small size, in addition to its tendency to coil its entire
tail around substrates without exerting a powerful grasp at the tip of the tail. The genera
Sicista, Dendromus and Tarsipes would be interesting to investigate as they share somewhat
similar climbing habits and have, similarly toMicromys, often been considered semi-prehensile
in the literature following observations of loose coiling of the whole tail (Haines, 1958; Wilson
and Mittermeier, 2015; Wilson et al., 2017).

3.7 De ning Prehensility and Semi-prehensility

This use of the term semi-prehensile is di erent from the initial de nition found in the literature:
\semiprehensile tails can be wrapped around branches and support a signi cant part, but
not all, of the body weight" (Emmons and Gentry, 1983). For small mammals, for which
behavioral data are scarce, distinguishing species based on their tendency to use tail-only
suspension appears an arduous task, that will moreover likely exclude most of the prehensile
species from the \prehensile category”. De nitions of semi-prehensility in handbooks (see
Wilson and Mittermeier, 2015; Wilson et al., 2017), especially for these small mammals, appear
to be based on eld observations and likely related to loose coiling or soft grasping of the tail
with such species sometimes also being mentioned as \slightly prehensile", \partly prehensile",
\less prehensile than [...]" etc. The aforementioned de nition of tail prehensility, however,
notably refers to species such asebug Sapajus(Emmons and Gentry, 1983; Mangalam et al.,
2022), whose main di erence with atelids appears to be the overall lack of tail-only suspensory
behaviors. In this context, the concept of semi-prehensility appears worth discussing. The
de nition and the relevance of the concept of semi-prehensility has been highly debated as
the prerequisite of suspension by tail only has been considered to drift too far from the initial
de nition of prehensility (i.e. the capacity of grasping objects; Meldrum, 1998). In addition

to their tendency to lack tail-only suspensory behaviors, our results suggests th&apajus
apellais the species using its tail the least in a prehensile manner in our dataset (10.44% of
observations; Chapter 1.1) which is consistent with the literature (Bergeson, 1996; Bezanson,
2012). Such a result might be an argument to consider this species as semi-prehensile. However,
when the behavioral diversity associated with tail-use is considereghpajus apellaobtained

a higher score thanAlouatta macconnelli which is considered fully prehensile. Furthermore,
Youlatos (1999) argued that the tail ofCebusand Sapajusmust be exposed to important forces
during anchoring behaviors. Several studies have also demonstrated morphological adaptations
towards prehensility in these species (Ankel, 1962; Deane et al., 2014; German, 1982; Lemelin,
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1995; Organ, 2010; Organ et al., 2009). Moreover, Organ et al. (2009) demonstrated that
the intertransversarii caudae muscle dbapajuswas able to generate higher forces than that of
atelids orPotos avus in the median region of the tail and interpreted this result as an indicator
that Sapajus might grasp substrates with a region of the tail more proximally located than
other prehensile species. Our results tend to support this assumption &apajus apellatends

to preferentially use medium to large substrates where a contact occurs more proximally along
the tail compared to smaller ones (Chapter 1.1). Overall, it seems that tail use @ebug Sapajus
might be di erent but not less demanding than for prehensile species suspending themselves,
thus raising questions regarding the relevance of the actual concept of semi-prehensility. The
same is true for the small mammals likélicromys. If the use of the tail, even to loosely coill
around a substrate, is associated with morphological adaptations, is the term semi-prehensility
relevant ? Similarly, di erent species may use rather similar properties (grasping) in di erent
contexts and for di erent purposes and thus partly converge when constraints are shared but
also diverge when these constraints di er. Moreover, if the concept of semi-prehensility can
be demonstrated to be the intermediate state between non-prehensile and prehensile species,
how do we identify a threshold able to reliably assess if a species is not prehensile enough to
be considered semi-prehensile and when one is prehensile enough to not be considered semi-
prehensile ? In the end, discussing the relevance of semi-prehensility leads to the need to de ne
what a prehensile tail actually is and to re ect upon the potential existence of a gradient of
caudal grasping abilities in mammals. Indeed, several observations have supported use of the
tail in a somewhat prehensile manner in several species classically not considered prehensile.
In primates, behaviors implying coiling of the tail around substrate to support at least some
part of the body-weight as well as its use to catch small objects in captive individuals have
been reported in Old World primates not considered as prehensile (Dunbar and Badam, 2000;
Grand, 1972; Meldrum, 1998). Furthermore, some of those species have been investigated
morphologically and group with the non-prehensile primates rather than with the prehensile
ones (Ankel, 1962; Lemelin, 1995). The identi cation of a pattern of insertion of the exor
caudae longus in the prehensileotos avus (Chapter 2) similar to the one found in all primates,
prehensile or not, might play a role in the pattern observed in primates, maybe providing
greater mobility to coil the tail than in other non-prehensile species. However further testing

iIs needed to conrm this hypothesis. Rodents have also been mentioned to present slight
prehensile capacities even in non-prehensile species (Dor, 1937; Haines, 1958). Furthermore,
experimental protocols have demonstrated that mice placed in experimental conditions where
they are forced to climb, happened to loosely coiled their tails around the substrate and were
also characterized by thicker vertebral cortical bones (Organ et al., 2017). However, we still
found signi cant di erences in the vertebral morphology of wild prehensile and non-prehensile
rodents (Chapter 3). Further investigations would be needed to characterize the continuum
that likely exists between prehensile and non-prehensile species. However, it remains di cult
to identify what would speci cally need to be measured. Is it more relevant to investigate the
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amount of force generated at the tip of the tail, or how nely the tail can wrap around an
object ? Is it the frequency at which the tail interacts with a substrate ? All these choices
have limitations in their capacity to de ne by themselves what it means to have prehensile
capacities. However, the requirement to possess a combination of all of those would exclude
many species that we would commonly de ne as prehensile. Maybe a broader sampling and
biomechanical modeling might help to better de ne precisely what we mean when we de ne a
species as prehensile-tailed.

3.8 Global distribution of prehensile-tailed species

A seminal work in the study of prehensile vertebrates has established that the presence of a
prehensile tail was an adaptation mainly found in neotropical species (Emmons and Gentry,
1983). Indeed, in mammals, prehensile tails are found in six orders and considered to have
appeared independently seven times (one origin in each Order with the exception of primates
that encompasses two origins; Lambert and Halsey, 2015). This number is likely to change
over time but will probably only increase. For example, the shared origin of prehensile tails in
the generaCyclopesand Tamandua (Vermilingua) has never been properly tested and in depth
analyses or the discovery of new fossils could suggest two independent origins as the two genera
split around 38 million years ago (Gibb et al., 2016). Similarly, sigmodontine rodents would
need further investigation to properly look for prehensile species. Either way, the current
estimation of prehensile-tailed species still represents an impressive number of independent
origins in the Neotropics, spanning an impressive proportion of the mammalian phylogenetic
diversity as well. Emmons and Gentry (1983) compared quantitative data on forest structure
in three tropical regions across the globe: the Neotropics, Africa (Central Western Africa), and
South-East Asia (Borneo), in order to identify forest properties that might explain the relative
abundance of prehensile species in the Neotropics compared to the other two regions. They
concluded that the Neotropics presented intermediate liana densities, more frequent tree-sized
palm trees, and vegetation that is overall more fragile. Regarding liana densities, the authors
stated that \Prehensile tails in Neotropical vertebrates and gliding (and brachiation) in Asian
ones may help animals to cross canopy gaps that in Africa are bridged by lianas" (Emmons and
Gentry, 1983). Palm trees were considered as di cult trees to climb and presenting adaptations
to avoid lianas, thus generating a more discontinuous canopy. However, they are also visited
by arboreal species for their fruits and their leaves are used as pathways through the canopy.
Thus, the authors hypothesized that \frequent climbing in palm trees may have contributed

to the selective advantage of prehensile tails in the Neotropics” (Emmons and Gentry, 1983).
Lastly, the fragile nature of the canopy could have been selected for prehensile tails as a means
to prevent falls by providing an extra limb that can serve to anchor the animal on the sturdiest
branches. On that note, the authors added that \In this context, it may be relevant that among
the Cebidae, prehensile tails are found in all of the heaviest genera, semi-prehensile tails in a
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medium-weight genus, and non-prehensile tails in lightweight genera” (Emmons and Gentry,
1983). Note here that this recognition of Cebidae includes Atelidae and most likely smaller
Platyrrhini as well. Our results on Murinae (Chapter 3) highlighted an important diversity of
prehensile-tailed species found in Papua New Guinea. Furthermore, ancestral state estimations
suggested that in the region, prehensile tails have evolved ve times independently in the
Murinae. Despite being restricted to a single tribe (Hydromyini), this number of convergent
events almost equals what is currently known regarding the Neotropics. Moreover, a plethora
of prehensile-tailed marsupials can also be found in Papua New Guinea (and Australia). These
marsupials are distributed in ve families (acrobatids, burramyids, petaurids, phalangerids and
pseudocheirids; Wilson and Mittermeier, 2015). Ancestral state estimations will be needed to
properly assess the number of origins of prehensile tails that those species represent. Our results
on the Murinae suggest that Papua New Guinea might be another hotspot driving the origin

of prehensile tails. This then provides the opportunity to test Emmons and Gentry (1983)
hypotheses in order to estimate if the structural properties discussed are found both in the
Neotropics and Papua New Guinea in comparison to other tropical forests. Furthermore, other
factors could be similarly tested such as canopy height, degree of strati cation, and tree density.
More and more quantitative data from tropical forests across the globe are becoming available,
providing an opportunity to test these hypotheses at a global scale (Aguirre-Guterrez et al.,
2021; Bastin et al., 2018; DeWalt et al., 2015; Liu et al., 2023; Marselis et al., 2020; Xu et al.,
2018). However, as discussed in Chapter 3, the occurrence of prehensile tails in small mammals
Is most likely largely underestimated. Further investigations will thus be needed to update the
inventory of prehensile species across the globe. Such studies are necessary in order to properly
test hypotheses such as those proposed by Emmons and Gentry (1983).

3.9 Perspectives

As mentioned by Schwaner et al. (2021), a broad array of questions and methodologies are
needed to better understand the evolution and morphology of tails. The same statement holds
true for the more speci c case of prehensile tails. Behavioral studies, especially the collection
of quantitative comparable data on a broad diversity of species are urgently needed. Indeed,
the large majority of our knowledge on positional behaviors and tail-use concerns primates.
The two notable exceptions being the carnivoraRotos avus (McClearn, 1992; Chapter 1.1)
and the didelphid Caluromys philander(Dalloz et al., 2012). Behavioral data on more species
appear needed to investigate the similarities and di erences found in tail-use across mammals
and thus to draw meaningful hypotheses on functional implications of anatomical convergences
and divergences found in prehensile species.

Similarly, the important variability found in the muscular structure of the tail of prehen-
sile carnivorans (Chapter 2) highlights the need to further investigate other taxonomic groups.
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Notably, rodents that coil their prehensile tails dorsally might present a reversed proportion of
their extensor and exors muscles compared to species wrapping their tails ventrally. Marsu-
pials might be very interesting to investigate as well. Dor (1937) observed no major di erences
in either osteology and myology inTrichosurus vulpecula(a prehensile marsupial) compared
to non-prehensile species. Further investigations including more species would likely help to
determine if similarly to rodents, a closer inspection reveals di erences between prehensile and
non-prehensile marsupials. To our knowledge, beyond Dor's (1937) work, the inspection of
tail muscles in prehensile marsupials have focused on isoforms of myosin heavy chains in those
muscles. Rupert et al. (2014) inspected two didelphid marsupials, both prehensile but with im-
portant di erences in tail-use. Caluromys derbianuss a highly arboreal species using its tail in
tail-suspension and other behaviors involving an important role of this organ in mass-bearing.
On the other side,Monodelphis domesticaa terrestrial species mainly using its tail to carry
nest materials. The arboreal species demonstrated a higher concentration of fast muscle bers,
correlated with higher muscle forces compared to the terrestrial one. It would be interesting to
investigate if those variations in muscle composition are associated with variations in muscle
mass and/or muscle origins and insertions.

Regarding osteological data, as for behaviors and muscles, including a greater diversity of
prehensile species appears needed. The inclusion of more small mammals, especially, will help
con rm or at least better understand the pattern observed in our dataset for rodents (Chapter
3). Testing other proxies or protocols to quantify morphology such as geometric morphometrics
and cortical bone thickness could also be a good way to con rm our results regarding the rodent
dataset. Once these further investigations are done, it will help inspect clades of small mam-
mals where prehensility has been described like the Nesomyidae and in clades where it has been
suspected or might be underestimated such as Sigmodontinae, Tenrecidae or Soricidae. These
investigations are needed in order to obtain an updated inventory of prehensile-tailed species in
mammals. Other osteological structures could be interesting to study as well. Chevron bones
are the insertion sites of several exor muscles, and thus their morphological variation could be
related to prehensile capacities (see Zavodszky and Russo, 2020).

Lastly, as mentioned earlier several families of Australo-Papuan Marsupials possess prehen-
sile tails. Furthermore, prehensile tails are thought to be the ancestral state in all didelphid
marsupials (Voss and Jansa, 2021) and they are also foundDmomiciops gliroides the most
basal member of the superorder Australidelphia (Beck, 2008). In fact, with the exception of a
few, rather poorly diversi ed Orders (Paucituberculata, Notoryctemorphia and Peramelemor-
phia) and the more diversi ed Dasyuromorphia, prehensile tails are found all across the marsu-
pial phylogeny. Moreover, marsupials are to the best of our knowledge the only clade presenting
terrestrial prehensile speciesBettongia, Monodelphis Chironectes Metachirus). Such observa-
tions might suggest that prehensile tails are ancestral to all extant marsupials. Ancestral state
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estimations, in addition to morphological investigations would be highly interesting to test this
hypothesis and better understand the evolution of prehensile tails in this clade.
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Resuneetendu en frarcais

Le milieu arboricole, en particulier dans les foréts tropicales, pesente de nombreux avantages
pour les especes qui y vivent. |l serait moins dense en pedateurs (Campbell et al., 2005;
Ferrari, 2009; Monteza-Moreno et al., 2020; Shattuck and Williams, 2010) et en competition
interspeci que (MacArthur, 1972; Pianka, 1978). Cette dernere esultea la fois d'une abon-
dance de ressources alimentaires (Bourlere, 1989; Bourlere and Harmelin-Vivien, 1989) ainsi
gue de la strati cation verticale des foréts (Basham et al., 2023; Nakamura et al., 2017; Oliveira
and Sche ers, 2019), favorisant la coexistence de ces especes. Cependant, les esgeces habitant
la strate arboee sontegalement confroneesa plusieurs ce s. En e et, les especes arboricoles
naviguent le plus souvent sur des substrats sitles loin au-dessus du sol et les chutes repesentent
donc un risque majeur. De plus, le milieu arboricole est fortement discontinu et les supports
utilisables sont limies, de taille variable et potentiellement fragiles. En n, les especes arbori-
coles naviguent dans un habitat tridimensionnel, le substrat disponible pouvant étre oriene
dans toutes les directions possibles (Cartmill, 1974; Lammers and Zurcher, 2011; Young, 2023).
La locomotion ainsi ealie est commurement appeke \grimper", dont la c nition et les

e s interents par rapporta la locomotion terrestre ontete esunes par Preuschoft (2002) :
\Grimper signi e e ectuer une locomotion leea un gain oua une perte controke de hauteur,
dans laquelle la distribution du poids du corps skcarte consicerablement de la situation sur
des substrats plats. Des forces de traction ou des moments de rotation sont transmis entre un
animal et son substrat et ces forces peuvent prendre des valeurs pluselewees que les forces de
compression agissant sur les membres".

Ces b s ont conduit les especes arboricolesaevoluer plusieurs adaptations morphologiques
et comportementales. Comme ces contraintes sont diverses, les adaptations trouwees chez les
especes arboricoles le sontegalement. La recessie de monter et de descendre verticalement et
la diversie de substrats inclires entrament le besoin d'un positionnement plus vare du corps
pendant les comportements locomoteurs et posturaux par rapporta un sol relativement plat
(Cartmill, 1985). Les gries et les extemies pehensiles permettent aux animaux de esister
ou de gererer des forces antagonistesa l'action de la gravie (Cartmill, 1974). Les membres
pehensiles aidentegalementa naviguer de manere fcuriee sur des supports etroits et ex-
ibles tels que des branches nes (Cartmill, 1974). Les especes qui franchissent I'espace entre
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les branches en sautant ont tendance a etre des grimpeurs agiles et rapides (Cartmill, 1985)
pesentant des adaptations dans leurs os longs notamment assocees aux contraintes gereees
lors de l'atterrissage (Terranova, 1995), certaines especes ont méme ceveloppe la capacie de
planer, assoceea la pesence d'un patagium et d'os longs allonges (Grossnickle et al., 2020;
Khandelwal et al., 2023). D'autre part, les especes qui franchissent lentement I'espace entre
deux branches ontee cecrites comme posedant des pattes arreres et des queues pehensiles
maximisant le contact avec les substrats (Cartmill, 1974, 1985). En outre, des adaptations
dierentesa des contraintes similaires ont pu conduirea des phenotypes relativement opposes.
Les grimpeurs agiles et rapides ont tendancea avoir plus de verebres lombaires que de verebres
thoraciques, alors que la situation inverse est obseree chez les grimpeurs lents (Cartmill, 1985).
De méme, des membres plus petits ou des postures accroupies augmentent la stabilie au-dessus
de la branche (Cartmill, 1985; Preuschoft, 2002). D'un autre coe, les comportements sus-
penseurs esolvent le probkme du maintien de lequilibre et sont assocesa une adaptation
morphologique oppo<we, incluant des membres plus longs (Cartmill, 1974; Michilsens et al.,
2009; Nyakatura, 2012).

Parmi ces adaptations, les queues pehensiles ont souventet consiceees comme l'une des
moins etudees (Maniakas and Youlatos, 2019; Organ, 2010; Youlatos, 2003). Une queue
pehensile peut étre \simplement" ce nie comme une queue pesentant la capacie de saisir
des objets. La ce nition la plus couramment utilisee dans la literature est celle propose par
Emmons and Gentry (1983) : \Une queue pehensile est une queue qui peut supportera elle
seule le poids du corps d'un animal suspendu ; les queues semi-pehensiles peuvent étre enroukes
autour de branches et supporter une partie importante, mais pas la totalie, du poids du corps”.

Cependant, cette ¢k nition aet critiquee car la recessit de se suspendre uniquement par
la queue aek consiccee comme excluant plusieurs especes commurement consiceees comme
pehensiles et comme skloignant trop du sens originel de pehensile (c'esta-dire capable de
saisir). Meldrum (1998) : \L'accent mis sur le soutien du poids du corps a pu conduire a
regliger oua banaliser les qualies pehensiles de la queue de nombreuses especes de primates.
Selon le Webster's New Universal Unabridged Dictionary, I'adjectif pehensile exprime la qualie
de saisir ou d'agripper, \comme la queue pehensile de certains singes" (McKechnie, 1983)".

Une ce nition plus ecente et moins restrictive se trouve dans Deane (2022) : \La queue de
tout verebe adapta la pehension peut tenir des objets ou supporter une partie ou la totalie
du poids corporel de I'animal lorsqu'il est immobile (c'esta-dire en position d'alimentation) ou
pendant la locomotion". En n, Haines (1958) ck nit la \pehensilie" de la queue en mettant
I'accent sur la diversie des mouvements et des capacies que ce terme inclut : \La pehensilie
varie d'une tendancea se presser oua s'enrouler en spirale autour d'un support, comme chez
de nombreuses souris,a un enroulement sysematique autour des tiges, comme chez le rat des

190



moissons ou le marsupial nectarivor@arsipes jusqua la capacie de supporter la totalie ou la
plus grande partie du poids du corps par la seule extemit de la queue enrouke autour d'une
branche, comme chez les opossums et les singes-araigrees."

Les queues pehensiles sont largement epandues chez les verebes. Comme indiqwe plus
haut, ce trait est largement ceveloppe chez les verebes arboricoles, y compris les mammigres,
les reptiles et les amphibiens (Emmons and Gentry, 1983; Hanken et al., 2005; Luger et al.,
2020, 2021; Zippel et al., 1999). Les hippocampes (Neutens et al., 2014; Neutens et al., 2017;
Porter et al., 2015) et les animaux pour lesquels I'apparition de ce trait dans un contexte ar-
boricole n‘a paseketablie, comme Bettongia (Haines, 1958), constituent les seules exceptions
notable a cette tendance. Chez les mammikres, les queues pehensiles auraientevolie dans
six ordres et environ 40 genres. Cette estimation, couramment ciee, est issue des travaux
de Bergeson (1996) et prend en compte les ordres Primates, Carnivora, Rodentia, Xenarthra,
Pholidota et Marsupialia qui est ici consicee comme un seul ordre. Cependant, en raison de
la di culea c nir de telles capacies mentionrees peedemment ainsi que du manque de
donrees comportementales pour de nombreuses especes tropicales vivant dans la canogee, le
nombre d'especes pehensiles et leur distribution phylogeretique pourraient étre sous-estires.
En e et, des especesa queue pehensile ontegalementet signakes dans d'autres ordres tels
gue les Eulipotyphla (Meester and Dippenaar, 1978) et les Afrosoricida (Benjamin Sulser and
MacPhee, 2023) et de telles capacies sont probablement pesentes dans d'autres genres parmi
les ordres peedemment cies (Carrizo et al., 2014; Emmons, 1993; Musser and Durden, 2002).

Parmiles mammitres, ce sont les primatesa queue pehensile qui ont recu le plus d'attention.
Plusieursetudes ont pore sur le rbleecologique jole par cette structure. Les queues pehensiles
semblent etre utilisees pour permettre l'acesa des sources de nourriture autrement inaccessi-
bles (Garber and Rehg, 1999; Grand, 1977). Elles peuventegalement jouer un rbéle d'ancrage
pour xer le corps au-dessus des branches et likerer les mains pendant les comportements de
recherche de nourriture et d'alimentation (Bergeson, 1996; Garber and Rehg, 1999; Grand,
1977). Certaines especes ontet signakes comme franchissant les espaces entre branches en
utilisant leurs queues pour maintenir le contact sur une branche tout en atteignant la suivante
(Bergeson, 1996; Gebo, 1992; Youlatos, 1999). Les queues pehensiles peuventegalement jouer
un réle important pour aider et contrbler le rythme pendant les comportements de descente
la téte la premere (Rosenberger and Strier, 1989; Youlatos and Gasc, 1994). Cesetudes ont
egalement mis enevidence le fait qu'elles peuvent jouer des rbles dierents selon les especes.
Alors que certaines especes commnéebuset Sapajus utilisent principalement leur queue au-
dessus des branches pendant des postures tripodes, d'autres especes coltetes utilisent leur
gueue dans des comportements locomoteurs en suspension tels que de la brachiation assisee
par la queue (Bergeson, 1996; Rosenberger and Strier, 1989; Youlatos and Gasc, 2001).
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En outre, Meldrum (1998) a ceclae que les queues pehensiles chez les mammikres en
eereral sont susceptibles de jouer des roles dierents en fonction de I'espece. Emmons and Gen-
try (1983) ont souligre la speci cie du réle de la queue pehensile chez les especes myrnecophages,
presque exclusivement utiliee pendant les comportements de recherche de nourriture non lo-
comoteurs, et Zavodszky and Russo (2020) ont consicee que dans ce cas la queue pehensile
etaita la fois pehensile et utilisse comme appui, comme leurs proches parents terrestres. En
dehors des primates, les donrees sur l'utilisation de la queue pendant les comportements lo-
comoteurs et posturaux sont rares. De beves descriptions peuvent étre trouvees dans Dor
(1937) pour plusieurs especes de mammitres. Une etude plus cetailee sur des animaux en
captivie aee ealise pour le kinkajou ( Potos avus), un carnivorea queue pehensile (Mc-
Clearn, 1992). Les donrees quantitatives sont particulerement rares (mais voir Dalloz et al.,
2012) malge leur importance critique pour comprendre la pertinence fonctionnelle du syseme
musculo-squelettique (Hunt et al., 1996). Dans ce contexte, le premier chapitre de ce travail
doctoral a donc chercre a decrire I'utilisation de la queue pehensile et du type de substrat
entre deux primates, le hurleur rouge de GuyaneAlouatta macconnell) et le capucin brun
(Sapajus apell, et un carnivore, le Kinkajou (Potos avus). Pour ce faire, nous avons utilise
1 431 photographies obtenues a partir de peges photographiques plaes dans la canopee en
Guyane frarcaise. Les esultats ont monte queP. avus pesente une plus grande diversie de
comportements assocesa sa posture eta sa locomotion gererale ainsi que dans ses comporte-
ments assocesa I'utilisation de la queue pehensile qu8. apellaet A. macconnelli De plus,P.
avus utilise sa queuea la fois pour la stabilie et pour supporter sa masse pendant des com-
portements locomoteurs et posturaux, alors qu&. macconnelli et S. apellautilisent leur queue
principalement pour supporter la masse et pour la stabilie respectivement, et ce uniquement
pendant des comportements posturaux?otos avus utilisait principalement de large supports,
tandis que A. macconnelli utilisait davantage de petits substrats.Sapajus apellaa monte une
petrence pour les substrats moyens et large. Les analyses multivarees ont monte que les
trois especes etaient bien dierencees en ce qui concerne les comportements positionndfs,
avus pesentant plusieurs comportements posturaux et surtout locomoteurs non partages par
les deux especes de primates, ainsi qu'une combinaison de comportements partages avec les
deux autres especes.Alouatta macconnellietait principalement caracerie par des postures
suspensives et des ceplacements verticaux tandis gq8e apellautilisait principalement des pos-
tures au-dessus de la branche en utilisant sa queue pour s'ancrer.

La convergence des capacies pehensiles de la queue a conduita plusieurs etudes sur les
convergences anatomiques qui pourraient étre corekesa ces capacies. En e et, on s'attenda
ce que le fait d'eétre capable d'enrouler pecisement sa queue autour d'un support, de maintenir
une prise ferme et de supporter souvent une partie ou la totalie du poids du corps conduisea
des adaptations morphologiques.
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Tout d'abord, d'un point de vue anatomique, la egion caudale du squelette axial est com-
pose de toutes les verebres sittees distalement par rapport au sacrum ou, en d'autres termes,
la legion commence au niveau de la premere vertebre dont le centrum n'est pas fusionre avec
celui des verebres sacees (voir Bucholtz, 2012). Les verebres caudales pesentent plusieurs
changements morphologiquesa travers la queue. Au niveau proximal, elles sont articukes par
deux articulations dierentes, comme les verebres cervicales, thoraciques et lombaires. Elles
sont articuees entre les centra par des disques interverebraux et possdent une autre paire
d'articulations sitiees plus dorsalement par le contact de la postzygapophyse d'une verebre
avec la pezygapophye de la verebre suivante. Plus loin dans la queue, les pezygapophyses
et les postzygapophyses disparaissent et les verebres ne sont plus articuees que par des artic-
ulations interverebrales. Classiquement, les postzygapohyses sont les premeresa disparatre,
ce qui donne une verebre ai elles sont absentes mais qui pesente des pezygapophyses. Cette
verebre est appeke verebre de transition, selon la & nition d'Ankel (1962). Chez les mam-
mikres, la longueur des verebres caudales a tendance a varier d'un bouta l'autre de la
gueue selon un sclema constant. Proximalement, les verebres augmentent progressivement
en longueur, atteignant leur taille maximale a peu pes au milieu de la queue. Ensuite, a
partir de la verebre la plus longue, elles diminuent progressivement en longueur. Ces reperes
anatomiques ont conduita la subdivision de cette egion en trois parties, les egions proximale,
transitionnelle et distale (Ankel, 1962; Hofmann et al., 2021; Youlatos, 2003). La vertbre
transitionnelle est la dernere verebre de la egion proximale suivie des verebres de la egion
transitionnelle. De méme, la verebre la plus longue est la dernere verebre de la egion tran-
sitionnelle suivie des verebres appartenanta la egion distale. Plusieurs autres structures
pesentent des changements dans la egion caudale. Les apophyses transverses sont des exten-
sions osseuses sitlees lakralement sur les verebres, sur lesquelles s'attachent plusieurs muscles
de la queue. Dans la egion proximale de la queue, les verebres pesentent une grande apophyse
transverse centrale, tandis qua partir de la transition entre la egion proximale et la egion
transitionnelle, les verebres pesentent deux apophyses transverses plus petites, I'une proxi-
male et l'autre distale (voir Hofmann et al., 2021). Les apophysesepineuses sont des extensions
osseuses sitlees dorsalement sur les verebres et abritant des muscles de la méme manere que
les apophyses transverses. Ces structures sont pesentes dans la egion la plus proximale de
la queue et tendenta disparatre dans la egion proximale (voir Hofmann et al., 2021). Enn,
les arcs hemaux (ou os chevrons) sont des structures osseuses sittees ventralement entre les
verebres. lls jouent un réle de protection des vaisseaux sanguins et de site d'attachement des
muscles (Zavodszky and Russo, 2020). lls sont classiqguement en forme de Y ou de V, bien
gu'une plus grande variabilie de forme puisse etre obsenee (Zavodszky and Russo, 2020). Les
arcs remaux bien dceveloppes, fusionres bilaeralement, trouves au niveau proximal ontee
cecrits comme devenant des paires de structures, plus petites, rondes, et ressemblanta des
gsamodes (Lemelin, 1995) plus distalement dans la queue.
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Les recherches sur I'anatomie caudale des mammiktresa queue pehensile se sont largement
concentees sur les primates platyrrhiniens et sur les caraceres oseologiques (Ankel, 1962;
Deane et al., 2014; German, 1982; Organ, 2007, 2010; Zavodszky and Russo, 2020). On trouve
guelques etudes moins nombreuses sur les carnivores (Youlatos, 2003; Zavodszky and Russo,
2020), les fourmiliers (Xenarthra) et les pangolins (Pholidota) (Zavodszky and Russo, 2020).
Cesetudes ont misent enevidence plusieurs caraceristiques osteologiques convergentes ou fonc-
tionnellement assocees aux capacies pehensiles. Les especes pehensiles ont tendancea avoir
une egion caudale proximale proportionnellement plus longue (Ankel, 1962; Dor, 1937; Organ,
2010; Youlatos, 2003). Les travaux peedents ontemis I'hypotrese que cela permettait une
plus grande exibilie de la egion proximale de la queue en ajoutant plus de verebres dans
cette egion tout en augmentant la rigidie car les articulations zygapophysaires limitent les
mouvements autres que la exion et I'extension. Les vertbres caudales des especesa queues
pehensiles ont tendancea etre plus courtes et plus larges, avec des processus tranverses plus
cevelopres, en particulier dans la egion distale de la queue (Ankel, 1962; German, 1982; Or-
gan, 2007, 2010; Youlatos, 2003). Des vertbres plus robustes ontee assoceesa la recessie
de esister aux contraintes necaniques imposes par le role de support de masse de la queue
ayant lieu dans un grande proportion des comportements impliquant une utilisation de la queue
pehensile, y compris, mais sans se limiter aux postures de suspension. L'expansion des apophy-
ses transverses est leea I'augmentation de la masse des muscles de la queue qui s'inerent sur
ces structures. Deane et al. (2014) ont cemonte que les primates pehensiles posedent des
surfaces articulaires interverebrales plus grandes et plus convexes. Cette dierence avec les
especes non-pehensiles est suppoxe etre leea la recessie de esister aux stresses necaniques
imposesa la queue par les comportements qui impliquent de supporter une partie ou la totalie
du poids du corps, de manere similairea ce quiaet monte concernant la "robusticie” des
verebres. Il aet rappore que les os chevrons avaient une plus grande hauteur dorso-ventrale
chez les especes pehensiles (Zavodszky and Russo, 2020). Toutefois, la signi cativie de ces
esultats semble varier en fonction des cladesetudes et devrait donc faire I'objet d'une etude
plus approfondie (Zavodszky and Russo, 2020).

En comparaison, lesetudes sur les tissus mous sont plus rares. Organ et al. (2011) ont
cemonte gue les primatesa queue pehensile ont tendancea possder plus de necanoecepteurs
dans la peaua I'extemit de leur queue, ce qui leur permet d'avoir une plus grande sensibilie
tactile. Lesetudes myologiques se sontegalement principalement concentees sur les primates.
Lemelin (1995) a fourni une description cetailee des muscles de la queue des platyrrhiniens
pehensiles par rapporta des proches parents non-pehensiles. Ce travail a mis enevidence
gue les especes pehensiles ont tendance a possder des muscles echisseurs plus cevelopges,
une distribution plus continue de leurs muscles dorsaux et ventraux a travers la queue, des
tendons plus courts et une origine plus proximale de certains muscles. Des descriptions plus
beves incluant des especes non-primates gurent dans la trese de doctorat de Dor (1937).
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Elles comprennent en addition du primateLagothrix lagotricha le carnivore Arctictis bintur-

ong le »enarthre Tamandua tetradactylaet le marsupial diprotodonte Trichosurus vulpecula
Ces especes ontek cecrites comme possdant des masses musculaires hypertrophees dans
I'ensemble, et des muscles echisseurs particulerement ceveloppes, notamment un court mus-
cle interverebral s'attachant aux apophyses transverses, appekt intertransversarii caudae. La
seule exception notableetant I'espece marsupiale qui aet cecrite comme pesentant des mus-
cles caudaux similairesa ceux des especes non pehensiles. En n,a notre connaissance, letude
guantitative des muscles de la queue chez les especes pehensiles n'aet ealise qu'une seule
fois. Organ et al. (2009) ont examire le muscle intertransversarii caudae de primates et de
procyonices (Carnivora) pehensiles et non-pehensiles et ont cemonte que chez les especesa
gueue pehensile, ce muscleetait plus massif, en particuliera I'extemite de la queue. En con-
jonction avec les stimulations electrophysiologiques ealiees par Lemelin (1995), ces esultats
soulignent que la exion et la exion lakrale gereees par I'action combiree dee ces muscles
epees sont susceptibles de jouer un rble important dans les comportements de suspension de
la queue en maximisant le contact entre I'extemit de la queue et le substrat. Ceci con rme
I'nypothese de German (1982) selon laquelle la pesence d'apophyses transverses relativement
eveloppeesa I'extemie de la queue des atelices par rapport aux ebices pehensiles devrait
etre leea la flequence importante des comportements suspenseurs obsenes chez les premiers.
A n de mieux comprendre les implications fonctionnelles de I'anatomie caudale des especesa
gueue pehensile, il est essentiel d'acqlerir davantage de donrees myologiques. A cette n, le
chapitre deux de cette these de doctorat visea cecrire eta rassembler des donrees quantitatives
sur les muscles de la queue des especesa queue pehensile. Ce travail se concentrera sur les
deux carnivoresa queue pehensile, le reotropicaPotos avus (Procyonidae, Caniformia) et le
sud-est asiatiqueArctictis binturong (Viverridae, Feliformia) en comparaison avec deux especes
apparenees non pehensile,Nasua nasua(Procyonidae, Caniformia) etPanthera onca (Feli-
dae, Feliformia). Nos esultats quantitatifs ont mis enevidence des masses musculaires plus
importantes pour les principaux muscles echisseurs chez les especesa queue pehensile, ce qui
est similaire aux observations peedentes sur les primatesa queues pehensiles. En revanche,
les carnivores pehensiles ne pesentaient pas les tendons courts caraceristiques decrits pour
les primates pehensiles. En outre, les deux especes pehensiles etaient caraceriees par des
insertions musculaires dans la egion ventronediale de la queue qui dieraient entre les deux
carnivores pehensiles d'une part et entre leurs parents non pehensiles d'autre part. Dans
I'ensemble, ces esultats suggerent un decouplage partiel de la convergence oseologique et my-
ologique assocee aux capacies pehensiles.

Le patron global de distribution des especesa queue pehensile estegalement remarquable.
En e et, chez les mammitres, mais aussi plus gereralement chez les verebes terrestres, les
gueues pehensiles sont plus fequentes dans les Neotropiques que dans toutes les autres foréts
tropicales (Emmons and Gentry, 1983). Ce patron aet mis enevidence en comparant la
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pesence d'especes pehensiles et d'especes planantes dans les foréts tropicales de trois egions
du globe : les Neotropiques, I'Afrique centrale occidentale (repesentant I'Afrique) et Borreo
(repesentant I'Asie du Sud-Est). L'inventaire des especes pehensiles ealise par Emmons and
Gentry (1983)etait compos de 24 especes de mammitres (cing familles) dans les Neotropiques,
de deux especes (deux familles)a Borreo et de trois especes (deux familles) en Afrique centrale
occidentale. Les proprees structurelles des foréts qui pourraient dierer entre ces foréts et ex-
pliquer ce nombre important d'especes pehensiles ontee analyses. Il aee cemonte que les
Neotropiques pesentent une densit de lianes intermediaire entre Borreo (densie plus faible)

et I'Afrique centrale et occidentale (densie pluselewee). Les auteurs ont conclu que la densie
importante de lianes trouvee en Afrique centrale occidentale devrait fournir une connectivie
importante de la canopee expliquant I'absence de specialisations arboricoles cerivees comme le
vol plare ou la possession de queues pehensiles. Les especes planantes ont cependant tendance
a se trouver dans des foréts plutdt ouvertes avec tes peu de lianes, ce qui souligne la relation
entre les densies internediaires de lianes et l'origine des especesa queue pehensile. Une autre
dierence nok par les auteurs est la fequenceelewee des palmiers de taille comparablea celle
d'un arbre dans les foréts reotropicales. Les palmiers sont consickes comme dicilesa es-
calader, en particulier leurs feuilles. Ils posedentegalement des adaptations qui empéchent les
infestations de lianes, ce qui se traduit par une canopee globalement plus discontinue. Cepen-
dant, leurs fruits sont une source de nourriture importante pour les animaux frugivores. En
outre, il aee obsene que les mammitres arboricoles reotropicaux les utilisaient fequemment
pour traverser la canopee (Emmons and Gentry, 1983).

L'hypotrese a donc et emise qu'ils auraient pu agir comme une pression <lective vers
levolution des queues pehensiles. En n, les auteurs, se basant sur des observations person-
nelles, ont ceclae que les lianes et plus largement la \egetation des Neotropiques semblaient
plus fragiles, notamment par rapport aux foréts africaines. Cette fragilie relative pourrait
egalement avoir ee une pression ®lective entramant levolution des queues pehensiles, car
elles sont souvent utilisees pour l'ancrage ou comme moyen de se curiser lors du franchisse-
ment d'un espace vide entre branches dans la canoee. En outre, Emmons and Gentry (1983),
en association avec cette fragilie, ont noe que chez les primates reotropicaux, les esgeces les
plus lourdes ont tendance a etre pehensiles, les especes consiceees comme semi-pehensiles
peuvent etre trouvees dans la classe de poids moyenne et les especes les plus petites sont
non-pehensiles. German (1982) aegalement noe que chez les primates il y avait une forte
corelation entre le dege de pehensilie et la masse corporelle. Cependant, plusieurs mam-
mieres de taille petite a moyenne sont egalement connus pour &tre pehensiles. Pour ces
especes, la fragilie vegetale n'est peut-&tre pas la principale pression slective a l'origine de
I'apparition de ce trait. En outre, il aet suggee que les petits mammikres pourraient étre
exposesa des contraintes necaniques dierentes et donc ne pas converger morphologiguement
avec les especes pehensiles plus grandes (Maniakas and Youlatos, 2019). En e et, la plupart
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des adaptations ostologiques des especes pehensiles ontet fonctionnellement assoceesa la
recessie d'avoir des verebres plus fortes a n de supporter les contraintes imposes par le rble
de support de masse de la queue (Ankel, 1962; German, 1982; Organ, 2010; Youlatos, 2003).
Ainsi, les especes plus egeres pourraient ne pas @tre soumisesa des niveaux de stress similaires
tout en pesentant des comportements similaires. Les petits mammitres pehensiles peuvent
étre trouves dans des clades comme les marsupiaux didelphices dans les Neotropiques (Voss
and Jansa, 2021) et les especes de plusieurs familles de marsupiaux diprotodontes (par exemple
Acrobatidae, Burramyidae, Petauridae) en Papouasie-Nouvelle-Guiree et en Australie. Cette
egion n'a pasek inspecee aussi minutieusement que les Neotropiques mais est souvent men-
tionree comme pesentant un nombre important de marsupiauxa queues pehensiles (Emmons
and Gentry, 1983; Lambert and Halsey, 2015; Meldrum, 1998). Outre les marsupiaux, cette
egion abriteegalement plusieurs especes de rongeurs de taille petitea moyenne de la tribu des
Hydromyini (Murinae) qui ontee cecrites comme pesentant des queues pehensiles (Flannery,
1995). Actuellement, des queues pehensiles sont rapporees chez sept genres de la tribu, deux
genres dans la division Uromys, deux genres dans la division Mallomys, un genre dans la di-
vision Coccymys ainsi que deux genres dans la division Pogonomys. De plus, des phylognies
ecentes de la tribu (Rowe et al., 2008, 2019; Roycroft et al., 2022) suggerent que ce trait pour-
rait avoirevolle plusieurs fois au cours de leur histoire evolutive. En e et, la plupart de ces
ligrees pehensiles ont des proches parents non-pehensiles arboricoles et terrestres. Avec des
especes pehensiles dont la taille varie de 22-28g po@occymys kirrhosa 1000g pour Solomys
ponceleti (Wilson et al., 2017), cela fournit un cadre tes ineressant pouretudier I'e et de la
taille sur la variation morphologique. Le chapitre 3 se concentrera donc sur cette tribu, avec
unechantillonnage plus large comprenant des especes pehensiles et non-pehensiles de la sous-
famille des Murinae. L'objectif est devaluer s'il existe une convergence morphologique dans la
forme des verebres des petits mammitres pehensiles et si le patron convergent obsene est
similaire ou dierent des esultats peedents sur les especes pehensiles plus lourdes. En outre,
les donrees phylogeretiques obtenues permettent d'e ectuer des analyses d'estimation déetat
ancestral a n de mieux comprendre le nombre d'origines de ce trait dans ce clade, en particulier
chez les especes australo-papoues. Nos esultats morphonetriques sur les ratios des dimensions
verebrales ont ewek une convergence de la morphologie verebrale chez les Murinaea queues
pehensilea la fois au sein du clade et avec d'autres mammitresa queue pehensile. En e et, les
muriresa queues pehensiles pesentent des verebres plus courtes et larges avec des processus
transverses relativement plus cevelopees que chez les especes non-pehensiles. Un important
e et de la taille aegalementeke obsene. Les especes petitesa moyennes (pour des micro-
mammikres) ont un \patron pehensile” restreinta I'extemit de la queue quand les especes
pehensiles les plus massives du jeu de donrees voient ce patron setendre plus proximallement.
En outre, nos esultats ont permis d'identi er de \nouvelles" especes pehensiles potentielles.
Une estimation de letat ancestral aee ealiee, soutenant septe\enements convergents, dont
cing chez les Hydromyini. Nous suggrons que cette nethodologie pourrait etre utile pour
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ceduire la pehensilie chez des especes et des fossiles mal connus. Ces esultats ont, de plus,
permis de discuter du fait que la egion australo-papoue pourrait agir comme un point chaud
a l'origine des queues pehensiles, tout comme la egion reotropicale.

Globalement, I'objectif de ce travail doctoral aet de proposer une etude inegrative du
comportement positionnel et de I'anatomie musculaire et oseologique des mammitresa queue
pehensile. A cette n, les trois chapitres de cette these ont ajoue de nouvelles especes et
methodes pour compkter les connaissances peexistantes a n de combler les lacunes dans notre
compehension de lI'anatomie fonctionnelle et de levolution de ce trait particulier.
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Abstract

Prehensile tails (i.e. capable of grasping) are considered to be an adaptation to highly arboreal
lifestyles. This trait has been reported in at least 40 mammalian genera across six orders. This
important number of species across a wide diversity of mammals suggest several independent origins
of prehensile tails. Such capacities are believed to impose particular mechanical constraints onto
the tail and thus hypotheses regarding morphological convergence between those taxa have been
tested. Prehensile species appear to present shorter and wider caudal vertebrae, with more developed
transverse processes and an important development of their exor muscles. However, primates and
carnivorans (to a lesser extent) have been the primary focus of such studies, thus much remains
unknown and there is especially a need to take into account a wider diversity of taxa in further studies.
To better characterize the convergent patterns aforementioned, this doctoral dissertation aimed to
conduct an integrative approach adding behavioral, myological, and osteological data on carnivorans
and rodents. Behavioral results con rm that howler and capuchin monkeys use their tails in di erent
ways and establish that kinkajous present both a combination of tail-associated behaviors found in
the aforementioned species as well as unique behaviors. Regarding tail muscles, carnivorans appear
to present trends similar to those found in primates, especially regarding the relative development
of their exor muscles but also demonstrate distinct structural properties highlighting a partial
decoupling of myological and osteological convergences. Lastly, the investigation of the tail vertebrae
of small rodents demonstrates that they share a convergent pattern with primates and carnivorans
and helped diagnose prehensile capacities in new species. Overall, this work contributed to better
understanding the convergences as well as the diversity in the behavior and the anatomy of prehensile-
tailed species in order to better appreciate the interplay between form and function associated with
this trait.

Resune

Les queues pehensiles (capables de s'agripper) sont consiceees comme une adaptationa un mode
de vie arboricole. Ce trait aet signak dans au moins 40 genres de mammiktres appartenanta

six ordres. Ce nombre important d'especes de mammikres suggere plusieurs origines inckependantes
des queues pehensiles. Ces capacies sont consickees comme imposant des contraintes necaniques
particuleresa la queue et la convergence morphologique entre ces taxons a doncek tese. Les especes
pehensiles semblent pesenter des verebres caudales plus courtes et plus larges, avec des processus
transverses plus ceveloppes et un ceveloppement important de leurs muscles echisseurs. Cependant,
les primates et les carnivores ontet les principaux sujets de cesetudes. Il reste donc beaucoup
d'inconnues et il est particulerement recessaire de prendre en compte une plus grande diversie
de taxons. A n de mieux caraceriser les patrons convergents mentionres ci-dessus, cette tlese
visaita mener une approche inegrative en ajoutant des donrees comportementales, myologiques et
oskologiques sur les carnivores et les rongeurs. Les esultats comportementaux ont con rire que les
singes hurleurs et capucins utilisent leur queue de manere dierente et ontetabli que les kinkajous
pesententa la fois une combinaison de comportements assocesa la queue que I'on retrouve chez
les especes susmentionrees ainsi que des comportements uniques. En ce qui concerne les muscles
de la queue, les carnivores semblent pesenter des tendances similaires a celles obsenees chez les
primates, notamment en ce qui concerne le ceveloppement relatif de leurs muscles echisseurs, mais
ils pesententegalement des proprees structurelles distinctes qui mettent enevidence un cecouplage
partiel des convergences myologiques et oseologiques. En n, letude des verebres caudales des petits
rongeurs a cemonte qu'elles partagent un patron convergent avec les primates et les carnivores et

a permis de diagnostiquer des capacies pehensiles chez de nouvelles esgeces. Dans I'ensemble, ce
travail a contribtea mieux comprendre les convergences ainsi que la diversie dans le comportement

et I'anatomie des especesa queue pehensile a n de mieux appecier l'interaction entre la forme et

la fonction assoceesa ce trait.
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