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We carried out a multidisciplinary study linking behavioral and morphological data from a little-
known guenon species, Cercopithecus solatus, endemic to Gabon. Over a period of 9 months, we
documented the pattern of stratum use associated with postural and locomotor behavior by direct
observation (650hrs) of a semi-free-ranging breeding colony. We also conducted a morphometric
analysis of the humerus and limb proportions of 90 adult specimens from 16 guenon species,
including C. solatus. Field observations indicated that C. solatus monkeys spent a third of their time
on the ground, similar to semi-terrestrial guenon species. We detected two patterns of stratum use: at
ground level, and in trees, at a height of 3–10m. The monkeys spent more time on the ground during
the dry season than the wet season, feeding mainly at ground level, while resting, and social
behaviors occurred more frequently in the tree strata. Our study of humerus size and shape, together
with the analysis of limb proportions, indicated morphofunctional adaptation of C. solatus to greater
terrestriality than previously thought. We therefore characterize C. solatus as a semi-terrestrial
guenon, and propose a new hypothesis for the ancestral condition. By combining behavioral and
morphological results, we provide new information about the adaptive strategies of the species, and
the evolutionary history of guenons, thus contributing to the conservation of the sun-tailed monkey in
the wild. Am. J. Primatol. © 2015 Wiley Periodicals, Inc.
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INTRODUCTION
In the animal kingdom, morphological traits are

strongly associated with ecological functions: in
finches, beak morphological traits are inseparable
from their diet [Grant & Grant, 1996] or vocal
signature [Badyaev et al., 2008; Podos, 2001]. In
mammals, cranial morphology and dietary ecology
are also associated [Christiansen & Wroe, 2007;
Nogueira et al., 2009]. For example, in ungulates,
horn morphology correlates with feeding and social
behaviors [Janis, 1982]. Many biological aspects,
from space use to biotic interactions (e.g.,
competition, predation, and reproduction) are inti-
mately related to morphological adaptations [Kay,
1984]. Observation protocols, either in captivity or in
the wild, serve to determine to what extent morphol-
ogy, and behavior interact [Wright, 2007]. It is
necessary to consider behavioral ecology and
functional morphology together when assessing the

evolutionary history of species [Kaplin &Moermond,
2000; Wright, 2007].

In the tribe Cercopithecini, which includes
guenons, there is a great diversity of species, often
living in sympatry, and differing in their ecological
niches. This diversity offers an excellent opportunity
to study the relationships between ecology, morphol-
ogy, and evolutionary history, given that small
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differences in ecology and behavior may coincide
withmorphological variation [Coward&McConathy,
1996; Gebo & Sargis, 1994; Hurov, 1987; Kaplin &
Moermond, 2000; McGraw, 2004; Rodman, 1979;
Terrassin-Tholance, 1995; Wright, 2007]. Positional
behaviors (i.e., postural and locomotor behaviors)
and the degree of terrestriality (i.e., percentage of
time spent on the ground) in this tribe are intimately
related to morphological traits [McGraw, 2004]. As a
result, studies of the evolutionary history of the tribe
Cercopithecini usually focus on locomotor and
postural abilities, and predict substrate preferences
by usingmultivariatemorphometrics, including limb
proportions, and linear measurements of the
postcranial musculoskeletal system [Anapol, 2005;
Escarguel, 2005; Manaster, 1979; McGraw, 2004;
Ruff, 2002; Slice&Taylor 2005; Su&Jablonski 2009;
Youlatos, 1999; Youlatos, 2003; Youlatos & Koufos,
2010; Youlatos et al., 2012]. Ecological field studies,
by contrast, often categorize species mainly by
lifestyle (i.e., terrestrial, semi-terrestrial, or arbore-
al), quantifying the degree of terrestriality to
discriminate between species [e.g., Gautier-Hion,
1988]. Classifying activity budget and positional
behaviors by the vertical stratum of the habitat
where they occur provides a more comprehensive
analysis of the pattern of stratum use (PSU),
including the degree of terrestriality. Such ecological
field study more clearly identifies substrate
preferences and their ecological determinants (e.g.,
food resources).

In-depth knowledge of the lhoesti superspecies,
which includes three species, Cercopithecus lhoesti,
C. preussi, and C. solatus, is important for
understanding the evolutionary history of the tribe
Cercopithecini. The lhoesti group is associated with a
terrestrial lifestyle, whereas most other guenon
species (other than Cercopithecus aethiops and
Erythrocebus patas) are generally considered to be
arboreal and forest-dwelling [Fleagle, 1999; Gautier-
Hion, 1988; Gebo & Sargis, 1994]. The adaptation of
the Cercopithecus lhoesti group to a terrestrial
lifestyle appears to be concomitant with morphologi-
cal adaptations [Fleagle, 1999]. Cercopithecus
lhoesti, C. preussi, and C. solatus are remarkable
among guenon species for their distinctive behavior-
al and ecological characteristics, as well as their
disjointed and restricted distribution, and their
small populations [Kaplin & Moermond, 2000].
Such small populations mean that data pertaining
tomorphological analyses and behavioral studies are
rare for the lhoesti group, especially for C. solatus
[Kaplin & Moermond, 2000]. In many major studies
and reviews [Ankel-Simons, 2000; Cardini & Elton,
2008; Delson et al., 2000; Fleagle, 1999; Gebo &
Sargis, 1994; Senut, 1986; Smith & Cheverud, 2002],
C. solatus is either entirely absent from datasets or
considerably underrepresented, compared to other
guenon species.

The sun-tailed monkey, C. solatus, is endemic to
Gabon, where it was first discovered in 1984
[Harrison, 1988]. The cryptic nature of the species
has limited direct observation in the wild. Most
ecological data come from brief informal observations
made when the species was first discovered [Gautier-
Hion, 1988; Harrison, 1988]:C. solatus is described as
a species that forages on the ground for plant
material, fruits, and invertebrates, spending about
40% of its time there. However, these initial studies,
though of primary importance, relied mostly on
opportunistic or indirect observation. Later
observation of semi-free-ranging monkeys suggested
that the degree of terrestriality ofC. solatuswasmore
than twice as high as the values published by
Gauthier-Hion [1988], and the lifestyle category was
revised from semi-terrestrial to terrestrial [Peignot
et al., 2000]. Such conflicting assessments of the
degree of terrestriality highlight the need for a more
comprehensive characterization of PSU forC. solatus.

The collection of new data on the ecology of C.
solatus has been in progress since 2009, as an
ongoing component of the ECOSOL project (Ecology
and Conservation of Cercopithecus solatus). Part of
this vast collection of behavioral ecological field data
enabled us to calculate the degree of terrestriality of
C. solatus, and also to investigate PSUand positional
behavior. Taking into account ecological determi-
nants (i.e., seasonality) of PSU, we compiled a full
ecological profile for C. solatus. We compared these
results with the profiles of 19 other Cercopithecini
species, based on data obtained from the literature.
Aftermorphometric analysis of long bones fromadult
sun-tailed monkeys and 15 other guenon species, we
used two distinctmultivariate analyses to predict the
substrate preference of C. solatus.

MATERIALS AND METHODS
Definition of Terms Used

In Table I, we define the terms used in this paper
to avoid confusion. Consistent use of some terms
remains problematic in the literature.

Behavioral Study
Our research complies with protocols approved

by the Animal Research Ethics Committee of the
Primatology Center at the Centre International de
Recherches M�edicales de Franceville (CIRMF), and
adheres to Gabonese legal requirements, and to the
Principles for the Ethical Treatment of Non-Human
Primates defined by the American Society of
Primatologists.

Study group and rainforest enclosure
The study group of semi-free-ranging sun-tailed

monkeys was a breeding group with 13 individually
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recognized members: one adult male, six adult
females, and immatures of both sexes. This
habituated group lived in a 0.7-ha rainforest enclo-
sure, where they foraged freely on natural leaves,
fruits, roots, bark, seeds, stems, and insects [Peignot
et al., 2000 and personal observation]. The natural
diet was supplemented with bananas, wild fruits,
and soya-based homemade cake twice a day. Water
was available ad libitum.

The enclosure consisted of a degraded secondary
forest, with very dense undergrowth comprising
lianas and shrubs. Several plant species characteris-
tic of the surrounding primary lowland rainforest
were present, including trees (Burseraceae:
Aukoumea klaineana and Santiria trimera, Legumi-
nosae-Mimosoideae: Penthacletra macrophylla,
Euphorbiaceae: Uapaca guineensis, Annonaceae:

Xylopia aethiopica) and lianas (Gnetaceae: Gnetum
africanum, Euphorbiaceae: Manniophyton fulvum,
Connaraceae: Cnestis sp.). Other plants characteris-
tic of degraded forests were also present (e.g.,
Arecaceae: Elaeis guineensis, Moraceae: Musanga
cecropioides). The canopy averaged 15–20m high,
with a maximum height of approximately 25m.
Leaves generally covered the ground. A security
perimeter, approximately 3m wide, free of trees and
covered by herbaceous species, ran along the inside of
the boundary fence.

Behavioral data collection
Two researchers (AD and CD) collected

behavioral data from dawn to dusk, 6 days per
month, from April to August 2011, and from
September to December 2012 (total observations:

TABLE I. Definition of the Terms Used in this Publication.

Terms used Definition

Degree of terrestriality The degree of terrestriality refers to the percentage of time an animal
spends at ground level.

Lifestyle ”Lifestyle” refers to the general categorization of ecology and behaviour of
a species. Herein, we consider three different lifestyles displayed by
primates, depending on the proportion of time spent in each habitat
stratum: an “arboreal” lifestyle category fits for species using mostly
non-terrestrial canopy, whereas a “terrestrial” lifestyle category fits for
species using the ground for most (>50%) of their activities. A
“semi-terrestrial” lifestyle fits species that spend 20-40% of their time
on the ground Gautier-Hion [1988].

Pattern of strata use (PSU) PSU is a profile of the time spent in every chosen stratum, and is be a
more comprehensive representation of ecology than lifestyle alone.
Thus, the pattern of strata use integrates components of behaviour,
such as social relationships or diet. It facilitates the identification of
multimodal use of the vertical habitat without predetermined
assumptions.

Substrate preference Substrate preference refers implicitly to the use of substrate resources
proportionally higher than their availability, and needs to be shown
statistically to determine a non-random use of habitat. However,
availability of strata is a very difficult parameter to assess, particularly
between sites or segments of a study area. Therefore, the term
substrate preference is used here as a prediction made after analysis of
the morphological traits of animals. The prediction refers to a
consideration of which substrates are more likely most efficiently
utilized with a given morphology.

Locomotor behaviours or abilities In behavioural ecology studies, locomotor behaviour corresponds to an
individual’s pattern of movement, such as bipedal, quadrupedal or
cling-and-leaping locomotion, as well as the classification of specific
sets of movements including running, walking or leaping. From a
morphological perspective, locomotor abilities may also be predicted
based on the association between specific morphology and comparative
behavioural data.

Postural behaviours or abilities In behavioural ecology studies, postural behaviours correspond to the
positions an individual assumes during bouts of immobility (for
example, during resting, feeding or foraging bouts). In morphological
studies, postural abilities refer to the predicted capacity to exhibit such
postural behaviours inferred from comparative skeletal data.

Positional behaviours or abilities Prost [1965] or
total locomotor pattern Ripley [1967]

All these terms refer to the overall combination of locomotor and postural
behaviours (or abilities) that an animal exhibits, and are both related
to a general interpretation of adaptation or lifeway Martin [1990].
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>650hr, 16,862 scans; monthly individual observa-
tion: mean¼39.2� 16.4 hrs, 95%CI¼ [35.8–42.5],
N¼93). Observations took place within the
enclosure, generally at a distance of 3–10m from
the animals. Using the “instantaneous scan” sam-
pling method [Altmann, 1974] at 10-min intervals,
the observer scanned from left to right, for a
maximum of two minutes, to record the behavior of
the first five individuals seen.

The five classes of activity were feeding, foraging,
traveling, social interactions (agonistic and affilia-
tive), and resting. Feeding describes the act of eating,
whereas foraging describes the search for food (e.g.,
scratching theground, turningover stones).Traveling
describes all locomotor behaviors: bipedal and qua-
drupedal running and walking, leaping and climbing
(following definitions in McGraw, 1996). We also
included “solitary locomotor play” (solitary energetic
play behaviors, e.g., playing while hanging from a
branch) as traveling. Resting comprised all postural
behaviors: sitting, quadrupedal posture, lying, and
sprawling (i.e., lying prone, following the definition in
McGraw, 2000); it also comprised quiet solitary play
behaviors (e.g., playing gently while seated).

Data analysis
We defined four forest strata to analyze the

pattern of stratum use (PSU): 1) “ground level” at
0m, 2) “lower stratum” <3m, 3) “medium stratum”
3–10m, and 4) “higher stratum” >10m. We then
compiled locomotor and postural behavioral profiles
for C. solatus. To avoid potential bias, we excluded
from our analysis any records in which animals were
feeding on provisioned food.

We also calculated seasonal differences in
activity budget within each stratum, to better
characterize PSU for C. solatus. We classified the
seasons according to normative patterns for Gabon
[Hijmans et al., 2005]. The wet season grouped
together themonths of April andMay and September
to December, while the dry season included the
months from June to August.

Statistical analyses
We carried out statistical analyses using SPSS

(version 17.0 for Windows; SPSS, Chicago, IL). As
there were slight differences in sample size among
individuals and in observation time across seasons,
we weighted the data by the number of scans per
individual, per hour of the day and per month (thus
correcting for unequal observation effort), prior to
the analysis. This process led us to create 93
comparable statistical individuals (i.e., individual�
month records), which represented repeated
measures of 15 individuals for 9 months (135
observations), minus the 42 observations for which
specific individuals were not recorded (newborns,
dead or injured during the study). In our analyses,
each of the 93 data points was a single individual per

month, with the same individual being considered
each month. We used paired Student t tests to
compare wet and dry seasons for PSU. Repeated
measures analysis of variance (ANOVA) compared
the five behavioral activities (feeding, foraging,
traveling, social interactions and resting) according
to season and stratum use. Pairwise comparisons
used post hoc tests with �Sid�ak correction. We
considered results significantly different at P<0.05.

Morphometric Study
Morphometric measurements and analyses

Morphometricmeasurements came from90adult
guenon skeletons (Table II). Specimens originated
from collections at the Mus�eum national d’Histoire
naturelle (MNHN, Paris, France), the Natural Histo-
ry Museum (NHM, London, UK), and the American
Museum of Natural History (AMNH, New York).
Postcranial and cranial materials were associated in
the collections, and we assessed the maturity of
specimensbased on the fusion of epiphyseal cartilages
and eruption of third molars. We sampled only sexed
specimens with intact stylopods and zeugopods (no
missing bones or breakage).

Wemeasured 13morphometric variables on limb
elements (Fig. 1, Table III), using a digital caliper
with a precision of 1mm.We corrected for the effect of
limb size using the Burnaby procedure, which
consists of extracting an isometric vector from the
multivariate dataset and computing new data
coordinates in a subspace that is orthogonal to this
vector [Burnaby, 1966].

Morphometric multivariate analyses
We tested for size differences within our sample,

particularly sexual dimorphism, which we corrected

TABLEII. Numberof SpecimensperTaxonbySex.We
Followed the Classification of Grubb et al. [2003].

Genus Species Males Females

Cercopithecus nictitans 5 5
mona 3 2
cephus 4 4
neglectus 1 —

lhoesti 6 4
solatus 1 3
diana 2 3
hamlyni 1 —

pogonias 5 4
erythrotis 1 —

ascanius 2 2
mitis 2 5

Chlorocebus aethiops 1 6
Miopithecus talapoin 2 4
Allenopithecus nigroviridis 3 1
Erythrocebus patas 3 5

Total 90
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when differenceswere significant betweenmales and
females within species. We predicted positional
abilities and substrate preference of C. solatus based
on arm morphology, using multivariate analysis of
humeral measurements. We used the literature to
identify the lifestyle of each of the other 16 species
included in the analysis (Table IV). We performed a

Discriminant Function Analysis, followed by a
Canonical Variate Analysis, on 86 specimens (all
samples, minus the 4C. solatus specimens), with
substrate preference to define the groups. This
established a predictive model that allowed us to
assign the C. solatus specimens to the most likely
substrate preference group. We used R version 2.12

Figure 1. Morphometric variables used in this study. On the left, humeral linear measurement used for themultivariate morphometric
study. On the right, forelimb, and hind limb segment dimensions used for the regressions. For measurement definitions, see Table III.

TABLE III. Morphometric Measurements Involved in this Study. The Measurements are Based on the Ones Used
by Youlatos et al. [2012]. Refer to Figure 1 for Illustrations of these Measurements.

Variable Name Definition

HHH Humeral head height Maximum diameter of the head
HHW Humeral head width Transverse diameter of the head
OLL Olecranon fossa

length
Maximum diameter of the olecranon fossa

OLW Olecranon fossa width Transverse diameter of the olecranon fossa
TRL Trochlea length Maximum length of the trochlea taken in antero posterior plane
ARTW Distal articular width Maximum medio-lateral diameter of the trochlea and capitulum taken perpendicular to

shaft.
BIEPW Biepicondylar width Maximum medio-lateral diameter perpendicular to shaft between tips of epicondyles
HL Humerus length Distance from head to capitulum
UL Ulna length Proximalmost end of the olecranon to head
RL Radius length Distance from the head to the most distal part of the styloid process
FL Femoral length Distance from head to medial condyle
TL Tibia length Distance from the head to the distal part of the internal malleolus
FBL Fibula length Distance from head to lateral malleolus
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(MASS [Venables and Ripley, 2002] and Candisc
[Friendly and Fox, 2013] packages) for these
analyses.

We assessed the positional behavior of sun-tailed
monkeys by computing indices from limb propor-
tions. These indices are commonly used to assess the
locomotor pattern of primate [e.g., Napier & Napier,
1967; Schultz, 1969]. We calculated a median value
per species for each variable. We chose to work with
median values rather than means, both to take
account of the small sample size, and because the
median is less affected by extreme values. We
computed pairwise correlations between limb seg-
ment lengths, using R (base package). We performed
major axis regressions, and calculated associated
statistics (slope, 95% confidence index of slope,
intercept and coefficient of determination).We tested
for scaling (isometry vs. allometry) following the
procedure of Claude [2008]. Our statistical analysis
was based on that published by Sargis et al. [2008]; to
facilitate direct comparisons of results.

RESULTS
Behavioral Study
Time spent on the ground and the pattern of
stratum use

The PSU for C. solatus was as follows: only
1.5�0.9% of time was spent in the higher

stratum; 39.3�10.1% in the medium stratum;
25.5�2.8% in the lower stratum; while the time
spent on the ground was 33.7�10.4% (N¼ 93
statistical individuals). Comparisons between C.
solatus and other guenon species were based
solely on the relatively sparse data available for
the time spent on the ground (Table IV). The time
spent on the ground for C. solatus (33.7%, 4.04
hours a day) more closely resembles that of semi-
terrestrial species (15.2–38%) which is far lower
than in terrestrial species (almost 60% for E.
patas, Table IV).

Seasonal variation
C. solatus used the medium and higher strata in

the wet season significantly more often than in the
dry season (Fig. 2, respectively t¼ 2.906, P¼0.023
and t¼3.321,P¼0.013), while ground level was used
in the wet season significantly less often than in the
dry season (t¼3.202, P¼0.015). There was no
significant seasonal difference in use of the lower
stratum.

We examined seasonal variation for PSU in
relation to behavioral activity (Table V) and found
significant effects of season (F(5,85)¼3.584,
P¼ 0.009), of PSU (F(12,251)¼ 12.506, P<0.001),
activity (F¼8.5, P<0.001) and their interaction
(F(12,251)¼2.128, P¼0.016). Post hoc tests indicated
that most feeding occurred at ground level in both
season, it increased significantly from 50.2% in the

TABLE IV. Life Style and Time Spent on the Ground of Different Guenon Species. (The Source Given for Each
Species is What we Considered as the Main Publication or the Major Synthesis on this Topic).

Taxon TSG (%) Environment Life style References

C. petaurista <1 WLD Arboreal McGraw [2000]
C. diana� 1.7 WLD Arboreal McGraw [2000]
A. nigroviridis

�,a 90 WLD Semi-terrestrial? Gautier [1985]; Gautier-Hion [1988]
C. hamlyni

� ,b — — Semi-terrestrial? Gebo & Sargis [1994]; Cardini & Elton [2008]
C. erythrotis� — WLD Arboreal Gonzalez-Kircher [1996]
C. ascanius� — WLD Arboreal Gebo & Chapman [1995]
C. mona

�,c — — Arboreal Gebo & Sargis [1994]
C. mitis� 9 WLD Arboreal Gebo & Sargis [1994]; Gautier-Hion [1988]
C. pogonias� <2 WLD Arboreal Gautier-Hion & Gautier [1974]
C. nictitans� <3�� WLD Arboreal Gautier-Hion [1988]
M. talapoin� 5 WLD Arboreal Gautier-Hion [1988]
C. cephus� 11 WLD Arboreal Gautier-Hion & Gautier [1974]
C. campbelli 15.2 WLD Semi-terrestrial McGraw [2000]
C. aethiops� 20 WLD Semi-terrestrial Rose [1979]
C. neglectus� 30 WLD Semi-terrestrial Quris [1976]; Gautier-Hion [1988]
C. preussi 35 WLD Terrestrial Gautier-Hion [1988]
C. lhoesti� 38 WLD Semi-terrestrial Struhsaker [1981]
C. solatus� 33.7 SFR ? Present study
C. solatus 40 WLD Semi-terrestrial Gautier-Hion [1988]
E. patas� 59.6 WLD Terrestrial Isbell et al. [1998]
C. solatus 85.5 SFR Terrestrial Peignot et al. [2000]

SFR, Semi-Free-Ranging; WLD, Wild; TSG, Time spent on the ground. �Guenon species considered in this study; ��time spent under 10m high.
(a) based on sparse data, in Gautier-Hion [1988]; based on 2 specimens, in Gebo and Sargis [1994]
(b) defined as semi-terrestrial, in Gebo and Sargis [1994] but as arboreal, in Cardini and Elton [2008]
(c) based on a single specimen, in Gebo and Sargis [1994]
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wet season to 83.7% in the dry (P<0.001). Converse-
ly, feeding time in the lower and medium strata
decreased significantly from 21.7% to 8.1%
(P<0.001) and from 27.1% to 7.8% (P<0.001),
respectively. Traveling and resting showed similar
patterns: traveling time at ground level increased
significantly from35.6% in thewet season to 50.4% in
the dry season (P< 0.001), while resting time
increased significantly from 13.1% in the wet season
to 27.3% (P<0.001) in the dry season. Conversely,
traveling and resting time in the medium strata
decreased significantly from 39.0% to 24.9%
(P<0.001) and from 50.0% to 35.6% (P<0.001),
respectively. Traveling and resting showed similar
patterns: traveling time at ground level increased
significantly from35.6% in thewet season to 50.4% in
the dry season (P< 0.001), while resting time
increased significantly from 13.1% in the wet season
to 27.3% (P<0.001) in the dry season. Conversely,
traveling and resting time in the medium stratum

decreased from wet to dry seasons from 39.0% to
24.9% (P< 0.001) and from 50.0% to 35.6%
(P<0.001), respectively. Foraging time in the medi-
um stratum decreased from 31.1% to 22.1%
(P< 0.001) but there were no significant seasonal
differences in other strata. For the higher stratum,
values were always low, but significantly higher for
travel, rest and social behavior in the wet season. We
found no significant difference for the lower stratum,
whatever the activity.

Locomotor and postural behavior
We compiled the profile of locomotor behaviors

using only behaviors included in “travel activity”:
quadrupedal locomotion (walking and running)
represented 57.2% of the time, leaping 17.2%,
climbing 23.5%, and bipedal locomotion 2.2%
(N¼93 statistical individuals).

The profile of postural behaviors included only
behaviors classified as “resting”. Sitting accounted

Figure 2. Seasonal patterns in the use of different strata for C. solatus. Significant differences between seasons are identified by
asterisks. Bars represent means and standard errors.

TABLE V. Distribution of Every Activity Among the Strata and Comparison Between Dry and Wet Season.

Ground level Lower stratum Medium stratum Higher stratum

Wet Season
Feeding 50.2� 21.7� 27.1� 1.2
Foraging 51.9 15.6 31.1� 1.4
Travel 35.6� 22.9 39.0� 2.6
Social 15.7� 20.5 61.6� 2.1
Rest 13.1� 35.1 50.0� 1.7
Dry Season
Feeding 83.7� 8.1 7.8 0.3
Foraging 55.3 21.8 22.1� 0.7
Travel 50.4� 24.2 24.9� 0.5
Social 31.0� 24.3 45.0� 0.1
Rest 27.3� 36.3 35.6� 0.7

At a given season, the number is the proportion of activity records in a given activity category that occur in each stratum. �represents significant differences
in the given activity between dry and wet season (P< 0.05) with the post;
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for 84.1% of resting time (with self-grooming
representing 8.0% of this), quadrupedal standing
10.6%, lying 2.8%, and sprawling 0.1%.

Morphometric Study
We tested for the effects of species and sex on

humeral measurements, using a two-way ANOVA.
We found a significant effect for species (F¼ 1.7,
P<0.05), but not for sex (F¼1.2, P¼0.317), nor for
the interaction between the two factors (W¼ 0.792,
P¼0.496). Discriminant Function Analysis (DFA)
identified two functions accounting for 81.1% and
12.2% of the total variance (Table VI). Using these
two functions, only 9.7% of the specimens were
misclassified. The scatterplot of the Canonical
Variate Analysis after DFA (Fig. 3) presents the
grouping of substrate preference along function 1
(CV1). Positive CV1 values characterize humeri with
articular epiphyses that are broader (medio-lateral
dimension) than they are high (proximo-distal
dimension). Negative values characterize epiphyses
that are high (proximo-distally) and narrow
(medio-laterally). The CV1 axis (which accounts for
81.1% of the variation) discriminates arboreal
species (negative values) from terrestrial ones
(positive values). Semi-terrestrial species have an
intermediate position along this axis. The CV2 axis
(accounting for 12.2% of the variation) does not seem

to discriminate substrate preference groups, and it is
difficult to identify grouping trends along this axis.

Following computation of post-hoc comparisons,
we classified two C. solatus specimens as terrestrial
(57% and 63%), while the other two were classified as
semi-terrestrial (83% and 87%). These results indi-
cate that C. solatus humeri display characters
attributed to both terrestrial and semi-terrestrial
activities.

Limb proportion relationships (Table VII) were
well described by a linear model with relatively high
determination coefficient values (up to 90%). All

TABLE VI. Loadings of the Eight Morphometric
Variables on both Discriminant Functions. The Anal-
ysis is Performed on 86 Specimens and the Specimens
are Grouped by Substrate Preferences.

Variables Function 1 Function 2

HHH 1.5214 �0.3716
HHW �0.4367 �0.3185
OLL 1.3185 �0.4291
OLW �1.9882 0.2341
TRL 2.3102 �0.5274
ARTW �2.4429 �0.2383
BIEPW �1.9962 0.5123
HL �0.3967 �0.2008
Eigenvalues 0.5612 0.1157
% of variation 0.81126 0.12461

Figure 3. Biplot of Canonical Variate scores obtained after discriminant analysis of the eight size-adjusted humeral morphometric
variables. Discriminant Function analysis used substrate preference for group variable. DFA was run on the entire sample without
C. solatus and the sun-tailedmonkey specimenswere assessed separately. Table VI presents variable loadings and functions eigenvalues.

Am. J. Primatol.

8 / Motsch et al.



correlationswere isometric, affecting both hind limbs
and forelimbs to the same extent. Figure 4 presents
brachial (Fig. 4A) and intermembral (Fig. 4B) indi-
ces. The distinction between arboreal (low values),
semi-terrestrial (intermediate values) and terrestri-
al (high values) was clearly visible in both bivariate
plots. This group distinctionwas particularly evident
in the intermembral index (Fig. 4B). The position of
C. solatus along the linear model suggested a high
proportion of terrestrial activities - higher than in all
the species classified as semi-terrestrial. The degree
of terrestriality of C. solatus was, however, lower
than that of the most terrestrial species, E. patas.

DISCUSSION
Since captivity may alter natural behaviors

[Birkett & Newton-Fisher, 2011; Hosey, 2005;
Khan, 2013; Nowak et al., 2014], it is essential to
evaluate to what degree the environment of the focal
group can be considered natural. Our study group
lives under natural climatic conditions, identical to
those in the wild. Although both the diversity and
relative abundance of the plant species in the
enclosure do not match what occurs in the wild,
many species are present within the geographic
range of C. solatus,which consists mainly of primary
lowland rainforest [Brugi�ere et al., 1998; Harrison,
1988] with some secondary forest areas [Gautier
et al., 1992]. In the wild, degraded vegetation does
not seem to affect the abundance of C. solatus, which
is even able to live close to villages and plantations,
where the dense undergrowth enables the monkeys
to move cryptically [Gautier et al., 1992; Motsch
et al., 2011; PM, personal observation]. In this
habitat, similar to our enclosure, C. solatus feeds
on species such asMusanga cecropioides, at the edge
of the forest alongside the road [Motsch et al., 2011],
or on crops (PM, unpublished data). Furthermore,
with the exception of leopards (Panthera pardus),
most of the presumed natural predators of C. solatus
and other Central African guenons have been seen in
the enclosure, including snakes, such as the python
(Python sebae) and Gaboon viper (Bitis gabonica),

and birds of prey, including the crowned eagle
(Stephanoaetus coronatus). Although the home range
size of a wild group of C. solatus is not known, it
would probably not exceed 1–2km2 based on the
home range size of other guenon species [Clutton-
Brock & Harvey, 1977], including C. lhoesti [Kaplin,
2001]. Therefore, horizontal space use in the enclo-
sure may well be different from what occurs in the
wild. Nevertheless, this group appears to be the best
tool available to study the behavioral ecology of a
species whose cryptic nature renders habituation in
the wild very unlikely, so that study or even direct
opportunistic observations remain extremely rare
(JP Gautier, personal communication).

Behavioral study
Lifestyle

The two previous analyses focusing on the
lifestyle of C. solatus came to different conclusions
[Gautier-Hion, 1988; Peignot et al., 2000]. Both,
however, showed C. solatus to be among the most
terrestrial of Cercopithecus species. The locomotor
characterization of a species is often ambiguous
because it is based on observations performed in
various conditions. The frequently cited work of
Gautier-Hion [1988] is the major reference for the
Cercopithecus solatus locomotor pattern, yet no
lifestyle categorization was provided in that study.
In several studies citing Gautier-Hion’s work, C.
solatus is grouped with C. preussi and C. lhoesti as
semi-terrestrial or terrestrial species, yet surpris-
ingly, Soligo and Martin [2006] classified C. solatus
as an arboreal guenon species. We agree that it is far
too simplistic to attempt to categorize a species under
one narrowly defined lifestyle [see also Senut, 1991].
Even though intermediate categories exist between
arboreality and terrestriality, these two terms are
still not clearly defined. Nevertheless, our results are
consistent with the time spent on the ground of 40%
given in Gautier-Hion [1988]. We therefore consider
the focal group in our study as semi-terrestrial, with
a value for time spent on the ground of 33.7%, and
59.2% for the time spent below3meters. Althoughwe

TABLE VII. Reduced Major Axis Statistics for Regressions of Size Corrected Limb Segment Lengths onto others.

Slope 95%CI slope y intercept R2 N Scaling

Humerus versus Radius 1.29 1.25–1.36 �0.0024 0.92 16 Isometric
Humerus versus Ulna 1.33 1.099–1.47 0.083 0.89 16 Isometric
Humerus versus Femur �1.18 �0.993 to �1.227 0.107 0.93 16 Isometric
Femur versus Tibia 0.98 0.883–1.112 0.004 0.95 16 Isometric
Femur versus Fibula �1.01 �0.912 to �1.088 �0.071 0.94 16 Isometric
Radius versus Tibia �0.877 �0.731 to �1.101 0.021 0.92 16 Isometric
Radius versus Fibula �0.782 �0.703 to �0.881 �0.041 0.88 16 Isometric
Ulna versus Tibia �0.121 �0.981 to �1.284 0.079 0.96 16 Isometric
Ulna versus Fibula �0.704 �0.681 to �0.801 0.036 0.95 16 Isometric
Hind limb versus Forelimb �1.014 �0.873 to �1.151 �0.021 0.99 16 Isometric
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observed sun-tailed monkeys in the same site as
Peignot et al. [2000] with similar living-conditions
and social structure, our estimation of time spent on
the ground is far lower than the 85.5% value they
published. We suspect that this difference arose
because Peignot et al.’s observations focused on open
areas, where C. solatus individuals were easily
visible from the outside of the enclosure. In our
study, observers followed the monkeys into the
forest. The time spent on the ground for C. solatus
was similar to that of the two other species of the C.
lhoesti group (C. lhoesti, 38% and C. preussi, 35%).
The comparisonwith the time spent on the ground for
other guenons highlights the semi-terrestrial char-
acter of the C. solatus lifestyle.

Pattern of stratum use and ecological
determinants

The quantification of time spent on the ground is
a good proxy for characterizing species lifestyles.
However, it does not take into account postural
behaviors or the pattern of stratumuse and thusmay
not be precise enough to characterize species
behavior.

Our results show that Cercopithecus solatus
mainly used two strata: ground level, and the
medium stratum (between 3 and 10m). We pre-
sumed, therefore, that these two strata would
provide the majority of resources for this species.
Analysis of the activity budget suggested that ground
level provides food resources, while the medium
stratum provides shelter and space to rest and
interact with conspecifics. Although the group used
ground level more often in the dry season, activities
were not greatly modified on a seasonal basis (i.e.,:
the activity budget for each stratum remained
statistically unchanged), suggesting that energy
expenditure and resource use are fairly constant.

As behavior in the lower stratum and higher stratum
remained unchanged across the seasons, we hypoth-
esize that C. solatus displays two types of PSU, with
probable variation in resource quality (nutrient
content, abundance and/ or availability of food items)
between seasons explaining the variation in time
spent on the ground. In fact, PSU shifts seasonally,
with time spent on the ground increasing during the
dry season.

Feeding appears to be the only activity for which
significant inter-seasonal difference in time spent on
the ground occurred (i.e.,: considering the PSU for
each activity). Feeding time at the ground level
increased by 16.1% during the dry season: this
increase appeared to be associated with food gather-
ing, as well as feeding, at this level. Since there is
regular provisioning of fruits, the group may climb
down to the ground level more frequently during the
dry season, when fruits are less available in the
higher strata [White, 1994]. Other resources (fallen
fruits, herbaceous leaves and stems, invertebrates)
may also be foraged on the ground. Further ecological
investigations on seasonal variation in diet composi-
tion in a non-supplemented environment could shed
light on human-influenced behaviors in comparison
with natural behaviors [Nowak et al., 2014].

Locomotor behaviors for C. solatus demonstrate
terrestriality more frequently than arboreality,
using the categories defined by Fleagle [1999] with
high frequencies for quadrupedal running and
walking and low frequency for leaping. In addition,
postural behaviors of the group were generally
similar to the more terrestrial species of guenons,
with a high proportion of quadrupedal standing and
low proportions of lying and sprawling (which are
expected to be more frequent in tree strata).
However, statistical analyses were not possible due
to the lack of comparative data. This first overall

Figure 4. ReducedMajor Axis regressions of some size-corrected membral segment dimensions. A: illustration of the brachial index (log
size-corrected radius length/ log size-corrected humerus length); B, illustration of the intermembral index (log size-corrected forelimb
length /log size-corrected hind limb length). See Table VII for complementary statistics.
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representation of stratum use by C. solatus coupled
with comparisons to other guenon species underlines
the semi-terrestrial rather than arboreal character of
the speciesC. solatus, as is also the case forC. lhoesti
[Kaplin &Moermond, 2000] and C. preussi [Gautier-
Hion, 1988].

Morphometric Analyses
Although captivity can affect species behavior,

Bello-Hellegouarch et al. [2013] demonstrated that it
has no effect onmorphology. In any case, a semi-free-
ranging colony lives in very different conditions than
animals in captivity.

Sexual dimorphism appears to have no signifi-
cant effect on humerus morphology. As concluded by
Senut [1986] using a sample of extant haplorhines,
the distinction of sexes based on long bone morphol-
ogy remains very difficult if not impossible. Our
results corroborate Senut’s conclusions and indicate
the absence or low degree of dimorphism in guenon
humerus morphology. However, the number of
specimens in Senut’s sample for Cercopithecini
species was quite small (eleven specimens for the
genus Cercopithecus).

Multivariate analyses on morphometric varia-
bles indicate clear differences in humerus
morphology between species considered as arboreal,
semi-terrestrial and terrestrial (using classifications
gathered from comparable literature). The humeral
heads of arboreal species are rounded, while the
distal epiphyses are broader (medio-laterally) than
they are high (proximo-distally). In contrast, terres-
trial species have long humeri with narrow heads,
proximo-distally developed tuberosities (limiting
lateral movement of the arm) and distal epiphyses
that are higher (proximo-distally) than they are wide
(antero-posteriorally). In terms of functional mor-
phology, a rounded humeral head allows movement
of the shoulder in multiple directions, whereas a
high, narrow head suggests restriction of shoulder
movement to an antero-posterior axis [Larson &
Stern, 1989]. Movement is also restricted by the
position of the coracoid process of the scapula and by
the tuberosities of the humeral head. Wide distal
epiphyses (described by the variables Distal Articu-
lar Width, Olecranon Width, Biepicondylar Width,
and Trochlea Width) attest to lateral movements of
the elbow as well as mobility during pronation and
supination [Jenkins, 1973]. In contrast, high distal
epiphyses (the variables Trochlea Length, and
Olecranon Length) characterize humeri with re-
stricted elbow movement and enhanced stability of
the forearm during quadrupedal walking. The
trochlea is developed, limiting the lateralmovements
of the ulna and supporting antero-posterior move-
ments [Oxnard, 1963]. These lateral movements are
also limited by the association of a large olecranon
process and a deep olecranon fossa (variable OLL).

These morpho-functional interpretations are consis-
tent with previous studies linking humerus mor-
phology to substrate preference in primates [Fleagle
& Simons, 1982; Gebo & Sargis, 1994; Jolly, 1965,
1967, 1972; Rose, 1988; Su & Jablonski, 2009]. The
combination of our behavioral and morphometric
analyses indicates a high proportion of terrestrial
activities for Cercopithecus solatus—higher than for
Cercopithecus lhoesti but lower than for the very
terrestrial Erythrocebus patas. Likewise, our mor-
phometric results corroborate ecological findings and
indicate that (1) C. preussi and C. lhoesti could be
considered as semi-terrestrial species, and (2) within
the C. lhoesti group, C. solatus is the most terrestrial
species.

In 2000, Groves saw themorphological similarity
between Cercopithecus aethiops and Erythrocebus
patas and proposed to group the species in the same
genus Chlorocebus. In 2006, Groves suggested
grouping the lhoesti group in the new genus
Allochrocebus and then distinguishing the three
species in the group from the other terrestrial species
of the clade. These taxonomic propositions were
based on phylogenetic results. Although terrestrial
locomotion is very important in the clade, we can
neither confirm nor reject these propositions. The
analysis of morphological variation was not con-
ducted within a phylogenetic framework but rather
to be compared to phylogenetic hypotheses.

A recurrent problem in behavioral studies is the
fact that the categories ‘terrestrial’ and ‘arboreal’ are
not mutually exclusive. The term ’semi-terrestrial’
describes an intermediate condition, but even three
levels are not sufficient to characterize substrate
preference associated with positional behaviors and
morphological abilities. The definitions of these
classes are vague and the attribution to a given
category is inevitably subjective. Terrassin-Tholance
[1995] further refined these categories by adding
vegetation type to the behavior (e.g., savanna semi-
terrestiality). However, there is still potential for
further study of type of locomotion, patterns of
stratumuse, and associated behaviors. Asmentioned
previously, the degrees of terrestriality for C. solatus
reported in Gautier-Hion [1988] and in Peignot et al.
[2000] are highly divergent, leading to very different
characterizations of substrate preference. This is
also the case for other guenon species, such as
Cercopithecus aethiops (see Table 16.2 comments in
Sargis et al. [2008]), C. hamlyni and A. nigroviridis
(see Table IV comments). Under these circumstan-
ces, it is necessary to test several approaches (e.g.
field observations and morpho-functional analyses),
to improve substrate preference hypotheses.

The link between phylogeny and substrate
preference is also of great interest, with the
phylogenetic affinities between guenon species still
under debate. However, it is highly likely that
arboreal and terrestrial guenons are in two different
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clades and that positional behavior has played a
major role in guenon speciation events [Moulin et al.,
2008; Perelman, 2011; Tosi et al., 2004; 2005a,b; Xing
et al., 2007]. It is important to continue to analyze
phylogenetic and morphological datasets from gue-
non species, testing previous hypotheses and clarify-
ing detailed points of difference [Gebo&Sargis, 1994;
Manaster, 1979; Tosi et al., 2005a].

An interpretation of substrate preference adap-
tations through time has been proposed by Gebo and
Sargis [1994], who analyzed guenon morphology
within a phylogenetic framework. Based on the
monophyly of several groups and of shared positional
behaviors, these authors proposed hypothetical
arboreality for the ancestral guenon ancestor,
followed by several (at least 6, depending on the
substrate preference attribution of some species)
independent adaptational events for terrestriality
through time. This scenario, however, is highly
dependent on the base phylogeny used, namely the
molecular phylogeny resulting from the electropho-
retic study of 10 blood proteins proposed by Ruvolo
[1988] and considered the “most accurate”. More
recently, Sargis et al. [2008] proposed an alternative
scenario based on work by both Ruvolo [1988] on
blood proteins and Tosi et al. [2005a] on sex
chromosome DNA. These results differed slightly
from one another, but the validity of the scenario was
confirmed, suggesting one single adaptational event
for terrestriality during guenon evolution. However,
researchers have proposed other phylogenies over
the last two decades based on different characters,
such as chromosome organization [Dutrillaux, 1988],
mitochondrial DNA [Disotell & Raaum, 2002; Gu-
schanski et al., 2013], nuclear DNA [Perelman et al.,
2011], sex chromosomeDNA [Tosi et al., 2004; 2005b]
or vocalizations [Gautier, 1988]. Topology congruen-
cy is not always obvious and several scenarios remain
possible to explain species relationships. Guschanski
et al. [2013] noted great differences in topology
between nuclear and mitochondrial results, which
could be explained by a high rate of hybridization.
However, most of these phylogenies agree with a
separation of arboreal and terrestrial species. A
clarification of the position of the sun-tailed monkey
is essential for the analysis of lifestyle and also of
guenon evolution.

The results of our study suggest semi-terres-
triality for Cercopithecus solatus, as well as probable
semi-terrestriality for the Cercopithecus lhoesti
group. These results could affect the hypothesis
proposed by Gebo and Sargis [1994] and Sargis et al.
[2008]. We suggest, therefore, that the assumption of
arboreal ancestry still requires further consider-
ation. In her PhD thesis, Terassin-Tholance [1995]
proposed a semi-terrestrial ancestral condition with
some later terrestrial and arboreal adaptational
events. As this hypothesis remains unpublished, it
has never really been evaluated by other researchers.

In Terrassin-Tholance’s theory, Erythrocebus patas
andCercopithecus aethiops have undergone selection
since the ancestral semi-terrestrial state, tending
toward terrestrial species (she classified these
species as savanna semi-terrestrials). For Terrasin-
Tholance, C. lhoesti, C. preussi and C. solatus also
express a semi-terrestrial ancestral condition (she
classified these species as forest semi-terrestrials).

Terrassin-Tholance’s hypothesis of a semi-ter-
restrial ancestor is an intriguing alternative to the
evolutionary models presented in previous studies.
We tested this hypothesis by adding the substrate
preference of each species to several of the previously
mentioned phylogenies. The semi-terrestrial ances-
tor scenario is less parsimonious than the scenario
proposed by Gebo and Sargis [1994] and Sargis et al.
[2008] if we use the phylogeny of Dutrillaux et al.
[1988]. However, this scenario is more parsimonious
if we use the phylogenies of Ruvolo [1988] Tosi et al.
[2005a] and Moulin et al. [2008] (Fig. 5). The semi-
terrestrial ancestor scenario implies one adaptation-
al event for terrestriality (forE. patas), two events for
arboreality (Miopithecus talapoin and the arboreal
guenon group) and re-adaptation to semi-terrestrial-
ity (possibly for C. neglectus and C. hamlyni),
depending on phylogenies (Fig. 5). Tosi et al.
[2004] proposed a single adaptational event for
terrestriality in guenons but their conclusions are
different from ours as their approach is different.
They distinguished the “arboreal” and “terrestrial”
groups of guenons, considering them as two clades.
Thus, they did not consider semi-terrestriality for
guenons, since their approach was purely phyloge-
netic, in contrast to our approach, which is both
behavioral and functional. We are not able to test the
ancestral condition of the tribe Cercopithecini with
our data.However, we believe that the possibility of a
semi-terrestrial ancestor, proposed by Therassin-
Tholance [1995], deserves further consideration. It
would be interesting to evaluate the fit of empirical
resultswith this hypothesis vs the currently accepted
hypothesis of an arboreal ancestor for the group.
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