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ABSTRACT
European adapids, especially Adapis parisiensis, have been extensively

studied over the past two centuries, essentially for taxonomic and phylogenetic
purposes. Analyses of dental, cranial, and postcranial morphology have led to
various hypotheses about the diet, locomotion, and lifestyle of this fossil pri-
mate species. As the morphology of Adapis parisiensis is not directly compara-
ble to any extant species, some interpretations are still debated. The inner ear
is crucial to several functional parameters, such as auditory acuity, balance,
agility, orientation, and head motion speed during locomotion. We examined
the inner ear morphology of Adapis parisiensis in order to make some func-
tional inferences, using lCT techniques to access the internal morphology
without damaging the fossil specimens. We analyzed the length and shape of
the cochlea, the size of the oval window, and the size and orientation of the
semicircular canals of seven Adapis parisiensis crania. Results indicate that
the species was more sensitive to high frequencies than low frequencies.
Results for locomotion style are different, depending on the method used.
Results about the coefficient of agility are in good agreement with previous
studies, proposing a slow/medium slow locomotion for the fossil species. In con-
trast, angular velocity magnitude (AVM) results show a great range of varia-
tion in the locomotor repertory for Adapis parisiensis, probably indicating that
the model used is not adapted to the study of the fossil record. A comparison to
measurements of extant strepsirhines leads us to conclude that Adapis pari-
siensis was probably monogamous and solitary, with a small home range. Anat
Rec, 300:1576–1588, 2017. VC 2017 Wiley Periodicals, Inc.
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Many fossils of the genus Adapis, from the Late
Eocene of Europe (Priabonian), have been found in the
Quercy paleokarstic deposits (Godinot, 1984), but some
forms (including the type specimen) are from the Paris
Basin (Cuvier, 1822; Blainville, 1841). Initially, the fossil
record for this genus was composed of a set of very well-
preserved crania and mandibles, found during nine-
teenth century phosphate mining activities. They were
described by Filhol (1874) and by Stehlin (1912), but
their precise origin remains unknown. Among European
fossil primates, adapids have frequently been studied
since the description of Adapis parisiensis by Cuvier in
1822. Fossil crania of this particular species are
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generally in a very good state of preservation, possessing
many identifiable characters, and thus providing reliable
indications about Eocene primate forms. From the late
nineteenth to the early twentieth century, the morphol-
ogy of this species was extensively described for taxo-
nomic purposes (Filhol, 1874; Stehlin, 1912), but no
studies after that time focused specifically on A. pari-
siensis, until the 1960s. Then, during field work in the
Quercy region, much new material was added to the fos-
sil record, including isolated teeth, cranial fragments,
and postcranial bones (De Bonis, 1964; De Bonis et al.,
1973; Louis and Sudre, 1975; Geze, 1978; Sudre, 1978;
Crochet et al., 1981; Bacon and Godinot, 1998). New fos-
sils were also found in England (Cray, 1973), Switzer-
land (Hartenberger, 1970; Hooker and Weidmann, 2000;
Becker et al., 2013) and Spain (Crusafont Pair�o and
Golpe Posse, 1975; Jim�enez Fuentes et al., 1989). Closer
examination of the fossil record, in the light of these
new findings, indicates much greater diversity within
the genus Adapis than previously supposed.

The existence of two distinct forms (large and small)
led to early identification of the di-specific nature of the
genus, yet the idea of variation within Adapis remained
counterintuitive for decades, leading to contradictory
interpretations. The large and small forms have been
considered either as different genera (Gervais, 1876;
Szalay, 1974; Szalay and Delson, 1979; Hartwig, 2002;
Fleagle, 2013), or as two distinct species of the same
genus (Filhol, 1874; R€utimeyer, 1888, 1891; Stehlin,
1912; Dep�eret, 1917; Crusafont Pair�o, 1967; Gingerich,
1977a). Differences between large and small specimens
have also been interpreted in terms of sexual dimor-
phism (Gingerich, 1981), further complicating taxonomic
understanding, but reinforcing the notion of great intra-
group variation.

Many phylogenetic studies of A. parisiensis have
focused on its morphology, to assess the primitive condi-
tions of a group of European primates (Gingerich,
1977a,b; Schwartz and Tattersall, 1979; Gingerich and
Martin, 1981; Schwartz and Tattersall, 1982; Godinot,
1998). Morphological studies have also been used for
paleobiology, to study sexual dimorphism (Gingerich,
1981; Gingerich and Martin, 1981), body mass (Ginger-
ich, 1977b; Gingerich et al., 1982), and activity rhythms
(Lanèque, 1993). Paleoecological studies have often
focused on locomotor behavior. Based on femur

morphology, A. parisiensis has sometimes been classified
as a slow-moving arboreal quadruped, similar to the Lor-
isidae (Dagosto, 1983, 1993). Other studies have pro-
posed greater intraspecific variation, distinguishing five
types of locomotion, from slow-climbing to walking-
running (Godinot and Jouffroy, 1984; Beard et al., 1988;
Godinot, 1991; Bacon and Godinot, 1998).

Paleoprimatologists have focused on the morphology
of the cranium base, and especially of the ear, as it pro-
vides a useful set of characters for cladistic analysis,
within a phylogenetic framework (Saban, 1963; MacPhee
and Cartmill, 1986; Szalay et al., 1987). Technological
advances, such as lCT scanners, now provide access to
intracranial structures, allowing more precise investiga-
tion of the phylogenetic signal expressed by the inner
ear (Silcox et al., 2009; Lebrun et al., 2010). Morphologi-
cal variables of the inner ear have also been used to
characterize the main parameters of hearing capacity
(Coleman and Ross, 2004; Kirk and Gosselin-Ilardi,
2009; Coleman and Colbert, 2010; Coleman et al., 2010).
After establishing models in extant primates, several
studies have estimated hearing capacity in fossil pri-
mates, but either without Adapis specimens (Coleman
and Colbert, 2010), or without specific focus on this
genus (Coleman and Boyer, 2012; Benoit et al., 2013). As
the inner ear is also the center of balance, thus playing
a major role during movement, inner ear morphology
can also be used to assess locomotor behavior (Spoor
et al., 2002).

The aim of our work is to study intraspecific variation
in Adapis parisiensis, using lCT techniques for the anal-
ysis of inner ear morphology. Results will be interpreted
in terms of hearing sensitivity and of locomotor behavior.
The intraspecific variability of these parameters will be
described and discussed in the light of previous paleobio-
logical and paleoenvironmental hypotheses.

MATERIAL AND METHODS

Several Adapis parisiensis crania, archived at Euro-
pean institutions, had previously been scanned by mCT,
at various resolutions. Only five of these crania were
well enough preserved to display measurable auditory
structures, so two more cranium scans were obtained
from the Morphosource database, available online at
www.morphosource.org (Table 1). Each cranium was

TABLE 1. Skull characteristics for Adapis parisiensis specimens

Specimens Location Inner ear Voxel size (lm)

ACQ211 University of Montpellier Right (damaged cochlea) 94*94*94
Basel-QW1530-1936 Basel Museum of Natural

History
Left 60*60*60

MaPHQ 339 Montauban Museum of Natu-
ral History

Right and Left 56.05*56.05*56.05

Munchen XV-1860-2 Institute of Paleontology and
Geology in Munich

Left 60*60*60

PLV14 Catholic University of Louvain Right and Left (damaged right
SC)

36.13*36.13*40.59

NHMUK 1345 British Museum of Natural
History, London
(Morphosource)

Right and Left 23.26*23.26*23.26

UMZC 538 University Museum of Zoology
of Cambridge
(Morphosource)

Right and Left 38.46*38.46*38.46

EOCENE PALEOECOLOGY OF ADAPIS PARISIENSIS 1577

http://www.morphosource.org


manually segmented under Avizo software (8.0.1 VSG),
to extract the inner ear structures. When right and left
ears were present, both were segmented and the result-
ing measurements were averaged. Voxel size was cali-
brated to scale the structures. Four measurements were

used (Fig. 1): the cochlear length, the area of the oval
window, the radius of the three semicircular canals, and
the angle between each semicircular canal, based on pro-
cedures in Silcox et al. (2009) and Coleman and Boyer
(2012). The “3D Length” Avizo tool was used for all

Fig. 1. Structures of the inner ear of Adapis parisiensis (Basel-QW1530-1936). SC: Semicircular Canal. VA: Vestibular ampulla. Dashed lines
indicate orientation.

TABLE 2. Radius of semicircular canal (in mm) and body mass estimates (in g)

Specimen Ear LSC radius LSC BM ASC radius ASC BM PSC radius PSC BM

ACQ211 R 1.31 230.5 1.84 1010 1.28 169
Basel-QW1530-1936 L 1.63 606 1.34 202 1.42 250
MaPHQ 339 R 1.28 231 1.54 377 1.25 198
MaPHQ 339 L 1.31 192 1.53 389 1.33 178
MaPHQ 339 M 1.30 211.5 1.54 383 1.29 188
Munchen XV-1860-2 L 1.42 321 1.82 977 1.40 237
PLV14 L 1.31 409 1.72 704 1.50 188
NHMUK 1345 R 1.76 448 1.50 915 1.49 264
NHMUK 1345 L 1.53 897 1.80 341 1.44 300
NHMUK 1345 M 1.65 672.5 1.65 628 1.47 282
UMZC 538 R 0.72 39 0.69 25 0.97 73
UMZC 538 L 0.71 38 0.71 24 0.95 77
UMZC 538 M 0.72 38.5 0.70 24.5 0.96 75
A. parisiensis M 1.3(60.29) 355(6208) 1.51(60.37) 561(6347) 1.33(60.17) 198(662)

LSC: Lateral Semicircular Canal; PSC: Posterior Semicircular Canal; ASC: Anterior Semicircular Canal; SC: Semicircular
Canal; R: Right ear; L: Left ear; M: Mean of both ears.
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measurements. The program R (Version 3.2.3, R Core
Team, 2015) was used for descriptive statistics and tests.
We tested measurement error for manual segmentation
by replicating measurements three times on four speci-
mens, resulting in a negligible error of 2.23%. A confi-
dence interval at 95% is given for mean values in the
tables (Tables 2–6). For this sample size, non-parametric
statistical tests were best adapted for mean comparisons
(Mann-Whitney and Kruskal-Wallis rank tests).

Locomotor Behaviors

Factors computed for extant species can also be used
to postulate locomotor behavior for extinct species, e.g.
coefficient of agility (Spoor et al., 2007; Walker et al.,
2008; Silcox et al., 2009), angular velocity magnitude
(Billet et al., 2012; Malinzak et al., 2012), or a combina-
tion of the two (Benoit et al., 2013).

Coefficient of Agility

The coefficient of agility is used to evaluate the
motion of the head, which indicates locomotor behavior.
The semicircular canal (SC) radius, corrected by body
mass (BM), is used to compute this coefficient (Spoor
et al., 2007; Silcox et al., 2009). We used SC length and
height to estimate the SC radius (Spoor et al., 2007; Sil-
cox et al., 2009; Benoit et al., 2013). Semicircular canal
length is measured between the points where the SC
joins the vestibular ampullae, while SC height measures
the perpendicular bisector of SC length, from the inner
edge of the SC to the point of intersection with the ves-
tibular system (Fig. 2a). The SC radius was calculated
for each of the three semicircular canals, using Eq. 1:

Radius 5 0:5 � length 1 height
� �

=2 (1)

Table 2 presents the SC radius mean values for the
seven specimens. These values can be used to calculate
BM, using the equation given by Spoor et al. (2007).
Body mass estimates based on SC radius values (Table
2) cannot, however, be used to calculate the coefficient of
agility when the SC radius is one of the terms in the
equation.

In order to overcome this difficulty, the mean BM esti-
mates used in this study (Table 3) are based on BM esti-
mates from previous studies (Coleman and Boyer, 2012;
Benoit et al., 2013; Fleagle, 2013), averaged with BM
calculated using the equation given in Gingerich et al.
(1982), applied to upper molar measurements (M1 and
M2) from Lanèque (1990). It then becomes possible to
calculate the coefficient of agility, using Eq. 2, the
Primate predictive equation proposed in Silcox et al.
(2009):

LOG10 Coefficient of agility
� �

5 1:114 – 0:302
� LOG 10 BM in gram

� �
1 1:522

� LOG 10 mean SC radii in mmð Þ (2)

Angular Velocity Magnitude (AVM)

Angular Velocity Magnitude (AVM), based on the
angles between the semicircular canals, expresses
the speed of rotation of the head during locomotion.
The linear model for mammals proposed by Malinzak
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è
q

u
e
,

1
9
9
0
,

e
q

u
a

ti
o

n
fr

o
m

G
in

g
e
r
ic

h
e
t

a
l.

,
1
9
8
2
).

T
h

e
c
h

e
c
k

m
a

r
k

s
in

d
ic

a
te

s
th

a
t

th
e

v
a

lu
e
s

a
r
e

u
se

d
to

e
st

i-
m

a
te

th
e

m
e
a

n
fo

r
th

e
c
o

r
r
e
sp

o
n

d
in

g
sp

e
c
im

e
n

.
N

A
in

d
ic

a
te

s
th

e
N

o
t

A
v

a
il

a
b

le
in

fo
r
m

a
ti

o
n

.

S
p

ec
im

en
s

A
.

p
a

ri
si

en
si

s
m

ea
n

A
C

Q
2
11

B
a
se

l-
Q

W
1
5
3
0
-

1
9
3
6

M
a
P

H
Q

3
3
9

M
u

n
ch

en
X

V
-

1
8
6
0
-2

P
L

V
1
4

N
H

M
U

K
1

3
4
5

U
M

Z
C

5
3
8

a
)

W
it

h
sp

ec
im

en
id

en
ti

fi
ca

ti
on

C
ol

em
a
n

a
n

d
B

oy
er

(2
0
1
2
)

1
5
0
0

N
A

N
A

N
A

N
A

�
�

�
B

M
B

en
oi

t
et

a
l.

(2
0
1
3
)

2
0
0
0

�
�

N
A

N
A

N
A

N
A

�
W

it
h

ou
t

re
fe

re
n

ce
to

sp
ec

im
en

s
B

M
F

le
a
g
le

(2
0
1
3
)

1
3
0
0

�
�

�
�

�
�

�
L

on
g

et
a
l.

(2
0
1
5
)

1
3
0
0
–
1
7
0
0

�
�

�
�

�
�

�
R

a
d

in
sk

y
(1

9
7
7
)

1
6
0
0
–
2
5
4
0

�
�

�
�

�
�

�
J
er

is
on

(1
9
7
3
)

1
7
0
0

�
�

�
�

�
�

�
D

a
g
os

to
a
n

d
T

er
ra

n
ov

a
(1

9
9
2
)

1
5
4
4

�
�

�
�

�
�

�

R
a
m

d
a
rs

h
a
n

et
a
l.

(2
0
1
6
)

1
8
6
3

�
�

�
�

�
�

�
R

a
m

d
a
rs

h
a
n

a
n

d
O

rl
ia

c
(2

0
1
6
)

1
9
11

–
2
3
5
0

�
�

�
�

�
�

�
B

M
m

e
a

n
li

te
r
a

tu
r
e

1
3
6
0

1
6
5
0

1
6
5
0

1
3
0
0

1
3
0
0

1
4
0
0

1
4
0
0

1
6
0
0

b
)

B
M

u
p

p
er

M
1

th
is

st
u

d
y

2
0
9
7

1
5
6
8

N
A

2
3
6
0

2
2
7
2

2
1
2
1

1
8
4
5

2
4
1
6

B
M

u
p

p
er

M
2

th
is

st
u

d
y

2
2
0
2

1
9
3
5

N
A

2
8
3
3

3
0
8
8

2
11

9
2
3
7
7

2
5
9
9

c
)

M
e
a

n
B

M
(g

)
L

it
e
r
a

tu
r
e

a
n

d
m

o
la

r
s

1
8
8
7

1
7
0
1

(6
5
2
2
)

1
6
5
0

(6
4
4
4
7
)

2
1
6
4

(6
1
9
5
1
)

2
2
2
0

(6
2
2
1
3
)

1
7
6
0

(6
8
9
2
)

1
7
5
6

(6
7
5
0
)

1
9
6
3

(6
6
9
8
)

EOCENE PALEOECOLOGY OF ADAPIS PARISIENSIS 1579



TABLE 4. Coefficient of agility estimates using the mean of the semicircular radius and body mass mean from
the literature and molar measurement (Table 3c)

Specimen Ear Mean SC radius Mean BM Coefficient of agility Spoor’s scale

ACQ211 R 1.48 1701 2.62 slow/medium slow
Basel-QW1530-1936 L 1.46 1650 2.82 slow/medium slow
MaPHQ 339 R 1.36 2164 2.16 slow/medium slow
MaPHQ 339 L 1.39 2164 2.23 slow/medium slow
MaPHQ 339 M 1.37 2164 2.20 slow/medium slow
Munchen
XV-1860-2

L 1.55 2220 2.55 slow/medium slow

PLV14 L 1.51 1760 2.59 slow/medium slow
NHMUK 1345 R 1.58 1756 2.79 slow/medium slow
NHMUK 1345 L 1.59 1756 2.75 slow/medium slow
NHMUK 1345 M 1.59 1756 2.77 slow/medium slow
UMZC 538 R 0.79 1963 1.05 Very slow
UMZC 538 L 0.79 1963 1.04 Very slow
UMZC 538 M 0.79 1963 1.05 Very slow
A. parisiensis M 1.39 (60.26) 1887 (6213) 2.37 (60.57) slow/medium slow

LSC: Lateral Semicircular Canal; PSC: Posterior Semicircular Canal; ASC: Anterior Semicircular Canal; SC: Semicircular
Canal; R: Right ear; L: Left ear; M: Mean of both ears. Spoor’s scale from Spoor et al. (2007).

TABLE 5. Characteristics of semicircular canals (angles, LOG90VAR and LOGAVM)

Specimen Ear ASC/LSC ASC/PSC PSC/LSC LOG 90VAR LOG AVM

ACQ211 R 98.84 90.65 78.16 1.33 2.15
Basel-QW1530-1936 L 84.41 87.93 83.34 1.16 2.24
MaPHQ 339 R 114.40 79.82 93.99 1.59 2.02
MaPHQ 339 L 106.46 96.42 89.14 1.38 2.13
MaPHQ 339 M 110.43 88.12 91.57 1.49 2.08
Munchen XV-1860-2 L 97.78 89.40 92.70 1.04 2.30
PLV14 R NA NA NA NA NA
PLV14 L 131.42 92.31 77.76 1.75 1.94
NHMUK 1345 R 83.52 89.21 87.66 0.90 2.37
NHMUK 1345 L 76.04 89.78 88.06 1.20 2.22
NHMUK 1345 M 79.78 89.50 87.86 1.05 2.30
UMZC 538 R 87.28 89.19 80.35 1.06 2.29
UMZC 538 L 88.81 93.41 83.00 1.06 2.29
UMZC 538 M 88.05 91.30 81.68 1.06 2.29
A. parisiensis M 98.67 (616.4) 89.89 (61.51) 84.72 (65.64) 1.27 (60.26) 2.18 (60.13)

LSC: Lateral Semicircular Canal; PSC: Posterior Semicircular Canal; ASC: Anterior Semicircular Canal; R: Right ear; L:
Left ear; M: Mean of both ears.

TABLE 6. Characteristics of hearing sensitivity based on cochlear length and oval window area

Specimen Ear
Cochlear length

(in mm)
Oval window
area (in mm2)

Low-frequency
sensitivity (in dB)

High-frequency
sensitivity (in dB)

ACQ211a R NA NA NA NA
Basel-QW1530-1936 L 19.85 0.99 35.12 21.46
MaPHQ 339 R 19.64 0.40 36.21 10.51
MaPHQ 339 L 19.40 0.97 35.62 21.10
MaPHQ 339 M 19.52 0.69 35.92 15.81
Munchen XV-1860-2 L 19.80 1.12 35.24 24.24
PLV14 R 20.26 0.84 34.12 18.28
PLV14 L 20.06 0.66 34.62 14.42
PLV14 M 20.16 0.75 34.37 16.35
NHMUK R 20.59 0.75 33.33 16.39
NHMUK L 21.44 0.92 31.28 19.96
NHMUK M 21.01 0.84 32.31 18.18
UMZC 538 R 9.17 0.22 61.11 4.95
UMZC 538 L 9.21 0.22 61.02 5.06
UMZC 538 M 9.19 0.22 61.07 5.01
A. parisiensis M 18.25 (64.9) 0.77 (60.34) 39 (611.42) 16.79 (66.97)

aDamaged cochlea.
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et al. (2012) is used to obtain AVM values. First, a plane
is defined for each SC, by placing a point at each end
where the SC joins the vestibular ampullae, and a third

point on the internal edge of the SC (Fig. 2b). We used
the normal vectors to compute the angle between two
planes. Each of these three angles is then compared to

Fig. 2. Measurement of radius (a) and semicircular canal plane (b) of Adapis parisiensis left ear (Basel-QW1530-1936) (a) L: Length; l: height.
(b) Two examples of plane, for posterior and lateral semicircular canals, by placing 3 points on each canal. SC: Semicircular Canal; VA: Vestibu-
lar Ampulla.

Fig. 3. Measurement of cochlear length, Adapis parisiensis left ear (Basel-QW1530-1936). (a) Using small segments from the helicotrema to
the round window. (b) Estimates of the number of cochlear turns.

EOCENE PALEOECOLOGY OF ADAPIS PARISIENSIS 1581



908, and the sum of these deviations (90VAR) is used to
obtain the AVM for a given specimen, with Eq. 3:

LOG 10 AVMð Þ 5 20:51 � LOG 10 90VARð Þ 1 2:83

(3)

Hearing Sensitivity

As the cochlea and oval window of ACQ211 were dam-
aged, only six specimens could be used to evaluate hearing
sensitivity. We calculated the hearing sensitivities for 250
Hz and 32 kHz, which correspond to low- and high-
frequency thresholds, according to Coleman (2009). Hear-
ing sensitivity is expressed as Sound Pressure Level (SPL)
measured in decibels (dB). If sound can be perceived at a
reduced SPL, hearing sensitivity is good. Hearing sensitiv-
ity values for low and high frequencies are obtained with
Eqs. 4 and 5, as proposed by Coleman and Boyer (2012):

Hearing sensitivity at 250 Hz dBð Þ 522:433
� cochlear length mmð Þ 1 83:43 (4)

Hearing sensitivity at 32 kHz dBð Þ 521:467

� oval window area mm2
� �

1 0:297 (5)

To estimate cochlear length, we adapted the protocol
proposed by Coleman and Boyer (2012). To homogenize
the method, we set a number of points for each cochlear
turn. Twenty points were placed on the first half of the
first turn, 30 points on the second half, 40 points on the
first half of the second turn, 50 points on the second
half, 30 points on the first quarter of the third turn, and
40 points on the second quarter. The first point is at the
center of the helicotrema and the last point is where the
cochlea touches the round window (Fig. 3). Distances
between points are summed to obtain the total cochlear

length. As the oval window shape is almost elliptic, we
measured the major (M) and minor (m) axis lengths
(Fig. 4). The oval window area is then calculated using
Eq. 6, from Coleman et al. (2010):

Area5 p � M=2ð Þ � m=2ð Þ (6)

RESULTS

Locomotor Behaviors

Body mass. Body mass estimates, which are neces-
sary to infer locomotor behaviors, are given in Table 3.
Values for a given specimen vary greatly. Mean body
mass values based on SC radii (Table 2) are far smaller
than values from the literature (Table 3a), and intraspe-
cific variation is also high: from 46 to 528 g. Values from
upper molars (M1 and M2) are closer to values from the
literature, but estimates can still differ by more than
400 g (Table 3b). Intraspecific variation in mean BM val-
ues (based on upper molar and literature) ranges from
1650 to 2200 g (Table 3c).

Coefficient of Agility. The coefficient of agility was
estimated for each ear, except PLV14 (right ear), which
could not be measured due to canal damage. Values
ranged from 1.05 to 2.82, with a mean at 2.37 (60.57).
However, if UMZC 538, which presents some morphologi-
cal differences, is excluded, values range from 2.20 to
2.82, with a mean at 2.59 (60.23). Spoor et al. (2007)
defined a six-point scale based on discrete coefficient of
agility values (from one to six). Our continuous values fall
between levels two and three on Spoor’s scale, corre-
sponding to “slow” and “medium slow” species, attesting
to quite slow locomotor behavior for Adapis parisiensis
(Table 4). Coefficient of agility variation between right
and left ears for the same specimen is low (MaPHQ 339:
0.07, NHMUK 1345: 0.04, and UMZC 538: 0.01), and
much lower than variation between specimens. Coeffi-
cients of agility computed from only one ear can therefore
be considered reliable.

Angular velocity magnitude. The three inter-
canal angles for the seven specimens are presented in
Table 5. The ASC/LSC angle shows much greater devia-
tion from 908, with the greatest variance of deviation
(r25314.10). The other two angles are closer to 908, with
medium (PSC/LSC r2537.18) to low variance of devia-
tion (ASC/PSC r252.63). All three results are signifi-
cantly different for variance (Bartlett K2 5 22.2, df 5 2,
P<0.001). In the model by Malinzak et al. (2012), Log
AVM values for Primates range from 1.82 (slow climb-
ing) to 2.36 (fast leaping). The mean value for this study
is 2.18, but values vary between 1.94 and 2.3, covering
almost the entire range of primate locomotor behaviors
in Malinzak et al. (2012).

Hearing Sensitivity

Sound Pressure Level (SPL) was used to estimate
hearing sensitivity, with smaller values indicating
greater sensitivity. Hearing sensitivity was not esti-
mated for ACQ211, which could not be used due to
cochlear damage (Table 6). Mean results indicate that
Adapis parisiensis is better adapted for the detection of
high frequencies (16.79 dB 66.97) than for low frequen-
cies (39 dB 611.42). Mean values for high and low

Fig. 4. Measurement of oval window area, using major axis length
(M) and minor axis length (m). Example for Basel-QW1530-1936 (left
ear).
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frequencies are significantly different (W 5 36, P-val-
ue 5 0.0022). Closer examination of the results reveals
two outlying specimens, MaPHQ 339 (right ear) and
UMZC 538. The morphology of UMZC 538 explains its
reduced cochlear length and smaller oval window area,
resulting in extreme values for hearing sensitivity
(Fig. 5). The oval window area is also smaller for the
right ear of MaPHQ 339, resulting in an unusually small
value for high-frequency sensitivity. In contrast, all val-
ues for the left ear of MaPHQ 339 are coherent with the
mean values. If these two outliers are excluded, high fre-
quencies (20.26 dB 63.81) are still detected better than
low frequencies (34.53 dB 61.65). Mean values for high
and low frequencies remain significantly different
(W 5 25, P-value 5 0.0079).

DISCUSSION

Locomotor Behaviors

Body mass. Inferring body mass from skeletal parts
has been a major challenge for many years, particularly
in fossil species. Values available in the literature for
Adapis parisiensis BM, are, most of the time, estima-
tions based on few specimens, generalized to the species
(Table 3a), thus leading to very approximate values. For
example, the BM values proposed by Jerison (1973),
Radinsky (1977), Gingerich et al. (1982), and more
recently by Long et al. (2015) or Harrington et al. (2016)
are based on only one or two specimens. In this study,
we sought to include as many specimens of the fossil
species as possible, and our results suggest that

intraspecific variation needs to be investigated more
fully. Spoor et al. (2007) proposed BM estimates for pri-
mates based on SC radius values. Yet this method pro-
duced greatly underestimated BM values for all seven
specimens (Table 2), compared with values from the lit-
erature (Table 3), indicating that it may not be appropri-
ate for Adapis parisiensis.

Semicircular canal radius measurements for three of
the specimens in this study can be found in Silcox et al.
(2009), but their values are slightly different: 0.12 mm
smaller for PLV14 and MaPHQ 339, and 0.14 mm
smaller for NHMUK 1345. This slight difference might
be due to the manual segmentation step, or to inter-
experimenter variability. However, as the difference is
less than 10%, the body mass values based on SC radius
should not have been 50% smaller than those found in
the literature.

Gingerich et al. (1982) and Conroy (1987) established
correlations between tooth dimensions and body mass.
However, they noticed that these correlations are
affected by factors such as taxonomy, ecology, and diet.
Accurately estimating body mass is particularly impor-
tant in paleoprimatology because of its impact on life-
style traits (e.g. Kay, 1984; Fleagle, 2013), underlining
the importance of using several methods to obtain reli-
able estimates for this parameter.

Stehlin (1912) was the first to recognize sexual dimor-
phism in Adapis parisiensis. Body mass was later quan-
tified as up to 56% greater in males than in females,
while crania were up to 16% longer (Gingerich, 1981).
Although some variation in body mass is observed in our
data (Table 3), the number of specimens with complete
auditory structures is too small for a bimodal distribu-
tion of body mass to be detected statistically.

Coefficient of Agility. For six of the seven speci-
mens in this study, the coefficient of agility values indi-
cate head motion associated with slow or medium slow
locomotion, using the Spoor agility classification (Spoor
et al., 2007). Although our values are slightly lower than
those in Silcox et al. (2009), as discussed above, our
results are homogenous, and fall within the same range,
confirming slow locomotion for the species. The extant
species with the coefficient of agility most closely resem-
bling that of A. parisiensis is Loris tardigradus, based
on data from Spoor et al. (2007), indicating slow climber
behavior, probably in continuous canopy. Spoor et al.
(1998) have already mentioned the similarity in locomo-
tor behavior between Adapis and Loris but they also
mentioned a faster locomotor behavior, monkey-like
quadrupedalism, for the fossil genus. The Loris-like
interpretation is in agreement with other locomotor
studies for this species, based on postcranial elements
(Dagosto, 1983, 1993).

One specimen (UMZC 538) presents a much lower
coefficient of agility, classified as extremely slow. This
cranium is described in Gingerich and Martin (1981),
and has been analyzed using morphometric methods
(Lanèque 1992a, 1992b, 1993; Godinot et al., 1997), but
has never been presented as a peculiar specimen of Ada-
pis parisiensis. Yet, although this cranium is similar in
shape and size to the other specimens, its inner ear mor-
phology is very different, with smaller semicircular canal
radii (Fig. 6). Various types of locomotion have been

Fig. 5. Hearing sensitivity to low (250 Hz) and high frequencies
(32 kHz) for six Adapis parisiensis specimens.
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proposed for Adapis parisiensis (Godinot and Jouffroy,
1984; Beard et al., 1988; Godinot, 1991, 1992, Bacon and
Godinot 1998), but all authors seem to suspect faster
locomotion than that originally proposed for the species,
which is contradicted by our results for this particular
specimen (UMZC 538).

Angular velocity magnitude. Values of AVM
were plotted on the graphical model published by Malin-
zak et al. (2012). The species used to establish this
model cover the entire range of primate locomotor
behaviors. The fastest species is Galago moholi, charac-
terized by leaping, running, and jumping behavior
(Charles-Dominique, 1977). The slowest is Nycticebus
pygmaeus, with slow, suspensory behavior. Our AVM
values range from slow to fast locomotion, and our speci-
mens are distributed all along the linear model proposed
by Malinzak et al. (2012), indicating several possible
locomotor behaviors for the species (Fig. 7). The AVM
values for A. parisiensis (n 5 7) in this study cover
71.56% of all the primate AVM values (n 5 25) presented
in Malinzak et al. (2012). Such intraspecific variation in
locomotion behavior is completely incompatible with the
variation found in extant strepsirhines (Fleagle, 2013).
The major difficulty with the Malinzak AVM model is
that it does not integrate intraspecific variation. It is
probable that the extant species used to determine the
model present some variation in SC angles. Lebrun
et al. (2010) quantified the intraspecific variation of
inner ear shape in extant and extinct primates. Varia-
tion in shape is size-dependent, but also expresses a
strong phylogenetic effect. In our study, this variation is
most noticeable in the cochlea, but also affects SC pro-
portions and disposition. The AVM values also present a
certain variability. Results in Lebrun et al. (2010) show
that variation of inner ear shape in adapids is compara-
ble to that found in other strepsirhines (e.g. Lemuroi-
dea), and that Adapis parisiensis has small semicircular
canals relatively to it cochlea, considered as a primitive
state for strepsirrhines. Results based on primate inner
ear values in Perier et al. (2016) indicate that species
with slow locomotor behavior present greater shape vari-
ation than faster species. Thus, the amount of intraspe-
cific variation along the AVM linear regression depends
on both size and locomotor behavior. Billet et al. (2012,
2015) reinforce the idea that intraspecific variation
should be taken into account for an accurate estimate of
locomotor behavior.

Three of the seven Adapis parisiensis specimens
studied present very similar AVM values (LOGAVM �
2.30), and are thus close together in the Malinzak
AVM model. One of the three is UMZC 538, which has
very different inner ear morphology, expressed by its
cochlea and SC radii. This difference does not seem to
affect the angle between the canals. A fourth specimen,
Basel QW 1530-1936, is also within the same range of
locomotor behavior, with a LOG AVM value around
2.24. The three remaining specimens are distributed at
regular intervals along the model. These results sug-
gest that Adapis parisiensis is a fast species, but this
hypothesis contradicts our previous results on agility
and those of other studies dealing with postcranial ele-
ments (Dagosto, 1983, 1993). Our results on AVM val-
ues highlight the lack of correspondence between this

variable and other proxies of locomotion, as previously
pointed out by Gonzales et al. (2013). The results
obtained for Adapis AVM values suggest that the
model is less reliable for this extinct species. By inte-
grating intraspecific variation into the AVM model
(Malinzak et al., 2012), more robust information about
the locomotor behavior of Adapis parisiensis might be
obtained, because the mean AVM value alone cannot
be used as the reference value for locomotor behavior
in this fossil species.

Hearing Sensitivity

Coleman and Boyer (2012) proposed hearing sensitiv-
ities of 35.5 dB (68.9) for low frequencies (250 Hz), and
20.7 dB (613.0) for high frequencies (32 kHz). Apart
from specimen UMZC 538, with its peculiar inner ear
morphology, our confidence intervals for hearing sensi-
tivity are much smaller, for very similar values: 34.59
dB (61.7) for low frequencies (250 Hz), and 20.26 dB
(63.81) for high frequencies (32 kHz). The difference in
inner ear morphology (oval window area and cochlear
length) observed in specimen UMZC 538 remains unex-
plained. However, even when specimen UMZC 538 is
taken into account, the values obtained are close to
those proposed by Coleman and Boyer (2012), and the
variation is higher but still coherent. Our results
underline the importance of considering intraspecific
variation in fossil species, as shown by the homogeneity
of the values obtained here, which provide reliable
information about hearing sensitivity in Adapis
parisiensis.

Our results for fossil species are also compared to
extant primate audiometric data, taken from Coleman
(2009), and Coleman and Colbert (2010). The extant
primate species with the greatest auditory similarity to
Adapis parisiensis are Nycticebus coucang (36 dB at
250 Hz and 23 dB at 32 kHz) and Perodicticus potto (33
dB at 250 Hz and 16 dB at 32 kHz). These two species
belong to the strepsirhine group, like Adapis parisien-
sis (Fleagle, 2013). As social drive is related to acoustic
communication and hearing sensitivity (Ramsier et al.,
2012), social behavior in Adapis parisiensis may have
been similar to social behaviors in Perodicticus potto
and Nycticebus coucang. These species are nocturnal,
solitary, and monogamous (Charles-Dominique and
Martin, 1970). The strongest behavioral difference
between these three species is that Adapis parisiensis
is diurnal, based on orbit size (Lanèque, 1993), which
could imply some communication differences. Although
diurnal and nocturnal species communicate differently,
with visual signals for the former and olfactory signals
for the latter (Gould et al., 1999), they both use vocal
communication for social interaction, territory defense,
and individual and species-specific recognition
(Charles-Dominique, 1977). Adapis parisiensis was
probably a solitary monogamous species, living within
a small territory, thus explaining its better detection of
high frequencies, which do not propagate over large
distances (Waser and Brown, 1986). Based on extant
species correlation between hearing sensitivity and
home range (data from Charles-Dominique, 1977), we
can infer a home range for Adapis parisiensis between
0.15 km2 (like Nycticebus coucang) and 0.4 km2 (like
Perodicticus potto). Moreover, our paleoecological
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Fig. 6. Modeled ears for the seven specimens. For four specimens (ACQ 211, MaPHQ 339, NHMUK 1345, and UMZC 538), the right ear is
shown; for three specimens (Basel QW 1530-1936, Munchen XV-1860-2, and PLV14) the left ear was flipped for easier comparison. (A) Ventral
view, (B) Posterior view, and (C) Left side view.



hypothesis could also indicate a slight to moderate level
of sexual dimorphism in body weight and canine size
for the fossil species. Extant species with this lifestyle
present a low level of sexual dimorphism for these
traits (Plavcan, 2001).

Coleman and Boyer (2012) focused on the phylogenetic
effects of ear morphology. They conclude that better per-
ception of high frequencies is an ancestral character.
Ramsier (2013) also inferred better detection of high fre-
quencies for ancestral strepsirhines. The auditory char-
acteristics resulting from our study of inner ear
morphology in Adapis parisiensis are highly coherent
with these earlier studies.

CONCLUSION

This study provides new information about the paleoecol-
ogy and paleobiology of the Eocene primate species Adapis
parisiensis. Two methods were used to estimate locomotor
behavior, but the range of behaviors suggested by the AVM
values probably overestimates the range of variation for
this species. Developing an AVM model that integrates
intraspecific variation would probably provide more robust
information. For Adapis parisiensis, the coefficient of agil-
ity appears to provide more reliable results, which indicate
that it was a slow, quadrupedal species, similar in locomo-
tor behavior to Loris tardigradus.

Our results also provide more precise information
about hearing sensitivity in Adapis parisiensis, which
must have adapted to perceive high frequencies, as
shown by the small confidence interval for the values
obtained. Sensitivity to high frequencies is probably ple-
siomorphic, as previously suggested by many authors.
Auditory sensitivity can also be interpreted in terms of
paleoecology. Adapis parisiensis was probably monoga-
mous and solitary, with a small home range. Quantifying

variation in ear morphology leads to new insights into
this Eocene fossil fauna, its behavior and environment.

ADDENDUM

Intraspecific variation in primate fossil species remains a
problematic issue, mainly because of the limited number of
specimens available for study. Only seven specimens could
be studied here, partly because the auditory region of some
Adapis parisiensis crania is too damaged. Other, better pre-
served specimens exist, but may not yet have been scanned
or, if already scanned, the data may not be readily available
to the scientific community. In such cases, this may mean
that a given specimen would need to be scanned several
times for different studies, thus increasing the risk of speci-
men damage. Data acquisition is a costly process funded by
many different institutions, through grant support, within
the framework of specific research projects. Sharing data
acquired through cutting-edge techniques, such as mCT
files, would be more economically responsible, but requires
funding bodies to cooperate in data-sharing. Today, collabo-
rative digital library projects, such as DigiMorph (http://
www.digi-morph.org/), Morphosource (http://morphosource.
org), and Digital Morphology Museum (http://dmm.pri.
kyoto-u.ac.jp), are beginning to be developed. Data can be
shared after acceptance of the copyright holder, following
strict data-sharing policies. Data could then become accessi-
ble to the international scientific community. Recently, Bor-
ries et al. (2016) highlighted the necessity of improving the
transparency, reproducibility, and usability of research
studies, through the detailed documentation of primary
data. We recommend that data-sharing, controlled by clear
policies, should be included in this program.
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internat CNRS “Problèmes actuels de Pal�eontologie (Evolution
des Vert�ebr�es)” 218:851–859.

Cuvier G. 1822. Recherches sur les ossements fossiles. Paris:
Dufour & d’Ocagne.

Dagosto M. 1983. Postcranium of Adapis parisiensis and Leptadapis
magnus (Adapiformes, Primates). Adaptational and phylogenetic
significance. Folia Primatol 41:49–101.

Dagosto M. 1993. Postcranial anatomy and locomotor behavior in
Eocene primates. In: Gebo L, editor. Postcranial adaptation in
nonhuman primates. DeKalb: Northern Illinois University Press.
p 199–219.

Dagosto M, Terranova CJ. 1992. Estimating the body size of Eocene
primates: a comparison of results from dental and postcranial
variables. Int J Prim 13:307–344.

De Bonis L. 1964. Etude de quelques mammifères du Ludien de la
Debruge (Vaucluse). Annales Pal�eontologie 50:121–154.

De Bonis L, Crochet JY, Rage JC, Sig�e B, Sudre J, Vianey-Liaud M.
1973. Nouvelles faunes de vert�ebr�es oligocènes des phosphorites
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