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Abstract

The mosaic nature of the Miocene ape postcranium hinders the reconstruction of the positional behavior and locomotion of
these taxa based on isolated elements only. The fossil great ape Pierolapithecus catalaunicus (IPS 21350 skeleton; 11.9 Ma)
exhibits a relatively wide and shallow thorax with moderate hand length and phalangeal curvature, dorsally-oriented
metacarpophalangeal joints, and loss of ulnocarpal articulation. This evidence reveals enhanced orthograde postures
without modern ape-like below-branch suspensory adaptations. Therefore, it has been proposed that natural selection
enhanced vertical climbing (and not suspension per se) in Pierolapithecus catalaunicus. Although limb long bones are not
available for this species, its patella (IPS 21350.37) can potentially provide insights into its knee function and thus on the
complexity of its total morphological pattern. Here we provide a detailed description and morphometric analyses of IPS
21350.37, which are based on four external dimensions intended to capture the overall patellar shape. Our results reveal
that the patella of Pierolapithecus is similar to that of extant great apes: proximodistally short, mediolaterally broad and
anteroposteriorly thin. Previous biomechanical studies of the anthropoid knee based on the same measurements proposed
that the modern great ape patella reflects a mobile knee joint while the long, narrow and thick patella of platyrrhine and
especially cercopithecoid monkeys would increase the quadriceps moment arm in knee extension during walking,
galloping, climbing and leaping. The patella of Pierolapithecus differs not only from that of monkeys and hylobatids, but also
from that of basal hominoids (e.g., Proconsul and Nacholapithecus), which display slightly thinner patellae than extant great
apes (the previously-inferred plesiomorphic hominoid condition). If patellar shape in Pierolapithecus is related to modern
great ape-like knee function, our results suggest that increased knee mobility might have originally evolved in relation to
enhanced climbing capabilities in great apes (such as specialized vertical climbing).
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grade postures as compared to previous apes [1,5,8], although the
fragmentary pelvic remains indicate only slight differences from
Proconsul [8], stressing the mosaic nature of the postcranial skeleton
evolution in Miocene apes [12]. At the same time, hand length
proportions and phalangeal anatomy indicate that modern ape-
like below-branch suspensory adaptations are lacking. In partic-
ular, the hand displays only a moderate length and phalangeal
curvature ([2,4,13] but see [14,15] for a different interpretation),
the metacarpophalangeal joints are dorsally oriented, and the
pollical distal phalanx is long and wide at the base relative to the
distal phalanges of the lateral rays [4,16]. These features indicate

Introduction

The partial hominoid skeleton IPS 21350 from the locality of
Barranc de Can Vila 1 [1-8], situated in the local stratigraphic
series of Abocador de Can Mata (ACM/BCV1; els Hostalets de
Pierola, Vallés-Penedés Basin, NE Iberian Peninsula), constitutes
the holotype (and so far only known individual) of Pierolapithecus
catalaunicus. With an estimated age of 11.9 Ma (late Aragonian,
Middle Miocene) [9,10], Pierolapithecus is the oldest undisputed
extinct member of the great-ape-and-human clade—i.e., the
Hominidae [1,2,6,7,11].

IPS 21350 comprises more than 80 bones or bone fragments,
including the splanchnocranium, key regions of the wrist and ankle
complexes, a clavicle, vertebrae and ribs, as well as fragmentary
remains of the pelvis and an almost complete patella [1]. The
preserved anatomy provides strong evidence of advanced ortho-
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that Pierolapithecus—as in other Miocene apes—relied significantly
on above-branch palmigrady with a thumb-assisted grasping
during arboreal locomotion [12,17]. Moreover, and as in extant
great apes, the triquetrum was distally situated on the wrist,
showing a crevice for attachment of a meniscus instead of an
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articular facet for the ulnar styloid process [1]. The combination of
an orthograde body plan and the loss of ulnocarpal articulation
(i.e., enhancing ulnar deviation of the hand) with no specific
below-branch adaptations suggests that vertical climbing—and not
suspension per se—might have been the primary target of natural
selection in Pierolapithecus, since it is the only other common
behavior to the hominoid crown group [1,2]. The mosaic nature
of the Miocene ape postcranial skeleton should prevent straight-
forward locomotor reconstructions based solely on isolated
anatomical parts in these fossil forms. Instead, different anatomical
regions should be considered together (when possible) to more
accurately reconstruct their locomotor adaptations. However,
although hind limb long bones of Pierolapithecus are not preserved
(other than shaft fragments), the morphology of its preserved
patella (IPS 21350.37) can potentially provide hints of its knee
function, as previous studies have shown for other Miocene taxa
[18]. Here we provide a detailed description of the patella from the
holotype of Pierolapithecus (IPS 21350) as well as an exhaustive
morphometric analysis with selected extant anthropoids and
available fossil hominoids. Therefore, the aim of this study is to
shed light on the patellar morphology and inferred knee function
of Pierolapithecus catalaunicus.

Materials and Methods

The studied specimen (IPS 21350.37) is housed at the Institut
Catala de Paleontologia Miquel Crusafont (Sabadell, Spain). To
compare this specimen with the patellae of other (extant and
extinct) anthropoids, four variables were measured following Ward
et al. [18]: total proximodistal height of the patella (PD);
proximodistal height of the articular surface (PDAS); anteropos-
terior thickness (AP); and mediolateral breadth (ML). These
variables are intended to capture the overall proportions of the
patella while being biomechanically meaningful. Measurements
were taken using a digital caliper to the nearest 0.1 mm. The
individual values for Pierolapithecus were compared with the sample
of extant anthropoids used by Ward et al. (their Tables 1 and 2)
[18], as well as sclected fossil hominoid specimens, for which
measurements were taken from the literature [18-20]. In all cases,
only adult specimens for whom all measurements were available
were included in the analyses. The fossil hominoid sample
included: KPS PT3 and KPS PT4 (Proconsul heseloni) [18]; KNM-
RU 17382 (Proconsul nyanzae) [18]; KNM-BG 15535 (Nacholapithecus
kerior, referred to Kempapithecus in [18]); BAC 122 (Oreopithecus
bambolii, measured by S.A. from a cast: PD =22.2 mm, PDAS
=199 mm, AP =8.9 mm, ML =23.0 mm); and KNM-MB
24738 (Equatorius africanus) [19].

For shape comparisons, linear dimension were divided by
overall patellar size, which was approximated by the geometric
mean (GM) of the four original lengths. Scaling the patellar linear
dimensions by the GM gives individual dimensionless Mosimann
shape ratios that are independent of the remaining sample (unlike
residuals derived from regressions) [21,22]. Comparisons of
patellar size (GM) and shape (Mosimann variables) were depicted
by means of boxplots. Further, major patterns of patellar shape
variation between extant anthropoids and fossil hominoids were
summarized by means of a principal components analysis (PCA)
performed on the covariance matrix of the taxa means. Individual
PC scores were computed and plotted a posteriori in order to show
variation within extant anthropoids. The method, known as
between-group PCA (bgPCA), is extensively described elsewhere
[23]. Shape variables were log-transformed (using natural loga-
rithms) before being introduced into the analysis. Statistical
differences between the bgPC scores obtained (bgPC1 and bgPC2
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Table 2. Results of the Between Groups Principal
Components Analysis (BgPCA) based on patellar
measurements.

BgPC1 BgPC2
% variance 61.371 30.285
Variable loadings?
PD —0.18 0.61
PDAS 0.34 0.38
AP —0.73 —0.41
ML 0.57 —0.57

Abbreviations: bgPC, between-group principal component; PD, total
proximodistal height of the patella; PDAS, proximodistal height of the articular
surface; AP, anteroposterior thickness; ML, mediolateral breadth. ® Each original
variable was size-adjusted by the geometric mean (GM) of the four variables
and log-transformed (using natural logarithms) prior incorporation into the
analysis. The variables with absolute loadings of 0.5 or more are marked in bold.
Only the two first bgPC axes provided meaningful discrimination and are
therefore shown.

doi:10.1371/journal.pone.0091944.t002

in our case) from our extant sample of primates were inspected by
means of analyses of their variance (ANOVA), as well as
multivariate analyses of variance (MANOVA; to inspect both
principal axes together), and their associated Bonferroni post hoc
multiple comparisons. All shape analyses were performed with the
statistical packages SPSS v 15 and PAST v 2.15.

Patellar mediolateral breadth (ML) has been found to scale with
body mass (BM) in non-human hominoids [24]. We inspected the
scaling of ML against BM and GM in our sample of non-human
anthropoid primates by means of phylogenetic generalized least-
squares (PGLS) regressions of the log-transformed, sex-specific
means. The regression coefficients and the error term are all
computed by means of maximum likelihood [25], with phyloge-
netic signal [26,27] incorporated into the error term. The degree
of phylogenetic signal is given by A, which varies between values of
0 (no signal) and 1 (strong signal) [26,27]. All PGLS regressions
results are based on female species means; the male results were
similar and therefore are not shown. PGLS regression statistics
were calculated using the ‘base’ and ‘caper’ libraries of R (v 2.9; R
Development Core Team, 2008). The consensus topology and
branch lengths for the extant primate sample were taken from the
10 k Trees website (v3) [28].

Results

Description and Measurements

The left patella IPS 21350.37 (Fig. 1) is well preserved, except
for very minor damage on its proximal (caused during excavation;
Fig. 1B,E) and medial (Fig. 1B,D) portions, as well as some
superficial abrasion on the distal end. However, this very minor
abrasion did not preclude taking complete measurements of the
relevant dimensions. IPS 21350.37 extends more mediolaterally
ML =249 mm) than proximodistally (PD =21.9 mm), and
exhibits moderate anteroposterior thickness (AP =9.7 mm) that
slightly wedges distally. The anterior side displays a rough surface
on the proximal half for the insertion of the muscles vastus
lateralis, medialis, intermedius and rectus femoris (i.e., quadriceps
muscle group) and their associated tendons. The posterior side is
almost completely covered by the articular surface for the femoral
patellar groove. The lateral portion of the articular surface is larger
than the medial one, and the contour of the latter is slightly
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damaged. The proximodistal height of the articular surface can be
reliably measured (PDAS =17.1 mm). Running through the distal
edge, a rough area for the attachment of the patellar ligament is
evident and courses medially. This attachment is slightly abraded
(Fig. 1F).

Mosimann Shape Variables

The range of variation of the patellar size (GM), as well as the
Mosimann shape variables for the different extant genera and
fossil individuals, are depicted in Figure 2 by means of boxplots
(see Fig. 3 for patellar morphological comparisons). Regarding the
overall patellar size (GM), African apes and, especially, humans
have the largest patellae (Fig. 2A). Apart from P. heseloni and
Nacholapithecus, which are similar to hylobatids and monkeys
(platyrrhines and cercopithecoids), the rest of Miocene apes,
including Pierolapithecus, have patellae of intermediate size between
the monkey-hylobatid group (except Papio) and African ape-
human group, overlapping with the ranges of orangutans and
baboons.

Monkeys and hylobatids exhibit proximodistally longer patellae
than extant great apes and humans (Fig. 2B). That of Symphalangus
is exceptionally large, its lower non-interquartile range overlap-
ping only with the upper range of cercopithecoid monkeys, but not
with that of Hylobates. As for extant great apes, only the uppermost
range of Pan overlaps with that of monkeys and Hylobates.
Pierolapithecus (similarly as Oreopithecus) falls within the interquartil
range of all great apes and humans, while the rest of Miocene apes
exhibit slightly proximodistally longer patellae, falling in an
intermediate position between monkeys-Hylobates and great apes.

For PDAS, differences between genera are less clear (Fig. 2C).
Although most ranges overlap, humans, cercopithecoids and Cebus
show proximodistally shorter articular surfaces than Pan, Pongo,
hylobatids and Ateles. Gorillas display a wide range, overlapping
with the interquartile ranges of the remaining great apes and all
monkeys. Hylobates shows the highest values of PDAS, closely
followed by Ateles. Pierolapithecus overlaps with humans, gorillas and
monkeys (although only slightly with the lowermost range of Ateles).
Oreopithecus shows one of the lowest values for this ratio, conversely
to the rest of Miocene apes, whose ratios overlap with those of
Hpylobates, Ateles and the uppermost part of the interquartile range
of great apes and Symphalangus.

In contrast, marked differences are observed concerning
anteroposterior thickness (Fig. 2D). Hylobatids display the thinnest
patellae, whereas cercopithecoids and humans show the opposite
condition. Platyrrhines and great apes display a more intermediate
position, as Puerolapithecus. Oreopithecus, Nacholapithecus and Proconsul
show slightly thinner patellae than great apes, overlapping with the
lowest range of Pan. Equatorius is more similar to humans and
cercopithecoids, although it also falls in the range of gorillas.
Finally, cercopithecoids display the narrowest patellae (Fig. 2F),
followed by platyrrhines, hylobatids, and great apes and humans.
Miocene apes overlap with the ranges of the last two groups,
showing one specimen of P. heselon: (KPS PT' 4) and P. nyanzae the
lowest values of ML among fossils. Equatorius, Oreopithecus, the other
individual of P. heselont (KPS PT 3) and Nacholapithecus show
mtermediate values for fossils, being Pierolapithecus the specimen
with the broadest mediolateral length of the patella.

Size Scaling of Patellar Mediolateral Breadth

Regression results are given in Figure 4 and Table 1. For both
the ML vs. BM and ML vs. GM, the results are near expectations
based on isometric dimensional scaling. Mediolateral patellar

breadth exhibits a strong correlation with BM, and scales with a
slope of 0.376+0.025. Because A =0.000, the 95% confidence
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Figure 1. Patella of Pjerolapithecus catalaunicus. |PS 21350.37 is shown in anterior (A), posterior (B), lateral (C), medial (D), proximal (E) and distal

(F) views.
doi:10.1371/journal.pone.0091944.g001

intervals (CI) was calculated using a t distribution for small samples
DF =8, t=2.306, o= 0.05), yielding a slope CI of 0.318-0.433,
which overlaps the isometric expectation of 0.333. ML also
exhibits a strong correlation with GM, and scales with a slope of
1.190. The A =1.000 complicates use of standard statistical tables
in this instance. However, it is likely that this scaling pattern shows
a significantly positive allometry by a small margin (est. 95% CI
1.020-1.360), based on an isometric expectation of 1.000.
Therefore, the above-explained differences between hominids
and the hylobatid-monkey group in the Mosimann ratio ML/GM
(Fig. 2F) may be due to scaling effects.

Between-Group Principal Components Analysis

Most of the patellar shape variation (91.6%) among extant and
fossil taxa is explained by the two first between-group principal
components (bgPCs; Fig. 5; Table 2). bgPC1 (61.4% of variance) is
highly correlated with positive values of mediolateral patellar
breadth (ML) and especially negative values of anteroposterior
patellar thickness (AP). This axis completely separates apes from
cercopithecoids. However, platyrrhines and humans overlap on
this axis and occupy an intermediate position between cercopith-
ecoids and apes (overlapping with both). Differences in bgPC1

scores between taxa are statistically significant (F=50.378,
p<<0.001; see Table S1 for specific differences). These results
highlight the fact that monkeys and, especially, cercopithecoids
have anteroposteriorly thicker and mediolaterally narrower
patellaec than extant great apes (see also Fig. 3). Symphalangus
exhibits the extreme condition for hominoids, being statistically
different from the remaining taxa except for Hylobates (p =1.000;
Table S1). Conversely, modern humans, although in the range of
platyrrhines, show significant differences with all cercopithecoids
and extant ape genera (p<<0.05; Table 2). bgPC2 (30.3% of
variance) is highly correlated with positive values of proximodistal
patellar length (PD) and negative values of mediolateral breadth
(ML). bgPC scores for this axis also show statistical differences
among genera (F=14.882, p<<0.001). Cercopithecoids, platyr-
rhines and hylobatids display overall significant differences from
extant great apes and humans (p<<0.05; Table S1). Thus, although
there is overlap in the bgPC2 ranges of all great apes with those of
hylobatids and monkeys, the two latter groups show relatively
longer and narrower patellae than great apes and humans (see also
Fig. 3). Again, Symphalangus shows the extreme positive values
along bgPC2, by having the highest relative patellar proximodistal
length and lowest anteroposterior thickness. The MANOVA

P. catalunicus | {T\'{ A 4 ™0 B 4 «~ C 4 P D E <« F
0. bambolii | 1 4 | 4 | " | 4 |
Equatorius _| 4 | 4 | 4 | 4 |
N. kerioi | | 4 | 4 | 4 | 4 |
P. nyanzae _| | 4 | = | = | B |
P heseloni J KPSPT3]ps pr q KPSPT4]  |kpspr3 1 PSPT3|  lkpspra B kespral  [KPSPT4 B kespral  [KPSPT3
Homo | il e 4 Il 8 ;__4 B —{k ° - o —il
Gorila | - (] el - 4 . : . — - -
Pan | e 1 1 O . 1 — o
Pongo - o 4 - E - . -mm . =
Symphalangus J i . o | o T 1 . o
Hylobates 1 1 o T 1 [ 1 —
Papio | o 8 T I s e S . o S [ B 1
Corcopihocus | g+ 1 T S i e S 1 [ e
Colobus i : T 4 . R N
Ateles_ oo : —m— | ——— . i m i
Cebus | . — . - . e 1 -
5 0 15 20 25 30 35 120 1.40 1.60 1.80 090 1.10 1.30 040 050 0.60 070 1.00 1.20 1.40 1.60
GM PD/GM PDAS/GM AP/GM ML/GM

Figure 2. Boxplots representing patellar size (GM) and Mosimann shape variables. A, patellar size (GM); B-F, shape variables standardized
by GM based on the four original variables. Vertical lines represent the median, boxes the interquartile range (between 25th and the 75th
percentiles), whiskers the extreme values, circles the outliers and asterisks the extreme outliers. Colors indicate the major taxonomic groups: blue,
cercopithecoids; red, platyrrhines; orange, hylobatids; green, great apes; purple, humans. Pierolapithecus is highlighted by a star and the grey vertical
line in every boxplot is meant to facilitate the visual comparison with the remaining taxa.

doi:10.1371/journal.pone.0091944.g002
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Figure 3. Patellar 3D virtual models of selected extant anthropoid genera and Pierolapithecus. Anterior (left), posterior (middle), and side
(right) views of: A, Cercopithecus (right, reversed); B, Colobus (right, reversed); C, Papio (right, reversed); D, Ateles (right, reversed); E, Cebus (left); F,
Hylobates (left); G, Symphalangus (right, reversed); H, Gorilla (left); I, Pan (right, reversed); J, Pongo (right, reversed); K, Homo (left); and L,
Pierolapithecus (IPS 21350.37, left). Patellae were scanned by a supefficial laser scan (provided by P. Ibanez). Then 3D models were created and scaled
to the same proximodistal size for a better visualization. Scale bars equal 1 cm.

doi:10.1371/journal.pone.0091944.g003

results reveal that, when the two first bgPC axes are considered
together, differences are also statistically significant. All cercopith-
ecoid taxa are statistically different from the ape taxa, and
Symphalangus shows differences with the remaining primate genera
to the exception of Hylobates (p<<0.001). Modern humans display
differences with apes and cercopithecoids (p<<0.05), but not with
platyrrhines (p=1.000; Table 2). Thus, to some degree, patellar
shape differences (as identified by our bgPCA) relate to phylogeny.
Great apes are more similar among them than to hylobatids,
cercopithecoid taxa are more similar to each other than to great
apes, and this is also the case of platyrrhine taxa. However,
concerning bgPC1 (the axis that explains the highest amount of
variance), cercopithecoids are more distinct from hominoids than
are platyrrhines (intermediate between both).

Most fossil apes (the two species of Proconsul, Nacholapithecus and
Oreopithecus) fall close in the bgPC1-bgPC2 morphospace, highly
overlapping with Symphalangus and great apes (mainly the
specimens KPS PT 4, BAC 122 and KNM-RU 17382) for
bgPC1. These fossil apes occupy a central position along bgPC2,

PLOS ONE | www.plosone.org

overlapping with extant apes and monkeys. BAC 122 (Oreopithecus)
shows the lowest values among the above-mentioned Miocene
apes, and KNM-RU 17382 (P. nyanzae) the highest. Overall, the
patella of these Miocene apes is relatively thin anteroposteriorly
and wide mediolaterally, in the uppermost range or just above the
extant great ape range (bgPCl), and in the upper range of great
apes for bgPC2 (by discounting one Pan outlier), but fully within
the monkey range for the latter axis. Two fossil ape patellae depart
from the others: KNM-MB 24738 (Equatorius) and IPS 21350.37
(Peerolapithecus). They show both lower bgPC1 (especially Equatorius)
and bgPC2 values than the remaining Miocene apes. When both
bgPC axes are inspected together, to the exception of KPS PT4 (P.
heseloni, which overlaps with Pan and is also close to Pongo), the
other Proconsul, Nacholapithecus and Oreopithecus specimens fall in a
unique region of the morphospace. FEquatorius shows its closest
affinities with modern humans, and Pierolapithecus overlaps with
Pongo and Gorilla.

March 2014 | Volume 9 | Issue 3 | 91944
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Figure 4. Allometric bivariate plots. A, mediolateral breadth (ML) vs. body mass (BM); B, ML vs. patellar size (GM). The OLS and PGLS allometric
regression equations are reported in Table 1; black line denotes female means of non-humans primates OLS regression (see text for further
explanation). Because of the isometric relationship between ML and BM, the former can be used as a surrogate of BM (see text).

doi:10.1371/journal.pone.0091944.g004

Discussion

Patellar Shape and Function in Extant Anthropoids

Differences in patellar morphology between monkeys and
hominoids (especially great apes) have been previously noted on
the basis of the external dimensions used herein (PD, PDAS, AP,
and ML): monkeys exhibit proximodistally taller, anteroposteriorly
thicker and mediolaterally narrower patellae than great apes
(Figs. 3 and 5) [18,20,29]. These external dimensions have been
used to make functional inferences for Miocene apes [18]. In
particular, Ward and colleagues [18] concluded that differences in
external proportions of the patella between monkeys and apes
indicate biomechanical differences in their knee function, related
to bone stresses. However, it should be noted that only few
mechanical models of the non-human primate knee joint have
considered the coronal plane [30,31,32], and this is not the case of
the above-mentioned study on Miocene apes. Taking that into
account, the biomechanical notes that follow are only meant to
discuss patellar shape differences between monkeys and apes in the
light of available mechanicals models of the knee—restricted to the
sagittal plane—that have been previously used to infer hind limb
function in Miocene apes.

Our results agree with a previous study [24] according to which,
in non-human hominoids, the mediolateral breadth of the patella

scales with geometric isometry to body mass (BM), and further
indicate that this assertion holds not only for apes, but for monkeys
as well. Humans, in contrast, are clear outliers in this regression,
due to their bipedal locomotor behavior (Fig. 4A). Since no
significant grade shifts between monkeys and apes (only hylobatids
are slightly upshifted) have been found [18,24] (see also Iig. 4A), it
has been hypothesized that mediolateral patellar breadth is
relatively unaffected by the type of locomotion [18], further
providing a good surrogate of BM irrespective of phylogenetic
constraints.

However, PD and AP seem to display a strong functional signal
[18,29]. Our results, in agreement with previous work [18], show
that anteroposterior thickness of the patella is relatively higher in
cercopithecoids than in platyrrhines and apes, respectively
(Fig. 2D); whereas PD 1s higher in monkeys and hylobatids
(displaying Symphalangus the proximodistally highest patella) than in
great apes (Fig. 2B). This latter fact might be related to the
presence of a large non-articular surface, the apex, in the patellae
of monkeys and hylobatids (Iig. 3). Therefore, PD and AP mainly
differentiate monkeys and great apes. Both parameters have been
previously associated with the increase of the moment arm of the
quadriceps tendon-ligamentum patellae about the knee joint
[18,33]. In the case of AP, a thicker patella mainly separates the
ligamentum patellae from the center of rotation of the knee in the
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Figure 5. Between Groups Principal Components Analysis (BgPCA) performed on extant taxa and individual fossil patellae. The first
two axes explain up to 91.6% of the total variance (BgPC1, 61.4%; BgPC2, 30.3%). Major taxonomic groups are indicated by colors as follows: blue,
cercopithecoids; red, platyrrhines; orange, hylobatids; green, great apes; purple, humans. Pierolapithecus is highlighted by a star. See Material and

methods and Table 1 for more details.
doi:10.1371/journal.pone.0091944.g005
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sagittal plane, changing the angle of action of the quadriceps
muscle mainly during flexed knee positions as well as increasing
the moment arm of the muscle. Regarding PD, the greater length
of the patella (including the apex) increases the lever arm of the
quadriceps muscle from a flexed posture of the knee, thus
enhancing the torque or rotational force of the joint [18,34].
Therefore, the higher moment arms generated by a large
proximodistal and thick anteroposterior patellae about the knee
joint probably favor the forceful extension of that joint from fully-
flexed positions [18,33,35,36]. Although not mentioned in
previous studies, a higher moment arm also implies a lower
angular velocity [37], hindering a quick extension of the knee
mainly during leaping. In this regard, further work is needed to
solve this dichotomy and better understand the biomechanics of
the primate knee and its relationship with patellar morphology.
Thus, when AP and PD are assessed within a positional context, it
can be observed that primates which rely on leaping and galloping
(with predominant excursions of the joint from a full-flexed knee to
extended positions) display higher values of these two parameters
(Figs. 2 and 5) [18,29]. The proximodistally short and anteropos-
teriorly thin patellae of great apes have been associated with a
more versatile knee, with a wider range of positions and no
habitual full flexion of the knee [18,29]. The locomotor repertoire
of these taxa (probably related to their large body mass) does not
include frequent leaping or galloping. Instead they practice more
frequently orthograde behaviors, such as vertical climbing, below-
branch suspension, clambering and bridging (e.g., [18,38,39]).
Since great apes show fully-flexed knee positions in a notably lower
frequency than monkeys (only orangutans clearly full-extend the
knee during arboreal bipedalism) [18,39-42], so that their shorter
anteroposteriorly and proximodistally patellae might reflect these
different biomechanical demands relative to non-hominid anthro-
poids (i.e., lower moment arms in the knee).

Furthermore, African apes and orangutans differ in type of
locomotion and frequency of arboreal behaviors [42-45]. The
former are characterized by the practice of knuckle-walking, which
implies an assemblage of specific adaptations [38,46,47]. In
contrast, orangutans are more arboreal, and mostly rely on
below-branch suspension and clambering for traveling horizon-
tally [40,41,48,49]. Apart from some degree of suspension, vertical
climbing (upright trunk progression on arboreal supports employ-
ing hind limb propulsion and hands and feet grasping) seems to be
the common locomotor behavior among all extant apes [40,50].
Hylobatids, and especially Symphalangus (which employ vertical
climbing even more often than great apes [50]), employ less
abducted hind limb positions than the latter during vertical
climbing [41,50]. It is noteworthy that African apes and
orangutans practice vertical climbing in different frequencies,
and that there are also some differences in the hind limb use, since
in orangutans the knee is less flexed and more extended, and the
hip is more flexed and abducted, than in African apes [40,41,48].
Likewise, orangutans possess a larger mass of knee flexor muscles
relative to the extensors, thus favoring the rotation and flexion of
the knee as well as a wider variety of postures at this joint [49].
However, these differences are not reflected in the overall
proportions of the patella as captured by our analyses (Figs. 2
and 5). Nonetheless, African apes display a trapezoidal patellar
surface in the distal epiphysis of the femur (Fig. 3), which might
reflect a decreased mobility of the knee joint compared to
orangutans [20]. Thus, although further studies are needed in this
regard, the African ape configuration might be slightly derived
among extant great apes, being potentially related to an increase in
knee stability during knuckle-walking. In fact, orangutans show a
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greater capability of knee rotation, as well as a higher range of
motion of their joints, when compared to African apes [40,49].

Inferences on Knee Function and the Evolution of

Pierolapithecus and Other Miocene Apes

In the above-mentioned regards, the patella of Prerolapithecus is
essentially similar to that of great apes (and especially orangutans
and gorillas; Figs. 2, 3 and 5). The comparable patellar
morphology of Pierolapithecus and great apes suggests a similar
biomechanical loading regime (and associated joint positions), with
no habitual and stereotyped flexion-extension of the knee joint.
This positional hypothesis is compatible with the orthograde body
plan inferred for Puerolapithecus on the basis of its thorax
morphology [1]. In this taxon, the lack of extant ape-like specific
adaptations to below-branch suspensory behaviors (e.g., moderate
hand length and phalangeal curvature), combined with its
orthograde body plan and loss of ulnocarpal contact, led previous
authors to suggest that enhanced vertical climbing capabilities
(compared to previous apes) was the main target of natural
selection [1,2,4,13]. Previous inferences of above-branch palmi-
grady for Pierolapithecus, based on hand morphology (e.g., dorsally
oriented metacarpo-phalangeal joints) [1,4,13], are a priori less
consistent not only with orthogrady, but also with the great ape-
like patellar morphology observed for this taxon in our analyses.
However, the above-branch quadrupedalism displayed by Pier-
olapithecus probably has no modern analog, due to its tailless
condition and powerful-grasping (thumb-assisted) capabilities
inferred for this and other Miocene apes [1,4,13,16,51].
Puierolapithecus also exhibits a pelvic morphology similar to Proconsul,
but with a slightly more marked lateral flaring of the ilia [8].
Unfortunately no femoral remains are available for this taxon,
although those available for other Miocene hominoids have been
found to share a similar proximal shape to each other [52]. This
fact may suggest similar and unique hip biomechanics for most
Miocene apes, which would display (like in Proconsul) a mosaic
postcranial morphology, combining in the case of Pierolapithecus an
orthograde body plan with above-branch palmigrady, great ape-
like knee function and hip joint with increased ape-like mobility
(e.g., [4,8,12,53]).

In evolutionary terms, our results suggest that cercopithecoids
might display, concerning the anteroposterior dimension, the most
derived patella among anthropoids (Figs. 2 and 5). However, great
apes show somewhat anteroposteriorly thinner patellac than
monkeys, although thicker than those of the fossil taxa (Fig. 5;
Table 2). Ward et al. [18] proposed that the patellar morphology
of stem hominoids such as Proconsul and Nacholapithecus would be
representative of the primitive hominoid condition—i.e., prox-
imodistally higher, anteroposteriorly thinner and mediolaterally
narrower patellae compared with those of extant great apes.
Therefore, the quadriceps muscle mechanical advantage may have
increased in the course of hominoid evolution, but never attaining
the extreme values of cercopithecoids. This fact might be related to
the more varied locomotor repertoire of great apes than that of
monkeys, being Pierolapithecus similar to the former group in this
regard. The external morphology of the patella of Equatorius, in
turn, is closer to that of African apes, and even to that of modern
humans (Figs. 2, 3 and 5). This fact might be explained by the
pronograde, semi terrestrial behaviors inferred for this taxon [54—
56]. This type of locomotion, to a large extent, would be similar in
functional requirements to the locomotor repertoire of chimpan-
zees and bonobos, which rely on arboreal behaviors more
frequently than gorillas. This positional behavior requires a highly
versatile knee joint for combining orthograde locomotor behaviors
(such as vertical climbing and suspension) with quadrupedalism in
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both arboreal and terrestrial substrates. In addition to the
specimen KPS PT' 4 (P. heseloni), the patellac of Pierolapithecus and
Oreopithecus—the only widely accepted orthograde taxa among the
analyzed fossil apes [1,5,57,58]—are those that most closely
resemble great-ape patellae (Figs. 2, 3 and 5), probably exhibiting
a versatile knee joint.

Given that the evolution of the locomotor apparatus in apes
during the Miocene apparently proceeded in a mosaic fashion
(e.g., [6,12,13,58]), and the current decimated diversity of extant
hominoids, there should not be surprising that there are no extant
locomotor analogs for these extinct taxa [1,6,8,58]. The above-
branch quadrupedal component and the lack of specific below-
branch suspensory adaptations inferred for Pierolapithecus suggest
that its great ape-like patellar morphology might be simply
attributable to the higher range of knee motion required by
orthograde vertical climbing, which would have been probably
most similar to that performed by extant great apes (with extended
hip joints and flexed knees, and more abducted hind limb positions
than in lesser apes) [1,4,5,13,40,41]. All extant hominoids share a
similar orthograde body plan, suitable for both vertical climbing
and below-branch suspensory behaviors (and bipedalism in
hominins) [40,41,48]. However, the evidence provided by
Puerolapithecus [1,2,4,8,13] suggests that the acquisition of suspen-
sory adaptations might have been decoupled from that of vertical
climbing (contra [11,14,15])—with clear suspensory adaptations
not being displayed until the late Miocene by Hispanopithecus/
Rudapithecus (see discussion in [39], but also [13-15,17,52,60-62]).
Concerning the latter taxa, the below-branch suspensory adapta-
tions observed on their femora [52,60,61,63,64] and other
postcranial remains [13-15,17,60-62] lead us to predict, based
on our analyses above, that the patella of Hispanopithecus (if ever
found) would probably resemble those of modern great apes, like
in Pierolapithecus and Oreopithecus.

Conclusions

Morphometric analyses of the patella of Pierolapithecus catalaunicus
reveal its closest shape affinities with those of extant great apes.
The great ape-like—i.e., proximodistally short, anteroposteriorly
thin and mediolaterally broad—patellar morphology displayed by
Puerolapithecus 1s functionally related (on the basis of available knee
mechanical models) to a wider range of movements at the knee

References

1. Moya-Sola S, Kéhler M, Alba DM, Casanovas-Vilar I, Galindo ] (2004)
Pierolapithecus catalaunicus, a new Middle Miocene great ape from Spain. Science
306: 1339-1344.

2. Moya-Sola S, Kohler M, Alba DM, Casanovas-Vilar I, Galindo J (2005)
Response to comment on “Pierolapithecus catalaunicus, a new Middle Miocene
great ape from Spain”. Science 308: 203d.

3. Casanovas-Vilar I, Alba DM, Moya-Sola S, Galindo J, Cabrera L, et al. (2008)
Biochronological, taphonomical and paleoenvironmental background of the
fossil great ape Pierolapithecus catalaunicus (Primates, Hominidae). ] Hum Evol 55:
589-603.

4. Almécija S, Alba DM, Moya-Sola S (2009) Pierolapithecus and the functional
morphology of Miocene ape hand phalanges: palcobiological and evolutionary
implications. J] Hum Evol 57: 284-297.

. Susanna I, Alba DM, Almécija S, Moya-Sola S (2010) The lumbar vertebrae of
the Middle Miocene stem great ape Pierolapithecus catalaunicus (Primates:
Hominidae). Am J Phys Anthropol 141 S50: 227.

6. Alba DM (2012) Fossil apes from the Valles-Penedés Basin. Evol Anthropol 21:

254-269.

7. Pérez de los Rios M, Moya-Sola S, Alba DM (2012) The nasal and paranasal
architecture of the Middle Miocene ape Puerolapithecus catalaunicus (Primates:
Hominidae): Phylogenetic implications. ] Hum Evol 63: 497-506.

8. Hammond AS, Alba DM, Almécija S, Moya-Sola S (2013) Middle Miocene
Puerolapithecus provides a first glimpse into early hominid pelvic morphology.
J Hum Evol 64: 685-666.

9. Moya-Sola S, Kohler M, Alba DM, Casanovas-Vilar I, Galindo J, et al. (2009)

First partial face and upper dentition of the Middle Miocene hominoid

o

PLOS ONE | www.plosone.org

Great Ape-Like Patella in Pierolapithecus

joint [18,29], thereby suggesting that this fossil great ape probably
exhibited a more versatile knee joint than the more stereotyped
configuration (full flexion-extension) characteristic of monkeys
(especially cercopithecoids). In contrast, the patellae of stem
hominoids (such as Proconsul or Nacholapithecus) differ by being
anteroposteriorly more compressed than that of Pierolapithecus (a
morphology that has been inferred to be the plesiomorphic
condition for hominoids). In turn, hylobatids display a patellar
morphology intermediate between those of monkeys and great
apes (an even autapomorphic to some degree). We hypothesize
that, taking into account the lack of specific suspensory adaptations
in the orthograde Pierolapithecus (which still heavily relied on above-
branch quadrupedalism), its great ape-like patellar morphology
probably evolved originally in conjunction with orthograde
behaviors (other than suspension) requiring increased versatile
movements of the knee joint, such as specialized vertical climbing.

Supporting Information
Table S1 Significance for the ANOVA and MANOVA

multiple post hoc comparisons (Bonferroni method) for
scores of bgPC 1 and 2 according to extant primates
genera.

(PDF)

Acknowledgments

We are grateful to Michael Rose, Carol Ward and Christopher Ruff for
kindly providing their raw data of patellar measurements. We thank Pere
Ibafiez for providing 3D surfaces of the various patellae of extant taxa used
in our comparative Figure 3; and Brigitte Demes for insightful discussion
on knee function. We would also like to thank Masato Nakatsukasa, Holger
Preuschoft, another anonymous reviewer, and the Associate Editor
Lorenzo Rook, for their constructive comments and suggestions, which
greatly improved this manuscript. This is NYCEP morphometrics
contribution number 79.

Author Contributions

Conceived and designed the experiments: MP SA. Performed the
experiments: MP SA MCO. Analyzed the data: MP SA DMA MCO
SMS. Contributed reagents/materials/analysis tools: MP SA DMA. Wrote
the paper: MP SA DMA MCO.

Dryopithecus fontani from Abocador de Can Mata (Vallés-Penedés Basin,
Catalonia, NE Spain): taxonomic and phylogenetic implications. Am J Phys
Anthropol 139: 126-145.

10. Casanovas-Vilar I, Alba DM, Garcés M, Robles JM, Moya-Sola S (2011)
Updated chronology for the Miocene hominoid radiation in Western Eurasia.
Proc Natl Acad Sci USA 108: 5554-5559.

11. Begun DR, Ward CV (2005) Comment on “Pierolapithecus catalaunicus, a new
Middle Miocene great ape from Spain”. Science 208: 203c.

12. Ward CV (2007) Postcranial and locomotor adaptations of hominoids. In:
Henke W, Tattersall I, editors. Handbook of paleoanthropology.Heidelberg:
Springer Verlag. pp. 1011-1030.

13. Alba DM, Almécija S, Moya-Sola S (2010) Locomotor inferences in
Pierolapith and Huspanopithecus: reply to Deane and Begun (2008). J Hum
Evol 59: 143-149.

14. Deane AS, Begun DR (2008) Broken fingers: retesting locomotor hypotheses for
fossil hominoids using fragmentary proximal phalanges and high-resolution
polynomial curve fitting (HR-PCF). ] Hum Evol 55: 691-701.

15. Deane AS, Begun DR (2010) Pierolapithecus locomotor adaptations: a reply to
Alba, et al.’s comment on Deane and Begun (2008). ] Hum Evol 59: 150-154.

16. Almécija S, Shrewsbury M, Rook L, Moya-Sola S (2014) The morphology of
Oreopithecus bambolii pollical distal phalanx. Am J Phys Anthropol In press.

17. Almécija S, Alba DM, Moya-Sola S (2012) The thumb of Miocene apes: New
insights from Castell de Barbera (Catalonia, Spain). Am J Phys Anthropol 148:
436-450.

March 2014 | Volume 9 | Issue 3 | 91944



22.

23.

24.

26.

27.

28.

29.

30.

31.

32.

36.

37.

38.

39.

40.

41.

. Ward CV, Ruff CB, Walker A, Teaford MF, Rose MD, et al. (1995) Functional

morphology of Proconsul patellas from Rusinga Island, Kenya, with implications
for other Miocene-Pliocene catarrhines. ] Hum Evol 29: 1-19.

. McCrossin ML (1994) The phylogenetic relationship, adaptations, and ecology

of Renyapithecus. Ph.D. Dissertation, University of California.

. Nakatsukasa M, Kunimatsu Y, Shimizu D, Nakano Y, Kikuchi Y, et al. (2012)

Hind limb of the Nacholapithecus kerioi holotype and implications for its positional
behavior. Anthropol Sci 120: 235-250.

. Mosimann JE (1970) Size allometry: Size and shape variables with character-

izations of the lognormal and generalized gamma distributions. J] Am Stat Ass
65: 930-945.

Jungers WL, Falsetti AB, Wall CE (1995) Shape, relative size, and size-
adjustments in morphometrics. Yrbk Phys Anthropol 38: 137-161.
Mitteroecker P, Bookstein F (2011) Linear discrimination, ordination, and
visualization of selection gradients in modern morphometrics. Evol Biol 38: 100
114.

Jungers WL (1990) Scaling of postcranial joint size in hominoid primates. In:
Jouffroy FK, Stack MH, Niemitz C, editors. Gravity, posture and locomotion in
primates. Firenze: Editrice “Il Sedicesimo™. pp. 87-95.

. Martins EP, Hansen TF (1997) Phylogenies and the comparative method: a

general approach to incorporating phylogenetic information in to the analysis of
interspecific data. Am Nat 149: 646-667.

Pagel M (1999) Inferring the historial patterns of biological evolution. Nature
401: 877-884.

Freckleton RP, Harvey PH, Pagel M (2002) Phylogenetic analysis and
comparative data: A test and review of evidence. Am Nat 160: 712-726.
Arnold C, Matthews L], Nunn CL (2010) The 10kTrees Website: A new online
resource for primate phylogeny. Evol Anthropol 19: 114-118.

Harrison T (1986) A reassessment of the phylogenetic relationships of Oreopithecus
bambolit Gervais. ] Hum Evol 15: 541-583.

Preuschoft H (1970) Functional anatomy of the lower extremity. The
Chimpanzee 3: 221-294.

Preuschoft H (1971) Body posture and more of locomotion in Early Pleistocene
Hominids. Folia Primatol 14: 209-240.

O’Neill MC, Lee L-F, Larson SG, Demes B, Stern JT Jr, et al. (2013) A three-
dimensional musculoskeletal model of the chimpanzee (Pan troglodytes) pelvis and
hind limb. J Exp Biol 216: 3709-3723.

. Badoux DM (1974) An introduction to biomechanical principles in primate

locomotion and structure. In: Jenkins FA, editor. Primate locomotion.New York:
Academic Press. pp. 1-43.

. Nisell R (1985) Mechanics of the knee. A study of joint and muscle load with

clinical adaptations. Acta Orthop Scan 56: 1-42.

. Channon A]J, Crompton RH, Giinter MM, Vereecke EE (2010) Muscle moment

arms of the gibbon hind limb: implications for the hylobatid locomotion. J Anat
216: 446-462.

Channon AJ, Crompton RH, Giinter MM, D’Aoiit K, Vereecke EE (2010) The
biomechanics of leaping in gibbons. Am J Phys Anthropol 143: 403-416.
Stern JT Jr (1974) Computer modeling of gross muscle dynamics. J Biomech 7:
411-428.

Gebo DL (1996) Climbing, brachiation, and terrestrial quadrupedalism:
Historical precursors of hominid bipedalism. Am J Phys Anthropol 101: 55-92.
Rose MD, Nakano Y, Ishida H (1996) Renyapithecus postcranial specimens from
Nachola, Kenya. Afr Stud Monog Suppl. 24: 3-56.

Isler K (2003) 3D-kinematics of vertical climbing in hominoids. Ph.D.
Dissertation, Universitat Ziirich.

Isler K (2005) 3D-kinematics of vertical climbing in hominoids. Am J Phys
Anthropol 126: 66-81.

PLOS ONE | www.plosone.org

10

42,

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

56.

57.

58.

60.

61.

62.

63.

64.

Great Ape-Like Patella in Pierolapithecus

Crompton RH, Sellers WI, Thorpe SKS (2010) Arboreality, terrestriality and
bipedalism. Phil Trans R Soc B 365: 3301-3314.

Doran DM (1996) Comparative positional behavior of the African apes. In:
McGrew WC, Marchant LF, Nishida T, editors. Great apes societies.Cam-
Cambridge: Cambridge University Press. pp. 213-224.

Hunt KD (1991) Positional behavior in the Hominoidea. Int J Primatol 12: 95—
118.

. Hunt KD, Cant J, Gebo D, Rose M, Walker S, et al. (1996) Standardized

descriptions of primate locomotor and postural modes. Primates 37: 363-387.
Tutde RH (1967) Knuckle-walking and the evolution of hominoid hands.
Am ] Phys Anthropol 26: 171-206.

Jenkins FA, Fleagle JG (1975) Knuckle-walking and the functional anatomy of
the wrist in living apes. In: Tuttle R, editor. Primate functional morphology and
evolution. The Hague: Mouton Publishers. pp. 213-227.

Thorpe SKS, Crompton RH (2006) Orangutan positional behavior and the
nature of arboreal locomotion in Hominoidea. Am J Phys Anthropol 131: 384—
401.

Zihlman AL, McFarland RK, Underwood CE (2011) Functional anatomy and
adaptation of male gorillas (Gorilla gorilla gorilla) with comparison to male
orangutans (Pongo pygmaeus). Anat Rec 294: 1842-1855.

Fleagle JG (1976) Locomotion and posture of the Malayan siamang and
implications for hominoid evolution. Folia Primatol 26: 245-269.

Rose MD (1994) Quadrupedalism in some Miocene catarrhines. J] Hum Evol 26:
387-411.

Almécija S, Tallman M, Alba DM, Pina M, Moya-Sola S, et al. (2013) The
femur of Orrorin tugenensis exhibits morphometric affinities with both Miocene
apes and later hominins. Nat Commun 4: 2888.

Ward CV, Walker A, Teaford MF, Odhiambo I (1993) Partial skeleton of
Proconsul nyanzae from Mfangano Island, Kenya. Am J Phys Anthropol 90: 77—
111

. McCrossin ML (1994) Semi-terrestrial adaptations of Kenyapithecus. Am J Phys

Anthropol 37 (Suppl. 18): 142-143.

. Ward SC, Brown B, Hill A, Kelley J, Downs W (1999) Equatorius: a new

hominoid genus from the Middle Miocene of Kenya. Science 285: 1382-1386.
Patel BA, Susman RL, Rossie JB, Hill A (2009) Terrestrial adaptations in the
hands of Equatorius africanus revisited. ] Hum Evol 57: 763-772.

Hiirzeler J (1958) Oreopithecus bambolic Gervais, a preliminary report. Verh Naturf
Ges Basel 69: 1-47.

Moya-Sola S, Kshler M, Rook L (1999) Evidence of hominid-like precision grip
capability in the hand of the Miocene ape Oreopithecus. Proc Natl Acad Sci USA
96: 313-317.

. Alba DM, Almécija S, Casanovas-Vilar I, Méndez JM, Moya-Sola S (2012) A

partial skeleton of Hispanopithecus latetanus from Can Feu and the mosaic evolution
of crown-hominoid positional behaviors. PLoS ONE 7: ¢39617.

Begun DR, Nargolwalla MC, Kordos L (2012) European Miocene hominids and
the origin of the African ape and human clade. Evol Anthropol 21: 10-23.
Moya-Sola S, Kshler M (1996) A Dryopithecus skeleton and the origin of great-ape
locomotion. Nature 379: 156-159.

Almécija S, Alba DM, Moya-Sola S, Kéhler M (2007) Orang-like manual
adaptations in the fossil hominoid Hispanopithecus laietanus: first steps towards
great ape suspensory behaviours. Proc R Soc B 274: 2375-2384.

Kohler M, Alba DM, Moya-Sola S, MacLatchy L (2002) Taxonomic affinities of
the Eppelsheim femur. Am J Phys Anthropol 119: 297-304.

Pina M, Alba DM, Almécija S, Fortuny J, Moya-Sola S (2012) Paleobiological
inferences on the locomotor repertoire of extinct hominoids based on femoral
neck cortical thickness: the fossil great ape Hispanopithecus laietanus as a test-case
study. Am J Phys Anthropol 149: 142-148.

March 2014 | Volume 9 | Issue 3 | 91944



