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Abstract Early Miocene sloths are represented by a diversity
of forms ranging from 38 to 95 kg. Their forelimb bones differ
in shape from those of their closest living relatives (less than
10 kg), Bradypus and Choloepus. Such differences in shape
could be related to differences in substrate preference (arbo-
real, semiarboreal, or ground-dwelling) or substrate use
(climbing, digging, etc.). In order to detect putative patterns
related to substrate preference, 21 linear measurements were
defined and taken on the forelimb bones. The sample was
composed of 22 specimens of fossil sloths and 134 specimens
of extant mammals (marsupials, xenarthrans, pangolins,
rodents, primates, and carnivorans), including arboreal, semi-
arboreal, and ground-dwelling taxa. Principal Components
Analyses were performed on logarithms of original measure-
ments, while functional indexes (Index of Fossorial Ability,
Brachial Index, and Distal Epiphyseal Index) were calculated
on raw data. The first three PCs accounted for 93.8% of the
cumulative variability. PC1 roughly represented size, while
positive values of PC2 represented mechanical advantage for
features related to digging habits. Fossil sloths were clearly

separated from living ones, sharing a common morphospace
with anteaters and other good diggers. Conversely, living
sloths shared a morphospace with primates. Similar results
were obtained for DEI and IFA, with fossil sloths showing
similar values to extant digging mammals. These results
suggest that fossil sloths have a different functional pattern
of forelimb use than that of extant ones, probably more similar
to vermilinguas and pangolins, including putative good
digging capabilities and/or semiarboreal habits. Substrate use
seems to be interfering in the analysis of substrate preference
based on forelimb morphology.

Keywords Miocene sloths . Morphometry . Substrate
preference . Substrate use

Introduction

Interpreting limb function is one of the main approaches to
elucidating the paleobiology of vertebrates (Vizcaíno et al.
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2008, 2010). A plethora of studies about locomotor behav-
ior (one of the main limb functions) in fossil mammals has
been published, employing a comparative approach with
extant forms classified by locomotor category (e.g., White
1993, 1997 on fossil sloths; Elissamburu and Vizcaíno 2004
on caviomorph rodents; Argot 2004 on fossil marsupials;
Croft and Anderson 2008 on the notoungulate Protypothe-
rium). Many mammals can perform different locomotor
behaviors depending on the substrate they use. For instance,
the lesser anteater Tamandua walks quadrupedally on the
ground, and climbs slowly on branches. Other animals walk
quadrupedally both on ground and on branches, and yet
others can walk and run on either substrate. Moreover,
locomotor behavior can change according to the animal’s
activity. As Oxnard (1984) claimed in his book on primates,
a fixed locomotor categorization would be impossible to
propose because each animal uses a wide spectrum of loco-
motor modes. However, many studies use discrete unimodal
categorization for each animal. It is common to use “arbo-
real” and “terrestrial” as locomotor categories although they
are not locomotor modes, but categories of substrate prefer-
ence. Developing a multimodal and exhaustive, but simple,
categorization of locomotor behavior exceeds the scope of
this work. Instead, in this contribution we focus on substrate
preferences and their patterns of mechanical requirements.

Sloths (Folivora) and anteaters (Vermilingua) constitute
Pilosa, which together with Cingulata (armadillos and glyp-
todonts) form the Xenarthra, one of the four major clades of
placentals (see Delsuc and Douzery 2008; Gaudin and

McDonald 2008) and probably the most conspicuous group
of mammals from South America. Living sloths are repre-
sented by two genera, Bradypus (three-toed sloth) and Chol-
oepus (two-toed sloth), which are small animals (less than
10 kg, Nowak 1999). They are almost completely arboreal,
slow climbers, and are folivorous denizens of tropical for-
ests (Chiarello 2008). By contrast, their fossil record is
exceptionally rich and diverse, the great majority of speci-
mens being known mostly from two time periods, the early
Miocene (particularly the Santacrucian Age) and the Pleis-
tocene of South and North America.

The most comprehensive morphology-based phyloge-
netic analyses of sloths are those of Gaudin (2004) and
Pujos et al. (2007). Gaudin proposed Bradypus as the
sister taxon to all other sloths, and placed Choloepus
within Megalonychidae, a clade that includes the extinct
Antillean sloths and the Santacrucian Eucholoeops. He
corroborated the monophyly of the four clades of sloths:
Megatheriidae, Nothrotheriidae, Megalonychidae, and
Mylodontidae. The first three clades plus a few stem
Santacrucian sloths (Hapalops, Analcimorphus, Schismo-
therium, and Pelecyodon) constitute the Megatherioidea.
The sister group to the megatherioid radiation is the
Mylodontidae (see Fig. 1). Pujos et al. (2007) support
Megalonychidae and Megatherioidea but consider Hapa-
lops to be a stem folivoran. Additionally, monophyly of
Mylodontidae is not supported by the analysis of Pujos
et al. (2007). Although the relationships among tree
sloths and ground sloths are different in both analyses

Fig. 1 Cladogram showing
phylogenetic relationships
among xenarthrans included in
this work. Modified from
Gaudin (2004)
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and in a previous one by White and MacPhee (2001), it
is remarkable that all analyses support the diphyly of
tree sloths. Thus, the hypothesis that living sloths
evolved their distinctive arboreal suspensory specializa-
tions independently from different ground sloth groups
is supported. For this study, we followed the phyloge-
netic proposal of Gaudin (2004).

Santacrucian sloths are represented mainly by megather-
ioids (the megatheriid Planops, the megalonychid Eucho-
loeops, and the basal Hapalops , Analcimorphus ,
Schismotherium, and Pelecyodon), but also mylodontids
(the scelidotheres Nematherium and Analcitherium).
Nothrotheres have not been recorded yet from Santacrucian
beds. The Santacrucian sloths include a diversity of small to

medium-sized forms, with average body mass estimates of
about 38 kg for Hapalops, 77 kg for Eucholoeops, and
95 kg for one specimen of Nematherium (Vizcaíno et al.
2010; Bargo et al. in press). The morphology of the
masticatory apparatus of Santacrucian sloths suggest that
megatherioids were mainly folivorous (Bargo et al. 2009)
and mylodontids may include also other fibrous food items
as fruits and tubercules (Bargo et al. in press). Their limb bones
(Fig. 2) strongly differ in shape from those of their living
relatives (Fig. 3). White (1993, 1997) performed the most
comprehensive morphometric analysis of limb function in
Santacrucian sloths, as well as in Antillean fossil sloths, using
multiple functional indices of the fore- and hind limb to dis-
criminate locomotor modes. She obtained very good

Fig. 2 Santacrucian sloth forelimb elements. a Hapalops sp., MPM-
PV 3404, left radius, lateral view (reversed image); b Hapalops sp.,
MPM-PV 3467, left ulna, lateral view (reversed image); c Hapalops
sp., MPM-PV 3467, right humerus, anterior view; d Nematherium sp.,
YPM-PVPU 15374, left humerus, anterior view (reversed image); e

Eucholoeops sp., MPM-PV 3651, left radius, lateral view (reversed
image); f Eucholoeops cf. E. fronto., MPM-PV 3403, left ulna, lateral
view; g Eucholoeops cf. E. fronto., MPM-PV 3403, right humerus,
anterior view; h Eucholoeops sp., MPM-PV 3403, rigth scapula, lateral
view. Scale bars=5 cm
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discrimination for living anteaters. Some genera of Santacru-
cian sloths appeared to be arboreal or semiarboreal (Hapalops,
Eucholoeops, among others), while Nematheriumwas probaly
more terrestrial. White (1997) remarked that none of Santacru-
cian sloths seems to be suspensory like the extant ones.

The goal of this contribution is to test if the morpholog-
ical differences in the forelimb between Santacrucian sloths
and extant ones are related to substrate preferences, and/or
substrate use. We employ a morphometric approach, includ-
ing comparisons with a wide sample of extant mammals.

Fig. 3 Forelimb elements of living xenarthrans. a, b, c, and d, Bra-
dypus sp., right radius in lateral view, left ulna in medial view (reversed
image), right humerus in anterior view, and right scapula in lateral
view; e, f, g and h Tamandua sp., right radius in lateral view, left ulna

in medial view (reversed image), right humerus in anterior view, and
right scapula in lateral view; i, j, k and l Priodontes sp., right radius in
lateral view, right ulna in lateral view, right humerus in anterior view,
and right scapula in lateral view. Scale bars=5 cm
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Materials and Methods

Acronyms: AMNH: American Museum of Natural History,
New York, USA. FMNH: Field Museum of Natural History,
Chicago, USA;MLP:Museo de La Plata, La Plata, Argentina;
MPM-PV: Museo Regional Provincial Padre M. Jesús
Molina, Río Gallegos, Argentina; YPM VPPU: Yale Peabody
Museum, Vertebrate Paleontology, Princeton University
Collection, New Haven, USA.

Specimens used in this study are listed in Appendix I.
The fossil specimens studied include those collected by
expeditions carried out during the nineteenth and early
twentieth centuries (MLP, YPM-VPPU, AMNH, and
FMNH) and material collected by MLP-Duke University
joint expeditions (MPM-PV) over the last eight years
(2003–2010). This new sloth material was collected in
coastal Santacrucian outcrops (Santa Cruz Formation,
late-early Miocene) of Patagonia, Argentina, and often
includes complete and very well-preserved specimens
that complement the samples analyzed by previous
researchers (e.g., White 1997). The fossil sloth sample
comprises 22 specimens representing Hapalops (12
specimens), Eucholoeops (4), Nematherium (2), and
Analcitherium (1) (Appendix I). Some (3) specimens
of indeterminate taxonomic allocation were included
because of their completeness.

Paleobiological approaches based on morphology usually
are not sensitive enough to discriminate between species of
the same genus (Vizcaíno et al. 2010). Consequently, and
following the taxonomic overview, genus was chosen as the
working taxonomic level, except for Manis, regarding the
great differences existing in body size and substrate prefer-
ence between M. gigantea (the ground-dwelling African
giant pangolin) and M. pentadactyla (the arboreal Chinese
pangolin). These taxa are considered separate subgenera of
Manis, or even different genera by Gaudin et al. (2009), who
propossed the giant pangolin as belonging to the genus
Smutsia. As most of the specimens collected recently are
megalonychids and basal megatherioids, while mylodontids
and megatheriids are very rare, our analysis is based largely
on the better preserved and more complete specimens of
Eucholoeops and Hapalops. Specimens of the Mylodonti-
dae, Nematherium and Analcitherium, although not com-
plete, were also included. Other Santacrucian genera were
unsuitable for this analysis due to the incompleteness of
their forelimbs.

A sample of 134 specimens of extant mammals,
including marsupials, xenarthrans, pangolins, rodents,
primates, and carnivorans, was analyzed. Data of extant
mammals were collected mostly at the AMNH and the
FMNH Mammalogy collection (see Appendix II).

Twenty-one linear measurements were defined and taken
on bones of the forelimb and pectoral girdle (scapula,

humerus, ulna, and radius; see Fig. 4). Measurements are
in most cases those traditionally used in morphometric
studies (by Sargis 2002 on tupaiids; and by Elissamburu
and Vizcaíno 2004, and Candela and Picasso 2008 on cav-
iomorph rodents; see Table 1). The measurements were
taken directly from bones with hand calipers or from photo-
graphs in standard orientation by suitable software
(ImageJ® Wayne Rasband, NIH, public domain). Some
measurements were unattainable, especially among the fos-
sil specimens, and these were estimated from global mean
values for the Principal Component Analysis (PCA).

A PCA was performed on all 21 forelimb measure-
ments of the 15 most complete specimens of Santacru-
cian sloths and all included extant mammals, in order to
explore shape variation. PCA was chosen for robustness,
simplicity, and ease of interpretation. The correlation
matrix was used. Because of the large variability in
body size in the extant mammal sample, i.e., from
Cyclopes (0.5 kg, Nowak 1999) to Panthera (300 kg,
Nowak 1999), base-ten logarithms of the raw measure-
ments were used to perform the analysis.

Some of the variables were combined to calculate
three functional indices as another way to potentially
distinguish taxa by substrate preference or use. All
specimens were analyzed, including those fossil speci-
mens not included in the PCA due to their incomplete-
ness but that allowed indices to be calculated. These
indices represent functionally significant variables such
as in-lever/out-lever ratios and proportional width of
elements and were calculated as the ratio of two measures
multiplied by 100 (Table 2):

1 The Brachial Index (BI – Howell 1944), represents the
antebrachium-brachium ratio (out-lever/in-lever ratio)
for the forelimb. This index roughly represents the me-
chanical advantage for extension/flexion of forearm, that
is correlated with substrate preference and locomotion
style (for its application see Elissamburu and Vizcaíno
2004; Croft and Anderson 2008; among others)

2 The Index of Fossorial Ability (IFA) represents the ratio
of olecranon process length to ulna length and is corre-
lated with increasing the length of the lever arm (and
mechanical advantage) of the triceps muscle and the
dorsoepitrochlearis muscle during powerful elbow ex-
tension (Smith and Savage 1956; Vizcaíno et al. 1999;
Elissamburu and Vizcaíno 2004). IFA has been used as a
proxy for digging ability (Vizcaíno et al. 1999).

3 The Distal Epiphyseal Index (DEI 0 EI of Elissamburu
and Vizcaíno 2004) represents the available space for
musculature involved in hand retraction and prehension,
very important functions during digging. Thus, DEI
represents the ratio of humeral distal width with respect
to total length of the humerus.
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Functional indices were plotted in boxplots, showing the
same data in two different ways: index values for extant
mammals were plotted using alternately substrate preference
categories (arboreal, semi-arboreal, and ground-dwelling) and
substrate-use categories regarding digging activity (digger and
non-digger). Santacrucian fossil sloths were treated as a sep-
arate, non-functional category. For this analysis, “arboreal”
mammals were considered those spending most of their time
in trees; “semi-arboreal” included those forms spending sim-
ilar proportions of their time on the ground and in trees,
showing some climbing capabilities; and “ground-dwelling”
included only terrestrial forms that do not climb trees. Within
“diggers”were included mammals that usually dig, scratch, or
rip the substrate (not only the ground, but also tree bark) to
obtain food items and/or shelter. The fact that both non-digger
and digger categories included arboreal, semi-arboreal, and
ground-dwelling mammals must be noted: digging behavior is
present all along the substrate preferences continuum.

All calculations and graphics were performed in R (R
Development Core Team 2011), and suited using free
graphical software.

Results

The appendicular skeleton of Santacrucian sloths is very
conservative compared with their living relatives (Figs. 2–
3). Their overall features are more similar to the limb ele-
ments of anteaters and cingulates than to those of extant
sloths, especially Bradypus. Except for the scapula (which
resembles more closely that of extant sloths), the general
robustness and diaphyseal proportions of the limb elements,
the great development of tuberosities, ridges, and crests for
muscular attachment, and the morphology of articular sur-
faces resemble those of the anteaters. The mylodontids

Fig. 4 Measurements used in this work. a left humerus, anterior view; b left ulna; medial view; c left radius, lateral view; d left humerus, distal
view; e left scapula, lateral view. For explanation and references see Table 1
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Nematherium and Analcitherium have more robust humeri
than the megatherioids Eucholoeops and Hapalops.

Principal Component Analysis

The first three principal components account for 93.8% of
the total variability among taxa; PC1 alone explains about

83% of total variance, whereas PC2 and 3 together explain
about 10% (Table 3).

The contributions of each variable on PC1 are very
similar (15 of 21 variables range from −0.9 to −0.97;
Table 4) whereas the smallest contribution was from RL
(−0.75; Table 4). This indicates that PC1 is negatively
correlated with size of forelimb elements (Cyclopes and
Panthera, being the smallest and largest forms included in

Table 1 Measurements used in
this work, and represented in
Fig. 3

Measurement definition Abbrev. Source

Scapula Length from supraglenoid apophysis
to ventral border of glenoid fossa
(lateral aspect)

SGL Sargis 2002

Maximum width of glenoid fossa in
ventral view

SGW Sargis 2002

Length from supraglenoid apophysis
to posterior border of scapula
(at level of spine)

SL This work

Humerus Anteroposterior diaphyseal width
at midshaft.

APDH Sargis 2002; Elissamburu
and Vizcaíno 2004; Candela
and Picasso 2008

Width from medialmost border
of trochlea to lateralmost border
of capitulum

HDASW Sargis 2002; Candela and
Picasso 2008

Width from medialmost border
of entepicondyle to lateralmost
border of epicondyle

HDEW Sargis 2002; Elissamburu
and Vizcaíno 2004; Candela
and Picasso 2008

Medial protrusion of entepicondyle HEMP This work

Length from anteriormost edge
of head to posteriormost border

HHL Candela and Picasso 2008

Head width between posteriormost
edges of both tuberosities

HHW Candela and Picasso 2008

Length from proximalmost border
of head to distalmost border of the
capitulum

HL Elissamburu and Vizcaíno 2004;
Candela and Picasso 2008

Width from anteriormost border of
trochlea to posteriormost border
of entepicondyle

HTD Candela and Picasso 2008

Maximum width between both tuberosities ItuW This work

Transverse diaphyseal width at
midshaft

TDH Sargis 2002; Elissamburu
and Vizcaíno 2004; Candela
and Picasso 2008

Ulna Length from semilunar notch
midpoint to the superior end of olecranon
process

OTL Elissamburu and Vizcaíno 2004;
Candela and Picasso 2008

Diaphyseal height at midshaft THU This work

Total length UL Sargis 2002; Elissamburu and
Vizcaíno 2004; Candela and
Picasso 2008

Proximo-distal length of semilunar notch UTNL Sargis 2002; Candela and
Picasso 2008

Radius Width of carpal fossa RDFL Sargis 2002; Candela and
Picasso 2008

Maximum diameter of capitular fossa RHL This work

Minimum diameter of capitular fossa RHW Sargis 2002

Total length RL Sargis 2002; Candela and
Picasso 2008
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this study, are at opposite extremes of PC1; Fig. 5). In this
PC, Santacrucian sloths occupy a position between Pan-
thera, Gorilla, and the giant panda Ailuropoda (the largest
taxa analyzed) on one side, and the giant armadillo Prio-
dontes on the other, showing similar loading as the giant
anteater Myrmecophaga, Manis gigantea, and the cheetah
Acinonyx (Fig. 5, x-axis).

With respect to PC2, major negative contributions corre-
spond to total length of limb elements (humerus HL~−0.48,
ulna UL~−0.52, and radius RL~0.63; Table 4), with some
minor positive contributions, such as olecranon length and
medial protrusion of the entepicondyle (OTL and HEMP~
0.4; Table 4). In that sense, positive values for PC2 indicate
relatively short and massive forelimb elements, traits that
improve force (leverage) rather than speed in flexion or ex-
tension of the proximal and medium segments of the forelimb
[i.e., long OTL, increased humerus midshaft diameter (TDH),
and a wide entepicondyle]. Species with high negative scores
have slender, gracile bones with less development of such
features (e.g., the gibbon and extant sloths; see Fig. 5).

Positive contributions of variables on PC3 are HEMP (~
0.4; Table 4), width of entepicondyle (HDEW~0.3; Table 4),
and TDH (~ 0.2; Table 4), and negative values are scapula
and olecranon lengths (SL and OTL~−0.3). Positive values
of PC3 represent a medially protruding humeral entepicon-
dyle and increased humeral midshaft diameter, but also
relatively short scapula and olecranon process, while nega-
tive values represent a narrower distal humeral epiphysis
and less well-developed entepicondyle with more elongated
scapula and olecranon. However, PC3 accounts for only 3%

of the variance and does not make a clear separation be-
tween functional groups (Table 3; Fig. 6: y-axis).

To summarize, in bivariate plots of PC1 and PC2 (91% of
variance; Table 3; Fig. 5), Santacrucian sloths share a common
morphospace with anteaters, the giant armadillo Priodontes,
the African porcupine, pangolins, the aardvark, and the wom-
bat, being clearly separated from their extant sloth relatives.

Functional Indexes (Fig. 7)

High values of BI represent comparatively long ante-
brachia, as seen in many non-digger and arboreal forms,
while low BI values are seen in forms with shorter
antebrachia, such as many digging mammals. Santacru-
cian sloths show similar forelimb proportions to digging
mammals, and show little distinction based on substrate
preference.

As seen in Fig. 7, Santacrucian sloths show mean
values of IFA intermediate between extant digging
mammals and non-diggers. Using substrate preference
categorization, the similarity due to this index is greater
with ground-dwelling and to a lesser degree with semi-
arboreal forms.

Santacrucian sloths show very similar values of DEI to
those of diggers, not allowing a clear discrimination be-
tween substrate preference categories.

Table 4 Contribution
of the variables to each
Principal Component
(PC)

Variable PC1 PC2 PC3

SL −0,937 0,005 −0,310

SGL1 −0,958 −0,019 −0,075

SGW −0,967 −0,016 −0,152

TDH −0,858 0,357 0,226

HL2 −0,862 −0,479 0,076

APDH −0,949 0,167 −0,056

HHL −0,971 −0,083 −0,015

HDASW −0,969 0,000 0,097

HTD −0,944 −0,024 −0,089

HEMP −0,789 0,414 0,410

HDEW −0,923 0,212 0,293

ItuW −0,921 0,182 −0,008

HHW −0,969 −0,050 −0,083

UL −0,836 −0,518 0,044

THU −0,918 0,254 −0,140

OTL −0,830 0,403 −0,302

UTNL −0,957 −0,025 −0,063

RL −0,747 −0,633 0,109

RDFL −0,955 −0,002 0,020

RHL −0,963 0,003 −0,011

RHW −0,901 −0,219 0,126

Table 2 Functional indices used in this work

Index Abbrev. and equation Functional
significance

Index of Fossorial
Ability

IFA ¼ OTL=UL � 100 In-lever/out-lever
ratio for ulna

Brachial Index BI ¼ RL=HL � 100 Out-lever/in-lever
ratio for forelimb

Distal Epiphyseal
Index

DEI ¼ HDEW=HL � 100 Relative width of
humeral distal
epiphysis

Table 3 Eigenvalues, proportion, and cumulative variance explained
by Principal Component (PC) (see Fig. 1)

PC Eigenvalue % Total
Variance

Cumulative
eigenvalue

Cumulative%

1 17,50 83,34 17,50 83,34

2 1,59 7,57 19,09 90,91

3 0,61 2,90 19,70 93,80
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Discussion

PCA shows that while extant sloths are sharing a common
forelimb morphospace with primates (both groups being ar-
boreal, non-digging mammals with slender and gracile fore-
limbs), Santacrucian sloths are clearly separated from their
living relatives and share a morphospace with anteaters and
other efficient-digging forms, such as pangolins, aardvarks,
and wombats. The latter includes ground-dwelling as well as
semi-arboreal and arboreal forms. Thus, the results of the PCA
seem to reflect to a great extent the way the animals use the
substrate, obscuring inferences about substrate preferences.

This morphometric similarity between Santacrucian sloths
and extant digging mammals is characterized by the combi-
nation of length of forelimb elements (RL, UL, and HL) with
olecranon process length (OTL) and entepicondylar width
(HEMP). The amount of epicondylar space available for hand
retractor and prehensor musculature is captured by DEI,
where the separation between non-diggers and diggers
becomes more pronounced. DEI values of Santacrucian sloths
resemble more those of diggers than those of non-diggers,
suggesting powerful hand prehension and retraction

capabilities. A long olecranon is linked to mechanical advan-
tage of the triceps muscle. This feature is in fact reflected by
IFA (combination of most positive and negative variables in
PC2: OTL and UL, respectively). Thus, as depicted by the
PC1 vs PC2 plot (Fig. 5) and the DEI and IFA boxplots
(Fig. 7), diggers and Santacrucian sloths show relatively short
and massive forelimb elements, as well as wider epicondyles
and slightly longer olecranon processes than non-diggers,
especially the mylodontid Nematherium.

Pujos et al. (2007) performed an extensive morphofunc-
tional description of the Pleistocene climbing megalonychid
Diabolotherium. In that study, the authors considered both
Diabolotherium and Hapalops to have a relatively short olec-
ranon process when compared with Pleistocene mylodontids,
which show a particularly well-developed olecranon and were
good diggers as proposed by Bargo et al. (2000). In the latter
study, the authors analyzed limb proportions and resistance to
bending forces in the Pleistocene mylodontids Scelidotherium,
Glossotherium, and Lestodon to infer their locomotor abilities.
Their conclusion was that the forelimbs of these ground sloths
were well suited for activities such as digging where force is
favored over velocity. Indeed, these forms were proposed as

Fig. 5 Distribution of the 26 taxa of living mammals and 15 specimens of Santacrucian sloths in the morphospace depicted by PC1 and PC2. See
Table 4 for the contributions of individual variables to each factor
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cave-builders (see Vizcaíno et al. 2001). It is noteworthy that
the mylodontid Nematherium exhibits the most robust and
massive humerus among Santacrucian sloths (Fig. 2), suggest-
ing that mylodontids would have a very long phylogenetic
history of digging habits.

The shared possession of a relatively extended olecranon
process in both non-suspensory climbers and diggers was
recognized previously by White (1993). Non-digging forms
show low values of this variable, as noted by Elissamburu
and Vizcaíno (2004) and Croft and Anderson (2008), while
the arboreal suspensory forms are those with shortest olec-
ranon processes (e.g., living sloths, gibbon; Fig. 5). Al-
though the measurements used in this work do not explain
sufficiently the variability in ulnar shape between Eucho-
loeops and Hapalops, a detailed qualitative morphofunc-
tional analysis recently performed (Toledo submitted)
provides more insight into these issues.

It is interesting to think that the mechanical requirements
for most characteristic locomotor behaviors of suspensory
climbers (brachiation, where tensile forces are applied to
bones; Oxnard 1984) could be considered opposite to the

mechanical requirements for digging (where primarily com-
pressive forces are applied).

Santacrucian sloths had a functional pattern of forelimb use
that differed from the extant ones, and were probably more
similar to living anteaters and pangolins, which were able to
dig, or at least to rip the substrate to obtain their food. A few of
these living mammals are semiarboreal or arboreal, like the
lesser anteaters, Tamandua and Cyclopes, and the Chinese
pangolin, Manis pentadactyla. It is interesting to note that no
separation between substrate preference groups within digging
mammals is apparent from the PCA. The very slender and
gracile forms, such as the extant sloths and the gibbon Hylo-
bates at one extreme of the PC2 axis, are strictly arboreal and
do not dig. At the other extreme are diggers. Between these
extreme morphologies there are several generalized ground-
dwelling, semi-arboreal, and arboreal mammals without de-
rived morphologies suited for digging. The Santacrucian sloths
also show positive values of HEMP, a variable that can be
related to powerful hand prehension: that is, a medially pro-
truding humeral entepicondyle. This trait implies increased
area available for well-developed carpal and digital flexor

Fig. 6 Distribution of the 26 taxa of living mammals and 17 specimens of Santacrucian sloths in the morphospace depicted by PC2 and PC3. See
Table 4 for the contributions of individual variables to each factor
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musculature, involved in climbing supports (Argot 2001;
Sargis 2002) but also digging activities. This pattern is consis-
tent with the DEI results (an index that is equivalent to the EI

index of Elissamburu and Vizcaíno 2004), reflecting increasing
hand flexor musculature from non-digging to digging forms.
Milne et al. (2009) found a strong positive correlation between

Fig. 7 Boxplot of functional
indices. a Brachial Index; b
Fossorial Ability Index; c Distal
Epiphyseal Index. Box midline
represents means, and box roof
and floor are first and third
quartile, respectively. Whiskers
represent cases lying within 1.5
times the interquartile range.
Dots out of the whiskers must
be considered outliers. Fol
Folivora indet.; Meg
Megalonychidae indet.; Euc
Eucholoeops sp.; Hap
Hapalops sp.; Nem
Nematherium sp.; and Anat
Analcitherium sp. See Table 2
for further explanations
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increasing IFA values and well-developed entepicondyles in
cingulates, as Elissamburu and Vizcaíno (2004) found for
caviomorph rodents. A similar pattern was also described for
caviomorph rodents by Candela and Picasso (2008). Thus, it
can be argued that both the mechanical requirements for climb-
ing supports and for digging activities involve powerful carpal
and digital retraction and/or flexion.

To summarize, several morphological features associated
with mechanical requirements for digging and climbing behav-
iors are similar, as noted previously by White (1997): powerful
humeral adduction and retraction capabilities, as suggested by
the great development of the deltopectoral ridge; powerful
(more than fast) forearm extension, indicated by the relatively
large olecranon process; and powerful carpal and digital flexion
capacity. In their analysis of the notoungulate Protypotherium,
Croft and Anderson (2008) found that both “semifossorial” and
arboreal mammals share similar eigenvalues for many func-
tional indices, including IFA, BI, and EI. Discriminant analysis
performed by these authors using above-mentioned indices
misclassified forms as “arboreal” instead of “semifossorial”
and vice-versa. Interestingly, aquatic mammals seem to have
similar values for IFA (Smith and Savage 1956; Elissamburu
and Vizcaíno 2004), so it can be proposed that some mechan-
ical requirements of swimming also overlap to some degree
with those of digging and/or climbing.

Concluding Remarks

1 Santacrucian (early Miocene) sloths Hapalops, Eucho-
loeops, Nematherium, and Analcitherium occupy a mor-
phospace closer to that of anteaters, pangolins, and other
digging forms, than to highly arboreal forms such as
primates and extant sloths. This conclusion differs some-
what from those of White (1993, 1997), probably be-
cause this author used both fore- and hind limb variables
to state substrate preference. It is probable that the hind
limb provided morpho-functional patterns more clearly
related to substrate preference.

2 This similarity between Santacrucian sloths and the dig-
ging mammals of the sample is characterized by a com-
bination of different traits, including relative length of
fore limb elements, as well as protrusion of humeral
entepicondyle, olecranon length, and humeral distal
epiphyseal width.

3 These results suggest that the fore limbs of Santa-
crucian sloths had a different functional pattern from
those of extant ones, probably more similar to that
of anteaters and pangolins. They probably had good
digging capabilities and/or semiarboreal substrate
preferences.

4 Substrate use also seems to be reflected in the results,
and this may be interfering with the analysis of the

substrate preferences based on fore limb morphology. It
is expected that the hind limb is less involved in selec-
tive pressures related to digging capabilities.
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Appendix I

Table 5 Santacrucian sloths studied in this work. Specimens included
in the Principal Component Analysis are depicted in bold

Taxon Catalogue
number

Folivora gen. et sp. indet. MPM-PV 3458

Megalonychidae Eucholoeops ingens FMNH 13280

Megalonychidae Eucholoeops ingens MPM-PV 3401

Megalonychidae Eucholoeops cf.
E. fronto

MPM-PV 3403

Megalonychidae Eucholoeops sp. MPM-PV 3651

Megalonychidae gen. et sp. indet. AMNH 9249

Megalonychidae gen. et sp. indet. AMNH 94754

stem Megatherioidea Hapalops
angustipalatus

YPM VPPU
15562

stem Megatherioidea Hapalops elongatus FMNH 13133

stem Megatherioidea Hapalops longiceps YPM VPPU
15523

stem Megatherioidea Hapalops
platycephalus

YPM VPPU
15564

stem Megatherioidea Hapalops
rectangularis

FMNH 13143

stem Megatherioidea Hapalops
ruetimeyeri

FMNH 13130

stem Megatherioidea Hapalops sp. MPM-PV 3404

stem Megatherioidea Hapalops sp. MPM-PV 3400

stem Megatherioidea Hapalops sp. MPM-PV 3467

stem Megatherioidea Hapalops sp. YPM VPPU
15160

stem Megatherioidea Hapalops sp. YPM VPPU
15520

stem Megatherioidea Hapalops sp. MLP 34-III-5-1

Mylodontidae Analcitherium? sp. FMNH 13131

Mylodontidae Nematherium sp. YPM-VPPU 15374

Mylodontidae Nematherium angulatum YPM-VPPU 15374
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