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Abstract
The Occlusal Surface Area index together with the body mass contribute to  better understanding the paleoecology and
evolution of the giant sloths in the Americas. The giant sloths from southern South America probably had higher levels
of fermentation/lower metabolic requirements, whereas the tropical taxa had higher metabolic requirements. The
sloths that dispersed into Central and North America were most likely derived from tropical taxa based on the patterns
observed in this study. Relative Muzzle Width and the Hypsodonty indices were used to infer the dietary adaptation of
several late Pleistocene/early Holocene giant ground sloths from the Americas. The Nothrotheriidae and Megatheridae
taxa were adapted to a browser or mixed-feeder “browser” diet, the Mylodontidae taxa to a variety of dietary types, and
the Megalonychidae taxa to a mixed-feeder browser diet. However, these dietary adaptations do not necessarily re�ect
food niches. In general, Megalonychidae and Nothrotheriidae were climber species, Mylodontidae taxa were digger
species, and Megatheriidae taxa were fully terrestrial species.

Introduction
Late Quaternary giant sloths are among the most iconic members of the mammalian fauna of the Americas, and at
present, at least 40 species are classi�ed into four families: Megalonychidae, Nothrotheriidae, Mylodontidae, and
Megatheriidae (e.g. Hoffstetter, 1952; Matthew and Paula-Couto, 1959; Cartelle, 1991; Pujos et al., 2007; De Iuliis et al.,
2009; McDonald et al., 2013; De Iuliis et al., 2017; McDonald et al., 2017; Stinnesbeck et al., 2017; De Iuliis et al., 2020;
McDonald et al., 2020; McAfee et al., 2021).

While many studies on the paleoecology of these taxa have been conducted; much of the paleoecology of several taxa
(mainly recently described species) remains unknown. As the extant taxa are diminute in comparison and have a
specialized ecology (browser diet, suspensory habit), it is di�cult to compare them with extinct taxa to infer the
paleoecology of the fossil species.

Past studies used to infer the paleoecology of extinct taxa had used techniques utilizing bone morphology (e.g. White,
1993; Bargo et al., 2006a; 2006b; Viscaíno et al., 2006; Dantas and Santos, 2022; Santos et al., 2023), stable isotopes
(e.g. Coltrain et al., 2004; Ruez, 2005; Perez-Crespo et al., 2014; Fuller et al., 2014; Bocherens et al., 2017; DeSantis et
al., 2019; Fuller et al., 2020; Omena et al., 2021), and tooth microwear analysis (Green, 2009; Resar et al., 2013; Oliveira
et al., 2020), which have often focused on a small subset of the late Pleistocne sloths from the Pampean Region of
Argentina, Brazilian Intertropical Region, and La Brea tar pits in the United States. Taxa from Central and South
America have not yet been evaluated.

Thus, our goal was to use several morphologic approaches to suggest the paleoecology of 30 extinct giant sloth taxa,
helping to better understand their metabolism, diet, and ecological niche and broaden our understanding of a wider
diversity of extinct sloth taxa.

Material and Methods

Material
The skulls (in ventral view), dentaries, and ulnae of the following specimens were measured for this study:
Megalonychidae, Ahytherium aureum (skull and dentary MCL 22834), Australonyx aquae (skull UHE Samuel s/n;
dentary MCL 23315/04), Meizonyx salvadorensis (dentaries UF 27513 and INAH DP 5869), Megistonyx oreobios (skull
MBLUZ-P-1668), Megalocnus rodens (skull AMNH 16876), Parocnus browni (skull AMNH 16877), Parocnus serus
(skulls MHD 237, MHD 347, MHD 412, and DR PN FM 02–11; dentaries MHD 406 and MHD 408; ulnae MHD 225 and
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MHD 348), Acratocnus ye (skull and dentary UF 170533), Neocnus dousman (skull UF 76363; dentary UF 76370),
Neocnus toupiti (skull UF 156892; dentary UF 171296), Nohochichak xibalbahkah (skull and dentary INAH DP5832),
Xibalbaonyx oviceps (skull, dentary and ulnae Za2014), Xibalbaonyx exinferis (dentary CPC-2774), Xibalbaonyx
microcaninus (dentary INAH-MRG-10-294923), Megalonyx jeffersonii (skulls IMNH 23034, OMNH 4326, TMM G-333,
DMNS E.P.V. 65000; dentary UCC 21429; ulnae UCC 23192); Nothrotheriidae, Nothrotherium maquinense (dentaries
MCL 1020/2 and LEG 1461), Nothrotheriops shastensis (skulls LACMHC 208, LACMHC 303, LACMHC 632, LACMHC
1800-5, LACMHC 1800-7; dentaries LACMHC 1801-1, LACMHC 1801-2, LACMHC 1801-3, LACMHC 1801-5, LACMHC
1801-7, LACMHC 1801-R-4, and LACMHC 1801-L-8; ulnae LACMHC 1873-1 and LACMHC 1873-2); Mylodontidae,
Catonyx cuvieri (skulls MAMC 18, MPAC 418; dentaries LEG 1178, MCN.P.687), Valgipes bucklandi (dentary LEG 1666),
Glossotherium phoenesis (skull MCL 4303/2 and dentary MCL 4008), Glossotherium tropicorum (skull and dentary
ROM 3146; dentaries ROM 2122 and MNHN LAR 243), Glossotherium wegneri (skulls MECN 356, MECN 417, MECN
505, AMNH 96216, MNHN.F.PUN220; dentaries MECN 357, AMNH 96217, AMNHH 1758; ulnae EPN V 140),
Paramylodon harlani (skulls IMNH 15273, LACMHC 692, LACMHC 832, LACMHC 1716-2, LACMHC 1716-3, LACMHC
1716-4, LACMHC 1717-1, LACMHC 1717-2, LACMHC 1717-3, LACMHC 1717-32, LACMHC 1717-4, LACMHC 1717-6,
LACMHC 1718-8, LACMHC 1717-10, LACMHC 1717-13, LACMHC 1717-14, LACMHC 1717-16, LACMHC 1717-17,
LACMHC 1717-19, LACMHC 1717-20, LACMHC 1717-21, LACMHC 1717-22, LACMHC 1717-23, LACMHC 1717-24,
LACMHC 1717-25, LACMHC 1717-26, LACMHC 1717-27, LACMHC 1717-28, LACMHC 1717-29, LACMHC 1717-30,
LACMHC 1933, LACMHC 12369, LACMHC 14537, LACMHC 14549, LACMHC 14550, LACMHC 14551, LACMHC 14554;
dentaries LACMHC 1718-1, LACMHC 1718-2, LACMHC 1718-8, LACMHC 1718-14, LACMHC 1718-15, LACMHC 1718-
18, LACMHC 1718-20, LACMHC 1718-21, LACMHC 1718-25, LACMHC 1718-27, LACMHC 1718-28, LACMHC 1718-30,
LACMHC 1718-31, LACMHC 1718-32, LACMHC 1718-33, UCC 21156, UCC 21158, and UCC 21170; ulnae LACMHC
1714-27), Mylodon darwini (ulnae CORD PZ 4570, Haro et al., 2017; FMNH P14288, McAphee, 2016); Megatheriidae,
Eremotherium laurillardi (skulls EPN V 1508, INAH uncatalogued,; skulls and dentaries MPM702, FMNH P-26962, TMM
41075-10; dentaries MCL 1700/2, MCL 1702/2, MCL 7220–7226, MCL 7228, MCL 7229, MCL 7231–7234, MCL 7236,
MCL 7237, FMNH P-26970; ulnae TMM 41075-10), Megatherium tarijense (skull and dentary FMNH P14216).

Body mass estimation
In this study, we estimated the body mass of eleven extinct giant sloths from the Americas using circumference
measurements from the humerus and femur, following the regression for xenarthrans presented by Dantas (2022;
Tables 1 and S2). These measurements were acquired from collections or estimated through �gures in publications
(Hoffstetter, 1952; Mathew and Paula Couto, 1959; MacPhee et al., 2000; De Iuliis et al., 2009; McDonald and
Lundelius, 2009; Stinnesbeck et al., 2020; McAfee et al., 2021; Table S2).

Table 1. Average values of body mass (in kg), carbon isotopes through bioapatite (δ13Cap, ‰) and collagen (δ13Ccol,
‰), the proportion of C3 and C4 plants (piC3, piC4, %), relative muzzle width (RMW), occlusal superfície area (OSA, in

mm2), hypsodonty index (HI), index of dorsal olecranon projection (IDO), index of fossorial ability (IFA), percentage of
fossorial ability (%IFA), and possible ecological habit (H; suspensory – S, climber – C, terrestrial – T, non digger – ND,
digger – D, high digger – HD, and burrower - B) for the Late Quaternary giant sloths from America. Labels. a USA and
Mexico; b Cuba, Dominican Republic, Haiti, and Honduras; c Venezuela, Ecuador, Peru, and Brazil; d Bolivia, Argentina,
and Uruguay.
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taxa BM δ13Cap
(piC3, piC4)

δ13Ccol
(piC3, piC4)

RMW OSA HI IDO IFA %IFA H

Megalonychidae                    

Mx. jeffersonii a 5881 -13.3 (1;
100, 0)2

-19.9 (85;
15)3,4

0.581 1,5451 1.321 0.731 0.201 35 T,
ND

No.
xibalbahkah a

- - - 0.601 - 0.901 - - - -

X. oviceps a 1891 - - 0.631 3,6991 0.651 1.151 - - -

Ms. rodens b 951 - - 0.731 2,4021 - 1.365 - - -

Pa. browni b - - - 0.421 - - - - - -

Pa. serus b 381 - - 0.491 7741 1.141 1.191 0.311 55 T,
D

Ac. ye b 151 - - 0.351 3441 1.031 0.865 - - -

Ne. dousman b - - - 0.451 - 0.881 - - - -

Ne. toupiti b - - - 0.531 - 0.751 - - - -

Mg. oreobios c - - - 0.721 - - - - - -

D. nordenskioldi
c

671 - - 0.571 8281 0.671 1.271 0.241 42 T,
ND

References. 1Our data; 2Kohn et al. (2005); 3Bocherens et al. (1994); 4McDonald et al. (2019); 5White (1993). 

Table 1 (continuation).
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taxa BM δ13Cap
(piC3,
piC4)

δ13Ccol
(piC3,
piC4)

RMW OSA HI IDO IFA %IFA H

Megalonychidae                    

A. aureum c 1866 -14.4
(100, 0)7

- 0.541 1,3708 0.941 0.759 0.119 20 C,
ND

Au. aquae c 2266 - - 0.831 2,6068 0.771 1.059 0.099 16 C,
ND

Nothrotheridae                    

Nh. shastensis a 3391 1.7 (0,
100)10

-19.5
(82,
18)11,12

0.661 10261 1.091 1.121 0.111 19 T,
ND

N. maquinense c 1574 -12.4 (96;
4)13

- 0.747 5747 0.771 0.859 0.129 21 C,
ND

Mylodontidae                    

P. harlani a 7981 3.3 (7,
93)10,14,15

-20.8
(91,
9)12,16

0.491 3,3141 0.621 1.031 0.451 80 T,
HD

My. ibseni c 1,0201 - - 0.539 - - - - - -

O. giganteum c 8424 - - 0.399 2,0969 - 1.399 0.409 71 T,
HD

G. phoenesis c 4634 - - 0.509 2,8379 0.561 1.129 0.469 82 T,
HD

G. tropicorum c 6101 - - 0.531 3,1491 0.601 - - - -

G. wegneri c 4361 - - 0.401 1,9241 0.661 0.721 0.491 87 T,
HD

M. darwini d 6894 - - 0.5817 1,31916 0.7817 0.741 0.391 69 T,
D

G. robustum d 6274 -9.8 (77,
23)20

-20.0
(83,
17)20,21

0.4317 1,07618 0.7119 - 0.5617 100 T,
B

References. 1Our data; 6Dantas (2022); 7Costa et al. (in press); 8Dantas & Santos (2022); 9Santos et al. (2023);
10DeSantis et al. (2019); 11Fuller et al. (2014); 12Fuller et al. (2020); 13Omena et al. (2021); 14Ruez (2005); 15Perez-
Crespo et al. (2014); 16Coltrain et al. (2004); 17Bargo et al. (2006a); 18Vizcaino et al. (2006); 19Bargo et al. (2006b);
20Bocherens et al. (2017).

Table 1 (continuation).
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taxa BM δ13Cap
(piC3,
piC4)

δ13Ccol
(piC3,
piC4)

RMW OSA HI IDO IFA %IFA H

Mylodontidae                    

L. armatus d 1,1554 - -18.6
(75,
25)21

0.2817 1,11118 0.6219 - 0.5317 94 T,
HD

V. bucklandi c 4634 -10.2
(80;
20)13

- 0.499 2,8049 0.481 1.299 0.249  43 T,
ND

C. cuvieri c 5984 -7.3 (59;
41)13

- 0.399 3,1039 0.621 1.319 0.409 71 T,
HD

C. cuvieri d - - - 0.401 - - - - - -

S.
leptocephalum d

6166 - - 0.4917 77518 0.9119 - 0.5417 96 T,
HD

Megatheriidae                    

E. laurillardi a 1,7631 -7.7 (62,
38)22

- 0.691 9,6251 0.501 0.741 0.101 17 T,
ND

E. laurillardi a - - - 0.631 - - - - - -

E. laurillardi b - - - 0.631 - 0.811 - - - -

E. laurillardi c 2,3616 -5.4 (46,
54)13

-14.2
(44,
56)23

0.669 11,3409 0.751 1.769 0.099 16 T,
ND

Me. tarijense d 9471 - - 0.631 9,1371 0.841 - - - -

Me.
americanum d

1,4686 -7.5 (60,
40)20,24

-17.9
(71,
29)20

0.8417 10,81818 1.0219 - 0.2617 46 T,
ND

References. 1Our data; 6Dantas (2022); 9Dantas & Santos (2022); 13Omena et al. (2021); 17Bargo et al. (2006a);
20Bocherens et al. (2017); 21Czerwonogora et al. (2011); 22Perez-Crespo et al. (2015); 23Dantas et al. (2021); 24Lopes et
al. (2021).

For Diabolotherium nordenskioldi, Glossotherium tropicorum, and Mylodonopsis ibseni as there is only one humerus
for adults individuals (Cartelle, 1991; Pujos et al., 2007; De Iuliis et al., 2017), the circumference (C) of the femur was
estimated using the proportion (humerus: femur; 1:1.35 for D. nordenskioldi; 1:1.40 for G. tropicorum and M. ibseni)
determined from the relationship between the circumference of the femur and humerus found in Ahytherium aureum,
Australonyx aquae, Glossotherium wegneri, and Paramylodon harlani (Table S2).
These taxa were classi�ed based on the stage of epiphysis–diaphysis fusion in the humerus and femur as juveniles
(clear separation between the epiphysis and diaphysis), subadults (a visible scar between the epiphysis and
diaphysis), or adults (epiphysis–diaphysis completely fused).

Occlusal Surface Area
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The occlusal surface area (OSA in mm2) of each extinct giant sloth skull was estimated only for the species for which
body mass could also be estimated (i.e. taxa for which both the humerus and femur are known; Table S2) adapted
from the technique proposed by Vizcaíno et al. (2006). OSA was calculated using ImageJ software (Abràmoff et al.,
2004), utilizing freehand selection to determine the exact area of each molariform. Only the skulls of adult individuals
were measured (except for Xibalbaonyx oviceps, which is known only from a single immature skull). When the
molariform was absent, measurements were made from either the tooth alveolus, or on one side when a single tooth
was present and multiplied by two to estimate the total OSA of the studied individual. All OSA measurements are
presented in Table S1.

OSA values were plotted against body mass (kg) of each sloth taxon (Tables 1 and S2; Dantas, 2022). The two
variables (OSA and body mass) of each extinct giant sloth examined were log-transformed and compared with the
OSA data presented by Vizcaíno et al. (2006) and Dantas and Santos (2022).

Relative Muzzle Width
To infer the diet of the BIR late Quaternary giant ground sloths, we use the muzzle width technique for giant ground
sloths proposed by Bargo et al. (2006a). For all sloths, the maximum muzzle width (MMW) was measured on the
maxilla at the premaxillo-maxillary suture. The palatal width (PW) was based on the mean width between the anterior
(M1) and posterior width of the last molariform (M3 in Megalonychidae and Nothrotheriidae, and M4 in Mylodontidae
and Megatheriidae; Fig. 1).

All measurements were made using ImageJ software (Abràmoff et al., 2004) on photographs of Megalonyx jeffersonii,
Nothrotheriops shastensis, and Paramylodon harlani, as well as published �gures (Matthew and Paula Couto, 1959;
MacPhee et al., 2000; Lindsey and Lopez, 2005; McDonald, 2006; Pujos et al., 2007; Lucas, 2008a, 2008b; De Iuliis et
al., 2009; Corona et al., 2013; McDonald et al., 2013; 2017; Stinnesbeck et al., 2017; De Iullis et al., 2017; De Iullis et al.,
2020; McAfee et al., 2021; Table S1).

The relative muzzle width (RMW) index is the ratio of MMW/PW. We suggest modifying the interpretation of Bargo et
al. (2006a): so that animals with an RMW index between 0 to 0.30, and a wide muzzle, are interpreted as being
adapted to feed primarily as a grazer; when this index is between 0.31 to 0.70, and with an intermediate muzzle, those
taxa with values between 0.31 to 0.50 are considered mixed-feeders “grazers”, while those with an RMW index between
0.51 to 0.70 are considered mixed-feeders “browsers”. Finally, taxa with RWM values between 0.71 to 1.00 and with a
narrow muzzle are considered an obligatory browser (Tables 1 and S1).

For comparison, we include the values obtained by Bargo et al. (2006a) and Dantas and Santos (2022) for the South
American giant ground sloths: Eremotherium laurillardi, Megatherium americanum, Glossotherium robustum,
Glossotherium phoenesis, Mylodon darwini, Mylodonopsis ibseni, Lestodon armatus, Ocnotherium giganteum,
Scelidotherium leptocephalum, Catonyx cuvieri, Valgipes bucklandi, and Nothrotherium maquinense (Table 1). The
RMW for Ahytherium aureum and Australonyx aquae was recalculated because Dantas and Santos (2022) incorrectly
measured the premaxillo-maxillary suture of these taxa.

Hypsodonty index
The degree of hypsodonty for several extinct giant sloth taxa in the Americas (Tables 1 and S2) was estimated
following the criteria of Bargo et al. (2006b): depth of the mandible (DM) measured at the level of the third molariform
tooth divided by the length of the molariform tooth row (LTR). All measurements were performed using ImageJ
software (Abràmoff et al., 2004).
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It should be noted that the lower tooth rows of megalonychids and nothrotheres include only three molariforms while
in megatheres and mylodonts there are four molariforms. Calculations of the relationship between mandible depth and
the lower tooth row length do not signi�cantly alter the hypsodonty index (Fig. 2).

For comparison, we included the values obtained by Bargo et al. (2006b) for the South American extinct giant sloths:
Megatherium americanum, Glossotherium robustum, Mylodon darwini, Lestodon armatus, and Scelidotherium
leptocephalum (Table 1).

Index of dorsal olecranon projection (IDO)
The Index of Dorsal Olecranon projection (IDO) is calculated by the division of the dorsal extent of the olecranon
process by the length of the trochlear notch from the most proximal, anterior point to the junction of the trochlear and
radial notches (Fig. 3A; Tables 1 and S1).

Here, we use the proposition of Santos et al. (2023), which uses the body mass (BM; transformed to logarithm values
at base 10) associated with IDO. This could separate the animals into suspensory, climbing, and terrestrial modes of
locomotion.

Based on data from the Primate and Xenarthra taxa, animals with suspensory or climber habits present IDO values
varying between 0.52 to 1.24, and separated as suspensory based on the body mass log-transformed varying between
0.68–1.30 (BM = 5–20 kg), and climbers with body mass log-transformed varying between 1.70–2.40 (BM = 50–250
kg). Those taxa with a body mass log-transformed value higher than 2.40 (BM > 250 kg) should be considered
terrestrial.

Index of Fossorial Ability (IFA)
The Index of Fossorial Ability (IFA), developed by Vizcaíno et al. (1999), is calculated by dividing the length of the
olecranon (Ol) by the difference between the total length of the ulna (Ul) and the olecranon: IFA = Ol/(Ul – Ol) (Table S1;
Fig. 3B). In this way, it is possible to calculate the movement capacity and strength of the triceps muscle, which is
mainly responsible for the extensor movement of the forearm and is widely used by mammals that dig with the
movement of the entire arm. Burrowing animals generally have a higher index result than non-digging animals
(Hildebrand 1985).

Here, we used the adaptation of Bargo et al. (2000) made by Santos et al. (2023). To estimate the percentage of IFA
(%IFA), the IFA of each giant sloth is divided by the value of G. robustum (IFA/0.56*100), which has the highest value
of the late Pleistocene giant sloths from South America. Thus, values lower than 50% indicate non-digging mammals,
between 51–70% diggers, values between 71–95% are highly specialized diggers, and values between 96–100%
indicate burrowers.

Analytical methods
We used Student’s t-test (p = 0.05) and ANOVA (p = 0.05) to compare similarities between the RMW, OSA, and HI values
of the studied taxa. Tukey’s test was used to identify species that presented similar values. These analyses were
performed using PAST 3.11 (Hammer et al., 2001).

Results

Body mass
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The estimated body mass of continental Megalonychidae from the Americas was 67 kg for Diabolotherium
nordenskioldi (Peru) and 189 kg for a juvenile individual of Xibalbaonyx oviceps (Mexico), which is the only known
specimen of this taxon to date. The body mass of X. oviceps approximates the 200 kg estimate of Stinnesbeck et al.
(2020) based on femur length. For Megalonyx jeffersonii (USA), based on the bones of several adults from three
localities, we suggest a body mass of 527–668 kg (mean value 588 ± 71 kg; Tables 1 and S2), which is lower than the
estimate of 1,090 kg of McDonald (2005) based on femur length.

Three members of the Megalonychidae from the Caribbean Islands were included: Megalocnus rodens (Cuba, BM = 95
kg), Parocnus serus (Dominican Republic, BM = 38 kg), and Acratocnus ye (Haiti, BM = 15 kg). The only late
Pleistocene nothrothere in North America, Nothrotheriops shastensis, had a mean body mass of 339 kg (Tables 1 and
S2) based on adult individuals, which is slightly lower than the 463 kg estimate of McDonald (2005) based on femur
length.

For the Mylodontidae, the body mass of the South American Mylodonopsis ibseni (Brazil) was 1,020 kg, Glossotherium
tropicorum (Ecuador) was 610 kg, and Glossotherium wegneri (Ecuador) was 439 kg. For the North American
Paramylodon harlani was 798 kg, which is less than the estimated 1,392 kg reported by McDonald (2005). For
Megatheriidae taxa, the body mass of the South American Megatherium tarijense (Bolivia) was 947 kg, and for an
individual of Eremotherium laurillardi from North America, the body mass was 1,763 kg (Tables 1 and S2).

Occlusal Surface Area
The OSA values of Nothrotheriops shastensis (1026 ± 350 mm2), Glossotherium wegneri (1,924 ± 374 mm2),
Paramylodon harlani (3,314 ± 772 mm2), and Eremotherium laurillardi (9,625 ± 4,528 mm2) are different from each
other, the only exception is between Nh. shastensis and G. wegneri, which are similar (ANOVA, F = 40.01, p < 0.05).
Since these represent three families it seems reasonable that the values would be different, what is unexpected is that
Nh. shastensis and G. wegneri had similar values.

Glossotherium tropicorum, Megatherium tarijense, and megalonychid taxa presented only one OSA value each and
could not be statistically tested. The OSA value of Acratocnus ye (OSA = 344 mm2, Table 1) was the lowest of all taxa
and cannot be compared, however, the OSA values of Parocnus serus (OSA = 750 mm2, Table 1), Diabolotherium
nordenskioldi (OSA = 828 mm2, Table 1), and Megalonyx jeffersonii (OSA = 1,545 mm2, Table 1) are similar to those
found for Nh. shastensis and G. wegneri, respectively, while the OSA values from Megalocnus rodens (OSA = 2,402
mm2, Table 1), G. tropicorum (3,149 mm2, Table 1), and Xibalbaonyx oviceps (OSA = 3,699 mm2, Table 1) are similar to
those for P. harlani. The Me. tarijense (OSA = 9,137 mm2; Table 1) values were similar to the E. laurillardi RMW values
(Table S1).

Relative Muzzle Width
The RMW values (Table S1) for members of the Megalonychidae (Megalonyx jeffersonii, Xibalbaonyx oviceps,
Nohochichak xibalbahkah, Megalocnus rodens, Parocnus browni, Parocnus serus, Acratocnus ye, Neocnus dousman,
Neocnus toupiti, Diabolotherium nordenskioldi, and Megistonyx oreobios), Nothrotheriidae (Nothrotheriops shastensis),
Mylodontidae (Catonyx cuvieri, Glossotherium wegneri, Glossotherium tropicorum, and Paramylodon harlani), and
Megatheriidae (Eremotherium laurillardi, Megatherium tarijense) taxa were statistically different from each other
(ANOVA, F = 90.59, p < 0.05), an exception to the RMW values found for Nothrotheriops shastensis (RMW = 0.66 ± 0.04),
Eremotherium laurillardi (RMW = 0.64 ± 0.03), and Megatherium tarijense (RMW = 0.63) which was similar.

The mixed-feeder “grazers” included the majority of Megalonychidae from the Caribbean Islands, Acratocnus ye (Haiti,
RMW = 0.35), Parocnus browni (Cuba, RMW = 0.42), Neocnus dousman (Haiti, RMW = 0.45), and Parocnus serus
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(Dominican Republic, RMW = 0.49 ± 0.06). The mylodontids group included Catonyx cuvieri (Uruguay, RMW = 0.40 ± 
0.01), Glossotherium wegneri (Ecuador, RMW = 0.40 ± 0.04), and Paramylodon harlani (USA, RMW = 0.49 ± 0.04).

The mixed-feeder “browsers” include the megalonychids Neocnus toupiti (Haiti, RMW = 0.53), Ahytherium aureum
(Brazil, RMW = 0.54), Diabolotherium nordenskioldi (Peru, RMW = 0.57), Megalonyx jeffersonii (USA, RMW = 0.58 ± 
0.09), Nohochichak xibalbahkah (Mexico, RMW = 0.60), and Xibalbaonyx oviceps (Mexico, RMW = 0.63); the
mylodontid Glossotherium tropicorum (Ecuador, RMW = 0.53); the megatheriid Eremotherium laurillardi (Ecuador, RMW 
= 0.63; Honduras, RMW = 0.63; USA, RMW = 0.69), Megatherium tarijense (Bolivia, RMW = 0.63), and the nothrotheriid
Nothrotheriops shastensis (USA, RMW = 0.66 ± 0.04).

The browser category included Megistonyx oreobios (Venezuela, RMW = 0.72), Megalocnus rodens (Cuba, RMW = 
0.73), and Australonyx aquae (Brazil, RMW = 0.83).

Hypsodonty index
The Hypsodonty index (HI) of the extinct giant sloths was not statistically different among the four families (ANOVA, F 
= 28.96, p < 0.05), varying between 0.48 to 1.32, and could be compared between the giant sloth families due to the
isometric increase in the length of the tooth row associated with the depth of the dentary (R2 = 0.81; Fig. 2). The lowest
HI values were observed in members of the Mylodontidae (HI = 0.62 ± 0.06), followed by the Megatheriidae taxa (HI = 
0.75 ± 0.08). Megalonychidae (HI = 0.91 ± 0.22) and Nothrotheriidae taxa (HI = 1.02 ± 0.18) had the highest values.

Index of dorsal olecranon projection (IDO)
All Megalonichidae taxa (except Megalonyx jeffersonii; Tables 1 and S1) were within the limit of body mass × IDO,
suggesting suspensory or climber habits (Ac. ye, 15 kg, IDO = 0.86; Pa. serus, 38 kg, IDO = 1.19; D. nordenskioldi, 71 kg,
IDO = 1.27; Ms. Rodens, 95 kg, IDO = 1.36; X. oviceps, 189 kg, IDO = 1.15). The remaining giant sloths were probably
terrestrial (Nh. shastensis, 339 kg, IDO = 1.12; Mx. jeffersonii, 588 kg, IDO = 0.73; G. wegneri, 627 kg, IDO = 0.72; M.
darwini, 689 kg, IDO = 0.74; P. harlani, 798 kg, IDO = 1.03; E. laurillardi from the USA, 1,763 kg, IDO = 0.74).

Index of Fossorial Ability (IFA)
Based in the proportion of the Index of fossorial ability (%IFA) D. nordenskioldi (%IFA = 42), Mx. jeffersonii (%IFA = 35),
Nh. shastensis (%IFA = 19), and E. laurillardi from USA (%IFA = 17) were non digger mammals. Pa. serus (%IFA = 55)
and M. darwini (%IFA = 69) were classi�ed as digger mammals, while G. wegneri (%IFA = 87) and P. harlani (%IFA = 80)
are higher specialized diggers (Table 1).

Discussion

Metabolism inferences
The pioneering work of Vizcaino et al. (2006) was based on the analysis of �ve giant sloth species from the Pampean
Region (Argentina and Uruguay) from only two families, four mylodontids (Glossotherium robustum, Lestodon
armatus, Mylodon darwini, and Scelidotherium leptocephalum), and one megatheriid Megatherium americanum.
Mylodontids presented lower OSA values, whereas M. americanum had high OSA values. Vizcaino et al. (2006)
suggest that the lower values of the mylodontids could indicate a higher level of fermentation in the digestive system
and a possible lower metabolic requirement, while Me. americanum could present similar metabolic requirement to
Epitherian taxa of the same size.
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Dantas and Santos (2022) used the same approach to study giant sloths from the Brazilian Intertropical Region, that
included all four sloth families, Megalonychiidae (Ahytherium aureum, Australonyx aquae), Nothrotheriidae
(Nothrotherium maquinense), Mylodontidae (Glossotherium phoenesis, Ocnotherium giganteum, Catonyx cuvieri,
Valgipes bucklandi), and Megatheriidae (Eremotherium laurillardi). The mylodontid and megathere giant sloths from
BIR have OSA values higher than those from the Pampean Region and all taxa, with the exception of N. maquinense
and O. giganteum, which fell on the regression line of epitherians, suggesting higher levels of oral food processing and
metabolic requirements.

Excluding D. nordenskioldi and Mx. jeffersonii, all the megalonychids studied (Xibalbaonyx oviceps, Megalocnus
rodens, Parocnus serus, Acratocnus ye, A. aureum, and Au. aquae), mylodontids (Paramylodon harlani, Glossotherium
tropicorum, and Glossotherium wegneri), and megatheriids (Megatherium tarijense and Eremotherium laurillardi) had
high OSA values that fell above the Xenarthra regression line (Fig. 5), showing the same pattern observed for giant
sloths from BIR.

If this pattern is correct, all megalonychids may have had higher metabolic requirements than other sloths, which
allows a review of the interpretation proposed by McDonald et al. (2013) for Megistonyx oreobios. The unique
exception was D. nordenskioldi and Mx. jeffersonii, which fell on the Xenarthra regression, probably because of larger
body mass relative to its OSA capability, which could have a direct effect, causing a high energy cost, probably
lowering its metabolism.

The OSA × body mass of Nothrotheriops shastensis suggests that members of the Nothotheriidae probably had low
oral food processing and metabolic requirements, together with D. nordenskioldi, Megalonyx jeffersonii, Ocnotherium
giganteum, and the mylodontid species from the Pampean Region (Fig. 4). This hypothesis for Nh. Shastensis is
supported by the size of plant fragments in its dung which are large and not fully chewed, may be related to long
transit time in the gut to absorb nutrients (Lindsey et al., 2020).

Dantas and Santos (2022) proposed that giant sloths from temperate regions would have adapted to a lower oral food
processing capability, together with a higher fermentation need. However, data from the North American temperate
zones allowed us to disregard this hypothesis (Table 1; Fig. 4). This could re�ect the evolution of North American taxa
from tropical forms (McDonald, 2006; McDonald et al., 2017; Varela et al., 2019), and feeding on new types of
vegetation promotes different metabolic requirements from giant sloths from the temperate zones of South America.

In terms of time to adapt to North American vegetation, Megalonyx jeffersonii would have had the greatest amount of
time, Paramylodon harlani and Eremotherium laurillardi arrived later in Blancan, and Nothrotheriops shastensis was
the last to reach North America and had the least amount of time to adapt, and all of these taxa reached more
temperate latitudes in North America. Because Nohochichak xibalbahkah and Xibalbaonyx oviceps were restricted to
in tropical habitats in North America, they do not appear to have adapted to different vegetation types in their diet.

Diet inferences
The Relative Muzzle Width index and hypsodonty index provide a means to suggest the different feeding adaptations
of extinct giant sloths within the environment in which they lived, allowing an interpretation of their diet and habitat.
These indices may allow for the interpretation of niche partitioning when multiple sloths are associated in a fauna, as
well as how they may have avoided competition with other megaherbivores in the fauna.

The Hypsodonty index values (Table 1) did not differ between the extinct giant sloth families (ANOVA, F = 28.96, p < 
0.05), suggesting adaptation to a similar degree of tooth wear between all taxa. As all sloths lack enamel on their teeth
and the teeth are composed of similar types of dentine (Kalthof, 2011), as well as hypselodont and ever-growing, the



Page 12/22

rate of growth to compensate for tooth wear during mastication may be essentially the same in all sloths; therefore,
the height of the teeth, as indicated by depth of the mandible, may not be a critical factor.

Available RMW values for the extinct giant sloths (Bargo et al., 2006; Dantas and Santos, 2022; Table S1) con�rm the
families Megalonychidae (13 species), Nothrotheriidae (two species), Mylodontidae (12 species), and Megatheriidae
(three species) present different RMW values (Table 1). The unique exception was between Nothrotheriidae and
Megatheriidae, which had similar values (ANOVA, F = 36.12, p < 0.05).

The RMW and HI values for megalonychid taxa showed an adaptation to a mixed-feeder to a browser diet (RMW = 
0.35–0.85; HI = 0.65–1.32; Fig. 5). This partially agrees with the interpretation of a browser diet for members of this
family (McDonald et al., 2017), for example, the diet of Xibalbaonyx oviceps is proposed to be composed of leaves and
fruits (Stinnesbeck et al., 2021).

Unfortunately, only a limited number of other techniques can provide inferences on the diet of extinct species. However,
dental microwear analyses have indicated that Acratocnus (Ac. odontrigonus) could have a mixed-feeder “browser”
diet, while Megalonyx (Mx. wheatleyi) was a grazer (Resar et al., 2013). In marked contrast, carbon isotopic analysis of
bioapatite and collagen (δ13Cap = -13.3‰; piC3 = 100%; δ13Ccol = -19.9‰; piC3 = 85%; Bocherens et al., 2004;
McDonald et al., 2019; Table 1) suggest that Mx. jeffersonii is a browser. The same interpretation was made for
Ahytherium aureum (δ13Cap = -14.4‰; piC3 = 100%; Costa et al., in press).

Both nothrotheres, Nothrotheriops shastensis and Nothrotherium maquinense, had RMW values indicative of
adaptation as browsers (RMW = 0.66–0.74; Fig. 5), the HI values suggesting an adaptation to a less abrasive diet for
N. maquinense (HI = 0.77; Table 1), but a high abrasive diet for Nh. shastensis (HI = 1.09; Table 1), con�rmed by direct
evidence of the diet by the diversity of plants it consumed in preserved coprolites (Hansen, 1978; Thompson et al.,
1980).

Carbon isotopic values for N. maquinense (δ13Cap = -12.4 ± 0.06; piC3 = 96%; Omena et al., 2021; Table 1) and Nh.

shastensis (δ13Ccol = -19.5 ± 0.02‰; piC3 = 82%; Fuller et al., 2014; Table 1) con�rm a browser diet for both. In Nh.
shastensis, microwear analysis (Green et al., 2009), coprolite analysis based on macrobotanical composition (Hansen,
1978), and molecular data (Hofreiter et al., 2000) reinforce this interpretation. However, the available carbon isotopic
values in bioapatite indicate an opposite diet rich in C4 plants (δ13C = 1.7 ± 0.04‰; piC4 = 100%; DeSantis et al., 2019;
Table 1).

The Mylodontidae species presented the widest RMW in comparison with the other families (RMW = 0.28–0.58;
Table 1; Fig. 5), indicative of a mixed-feeder diet, in agreement with the results presented by Naples (1989). The only
exception was L. armatus, which was adapted to the grazer diet (RMW = 0.28; Table 1). The HI values reinforce this
interpretation, suggesting an adaptation to less abrasive food items (HI = 0.48–0.91; Bargo et al. 2006b; Table 1).

Currently the only taxa in the family, for which carbon isotopic data acquired from collagen and bioapatite is available
are Glossotherium robustum, Catonyx cuvieri (from Brazil), Valgipes bucklandi (Brazil), Paramylodon harlani (United
States), and Lestodon armatus (Uruguay).The data for these taxa indicate a mixed-feeder “browser” diet for G.
robustum and C. cuvieri, and a browser diet (piC3 > 80%) for P. harlani, V. bucklandi, and L. armatus (Table 1). As
occurred in Mx. jeffersonii, the carbon isotopic data acquired through bioapatite for Paramylodon harlani indicates a
diet that is opposite to that indicated by the collagen analysis data (Ruez, 2005; Perez-Crespo et al., 2014; DeSantis et
al., 2019; Table 1).



Page 13/22

Finally, the HI index suggests that all megatherines were adapted to abrasive food items (HI = 0.50–1.02; Table 1), the
RMW index suggesting that Eremotherium laurillardi and Megatherium tarijense were adapted to a mixed-feeder
“browser” diet (RMW = 0.63–0.69; Fig. 5), whereas Megatherium americanum was a strict browser (RMW = 0.84;
Fig. 5). The limited carbon isotopic (bioapatite) data from the E. laurillardi in Mexico (δ13C = -7.7‰; piC3 = 62%; Perez-
Crespo et al., 2015; Table 1) seems to con�rm this dietary pattern, however, the data from Brazil (bioapatite and
collagen) suggest a mixed-feeder “grazer” diet (piC4 = 54–56%; Dantas et al., 2020; Omena et al., 2021; Table 1), These
differences may re�ect greater dietary �exibility in E. laurillardi, which may explain its wide latitudinal distribution and
a range greater than any other sloth.

Microwear analyses of E. laurillardi in Brazil also con�rmed a mixed-feeder diet (Oliveira et al., 2020). The carbon
isotopic values of bioapatite and collagen suggest that Me. americanum had a mixed-feeder “browser” diet (piC3 = 60–
71%; Bocherens et al., 2017; Lopes et al., 2021; Table 1).

Dantas (2022) discussed how body mass strongly in�uenced the variation in carbon isotopic values in giant sloths
from the Brazilian Intertropical Region (n = 4; R2 = 0.90), which represented changes in habitat use and consequently
their diet. However, body mass did not seem to affect the RMW index in giant sloths (n = 23; R2 = 0.30; Fig. 6A).

When all available δ13Ccollagen data for giant sloths from the Americas were interpreted together, a moderate

correlation between δ13Ccollagen and body mass was observed (n = 7; R2 = 0.48; Fig. 6B), similar to that observed by

Dantas (2022). However, δ13Cbioapatite showed no correlation with body mass (n = 10; R2 = 0.04; Fig. 6C), with results
opposite to those reported by Dantas (2022). This occurs because of the discordant carbon isotopic data acquired
through bioapatite found for Mx. jeffersonii (δ13C = 1.7 ± 0.04‰; Table 1) and P. harlani (δ13C = 3.3 ± 4.2‰; Table 1),
which differ strongly from the carbon isotopic data found in collagen. Without these values, the correlation coe�cient
increased to 0.62.

Niche differentiation
The niche differentiation of the Late Quaternary giant sloths has been studied and currently we have a view that
mostly Megalonychidae and Nothrotheriidae could be mainly climbers, the Mylodontidae mainly diggers, while the
Megatheriidae were fully terrestrial animals (Bargo et al., 2000; Vizcaino et al., 2006; Santos et al., 2023).

Our results suggest that within the Megalonychidae, Acratocnus ye could be a suspensory species, while Parocnus
serus, Mesocnus rodens, Xibalbaonyx oviceps, and Diabolotherium nordenskioldi were climber species (Fig. 7), with
Pa. serus probably also being a digger species (Table 1). The results for D. nordenskioldi were in accordance with the
interpretation made by Pujos et al. (2007). Unfortunatelly Megistonyx oreobios and Nohochichak xibalbahkah do not
have preserved ulnae, which prevents us from proposing their ecological niche based on this bone.

As in the case of Mx. jeffersonii the larger body mass of Nothrotheriops shastensis probably prevented it from being
considered to be a climber species (as N. maquinense, Fig. 7; Santos et al., 2023), it also was not a digger species
(Table 1). It is possible that immature juvenile individuals of Megalonyx could climb until they reached a critical size,
but the paucity of juvenile skeletons at different growth stages, prevents a resolution of this question at this time.

Within the Mylodontidae Mylodon darwini was probably a digger species, while Paramylodon harlani and
Glossotherium wegneri were specialized diggers, as the species O. giganteum, G. phoenesis, L. armatus, and C. cuvieri.
The Megatheriidae E. laurillardi from USA, does not differ from the South American relatives, being a fully terrestrial
species, as expected (Fig. 7; Table 1).

Final remarks
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The giant sloths which lived in southern South America, probably had a higher level of fermentation/lower metabolic
requirement, which was re�ected in the late Pleistocene taxa found in the Pampean Region. As these taxa migrated to
tropical regions, they probably evolved higher metabolic requirements, and these tropical taxa migrated to Central and
North America, explaining the pattern observed in this study.

We have a paradox here, the more southern giant sloths in South America would have been at higher latitudes and in
the more temperate zones, as for example the Pampas in Buenos Aires Province is (34 to 38 degrees south), which is
roughly the same latitude as the southern third of the United States. So sloths in these two regions are living in
climatically comparable regions which is what Webb argued for in his savanna taxa interchange papers. We point out
that tropical adapted sloths in southern Mexico and Central America did not move into temperate habitats.

The relative muzzle width and hypsodonty indices suggest dietary adaptation of several late Pleistocene/early
Holocene giant sloths in the Americas. Nothrotheriidae and Megatheridae taxa were adapted to a browser or mixed-
feeder “browser” diet, Mylodontidae taxa to a variety of diet types, and Megalonychidae taxa to a mixed-feeder to a
browser diet. The Occlusal Surface Area index together with the body mass allows a better understanding of the
paleoecology and evolution of the giant sloths in the Americas.

These dietary adaptations did not necessarily re�ect their food niche; the RMW diets for some Mylodontidae taxa were
different from what RMW and HI suggested. Similarities between RMW, HI, and isotope/microwear analysis were
observed for Megalonychidae, Nothrotheriidae, and Megateridae taxa.

Finally, two indices based on ulna measurements allowed us to differentiate the ecological niche of giant sloths. A
probable pattern is that Megalonychidae and Nothrotheriidae could include mainly climber species, while
Mylodontidae taxa are mainly diggers, and Megatheriidae, due to their higher body mass, a fully terrestrial species.
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Figures

Figure 1

Eremotherium laurillardi skull (MCL 33068) in ventral view showing the measurements to estimate the Relative Muzzle
Width (RMW). Maximum Muzzle Width (MMW); Palatal Width (PW), being an average between the �rst molariforms
(PWFM) and the last molariforms (PWLM).
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Figure 2

Correlation between madibular height and tooth row lenght in late Pleistocene/early Holocene giant sloths. Labels. Red
squares = Megalonychidae; Orange diamonds = Nothrotheriidae; Green triangles = Mylodontidae; Blue circles =
Megatheriidae.

Figure 3

Scheme of the extinct giant sloth Nothrotherium maquinense bones. Ulna, (A) dorsal extent of the olecranon process
(deop) and length of the trochlear notch (tn); (B) Length of the olecranon (ol) and total length of the ulna (ul).
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Figure 4

Regression of OSA against body mass of the giant sloths of the Late Quaternary of the Americas. Labels. Red squares
= Megalonychidae (Dn - Diabolotherium nordenskioldi, Acy - Acratocnus ye, Pas - Parocnus serus, Msr - Megalocnus
rodens, Xo – Xibalbaonyx oviceps, Mxj – Megalonyx jeffersonii); Orange diamonds = Nothrotheridae (Nhs -
Nothrotheriops shastensis); Green triangles = Mylodontidae (Ph – Paramylodon harlani, Gt – Glossotherium
tropicorum, Gw – Glossotherium wegneri); Blue circles = Megatheriidae (El – Eremotherium laurillardi; Met –
Megatherium tarijense). E – Epitheria and X – Xenarthra regression lines presented by Vizcaino et al. (2006). Shade
�gures are from giant sloths from Brazilian Intertropical Region presented by Dantas & Santos (2022). Dashed lines
above and below the regression lines = 95 % con�dence interval.

Figure 5
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The relative muzzle width (RMW) index for the Late Quaternary giant sloths from the Americas. Labels. Red squares =
Megalonychidae; Orange diamonds = Nothrotheridae; Green triangles = Mylodontidae; Blue circles = Megatheriidae;
Mexico and USA, Mxj – Megalonyx jeffersonii, Nox - Nohochichak xibalbahkah, Xo - Xibalbaonyx oviceps, Ph –
Paramylodon harlani, Nhs – Nothrotherium shastensis, El – Eremotherium laurillardi; Honduras, Cuba, Haiti, and
Dominican Republic, Acy - Acratocnus ye, Msr - Megalocnus rodens, Net - Neocnus toupiti, Ned - Neocnus dousman,
Pas - Parocnus serus, Pab - Parocnus browni, El – Eremotherium laurillardi; Venezuela, Ecuador, Peru and Brazil, Dn -
Diabolotherium nordenskioldi ,Mgo - Megistonyx oreobios, Aa– Ahytherium aureum, Og – Ocnotherium giganteum, Cc
– Catonyx cuvieri, Gw – Glossotherium wegneri, Auq – Australonyx aquae, Vb – Valgipes bucklandi, Gp –
Glossotherium phoenesis, Myi – Mylodonopsis ibseni, Gt – Glossotherium tropicorum, El – Eremotherium laurillardi,
and Nm – Nothrotherium maquinense; Bolivia, Argentina and Uruguay, La – Lestodon armatus, Gr – Glossotherium
robustum, Cc – Catonyx cuvieri, Sl – Scelidotherium leptocephalum, Md – Mylodon darwini, Met – Megatherium
tarijense; Mea – Megatherium americanum.

Figure 6

Correlation between body mass of the Late Quaternary giant sloths from Americas versus: (A) RMW (R2 = 0.00); (B)
carbon isotopic (δ13C) values acquired through collagen (R2 = 0.48); (C) and through bioapatite (R2 = 0.04). Labels.
Red squares = Megalonychidae; Orange diamonds = Nothrotheridae; Green triangles = Mylodontidae; Blue circles =
Megatheriidae.
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Figure 7

Bi-plot graph between log of body mass and log of Index of dorsal olecranon projection (IDO). Labels. Orange
retangules represents animals with suspensory (S) and climber habits (C) based in extant primates and xenarthrans.
Red squares = Megalonychidae (Acy - Acratocnus ye, Msr - Megalocnus rodens, Pas – Parocnus serum, Dn –
Diabolotherium nordenskioldi, Xo - Xibalbaonyx oviceps, and Mxj – Megalonyx jeffersonii); Orange diamonds =
Nothrotheridae (Nhs - Nothrotheriops shastensis); Green triangles = Mylodontidae (Gw – Glossotherium wegneri, Md –
Mylodon darwini, Ph – Paramylodon harlani); Blue circles = Megatheriidae (El – Eremotherium laurillardi). Shade
�gures are from giant sloths from Brazilian Intertropical Region by Santos et al. (2023).
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