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Growth dynamics and body size evolution 
of South American long-necked chelid turtles: 
A bone histology approach
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Among turtles, cases of “gigantism” occur mostly in pleurodiran Pelomedusoides and cryptodirans, but are infrequent 
among pleurodiran chelids, which are mostly small-medium sized turtles. Yaminuechelys spp. are extinct South American 
long-necked chelids (from the Late Cretaceous–early Paleocene of Patagonia, Argentina) with caparaces almost three 
times larger than their extant sister taxon, Hydromedusa tectifera. Since evolutionary changes in size can be analyzed 
based on growth dynamics, we studied growth strategies from an osteohistological point of view. We sampled both 
extinct (Yaminuechelys maior) and extant (H. tectifera) species, in order to test hypotheses related to the mechanisms 
involved in the macroevolution of size within this clade. For this purpose, thin sections of long bone (humerus and 
femur) shafts of specimens of different ontogenetic stages for these species were prepared. The osteohistological study 
reveals a similar growth dynamic in both taxa, with a poorly vascularized cortex dominated by parallel- fibered bone 
and interrupted by lines of arrested growth (LAGs). The huge body size of Y. maior appears to be a consequence of the 
prolongation of the growth phase, suggesting that it had a longer lifespan than H. tectifera, allowing to reach greater 
sizes. In this way, and assuming that there is no displacement at the beginning of development (e.g., a delay in the earliest 
stages of growth) in H. tectifera, the acquisition of a large size in Yaminuechelys would be explained by hypomorphosis 
of the former or hypermorphosis of the latter, depending on the reconstruction of the ancestral condition of this clade.

Key words:  Testudines, Chelidae, growth rate, body size, paleohistology, ontogeny, Paleocene, Argentina.

Maria Eugenia Pereyra [m.eugenia.pereyra@gmail.com] and Paula Bona [paulabona26@gmail.com], División Pale-
ontología Vertebrados, Museo de La Plata (Unidad de Investigación Anexo), Facultad de Ciencias Naturales y Museo, 
Paseo del Bosque s/n, CP1900, La Plata, Buenos Aires, Argentina.
Ignacio Alejandro Cerda [nachocerda6@gmail.com], CONICET; Instituto de Investigaciones en Paleobiología y 
Geología, Universidad Nacional de Rıo Negro y Museo Carlos Ameghino, Belgrano 1700, Paraje Pichi Ruca (predio 
Marabunta), CP8300, Cipolletti, Río Negro, Argentina.
Juan Marcos Jannello [marcosjannello@hotmail.com] and Marcelo Saúl De la Fuente [mdelafuente1910@gmail.
com], Instituto de Evolución, Ecología Histórica y Ambiente (IDEVEA-CONICET, Universidad Tecnológica Nacional, 
FRSR) Av. Gral. J.J. Urquiza 314, CP5600, San Rafael, Mendoza, Argentina.
Bárbara Desántolo [bdesantolo@med.unlp.edu.ar], Cátedra de Citología, Histología y Embriología A, Facultad de 
Ciencias Médicas, Universidad Nacional de La Plata, 60 y 122 s/n, La Plata, Buenos Aires, Argentina.

Received 11 November 2019, accepted 13 May 2020, available online 22 June 2020.

Copyright © 2020 M.E. Pereyra et al. This is an open-access article distributed under the terms of the Creative Commons 
Attribution License (for details please see http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original author and source are credited.

Introduction
During the Late Cretaceous and early Paleocene, Chelidae 
turtles were one of the most abundant and diverse groups of 
reptiles inhabiting freshwater ecosystems in Patagonia (e.g., 
Bona et al. 2009; Sterli and De la Fuente 2013; De la Fuente et 
al. 2014). These pleurodiran turtles form a Gondwanic clade, 

distributed in South America and Australasia, that survived 
the K-Pg boundary (Pritchard and Trebbau 1984; Bona et 
al. 2009; Sterli and De la Fuente 2013; De la Fuente et al. 
2014; Maniel and De la Fuente 2016). Within this clade, the 
monophyly of the long-necked chelids is still under discussion 
(Gaffney 1977; Pritchard 1988; Seddon et al. 1997; Georges et 
al. 1998; Bona and De la Fuente 2005; Guillon et al. 2012; De 
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la Fuente et al. 2017a; Maniel et al. 2018). Several phylogenetic 
proposals based on morphological data support the mono-
phyly of the South American long-necked chelids represented 
by Chelus fimbriata (Schneider, 1783) and the crown group 
“Hydromedusa Wagler, 1830 + Yaminuechelys De la Fuente, 
De Lapparent de Broin, and Manera de Bianco, 2001” (Bona 
and De la Fuente 2005; De la Fuente et al. 2015, 2017a; Maniel 
et al. 2018) (Fig. 1). The extinct Yaminuechelys is recorded 
from the Late Cretaceous to the early Paleocene in Patagonia 
(Bona 2004, 2006; Bona and De la Fuente 2005; Bona et al. 
2009; De la Fuente et al. 2015) with Yaminuechelys gasparinii 
De la Fuente, De Lapparent de Broin, and Manera de Bianco, 
2001 and Y. maior (Staesche, 1929). Yaminuechelys maior is 
one of the largest chelids known, with carapaces that reach 
almost a meter in length (Bona et al. 2009).

Cases of “gigantism” occur among turtles mostly in 
crypto dirans and pleurodiran Pelomedusoides (Hermanson 
et al. 2017), but are infrequent among chelids. With the ex-
ception of a few cases in the fossil record (e.g., the upper 
Campanian–lower Maastrichtian Mendozachelys wichmanni 
De la Fuente, Maniel, Jannello, Sterli, Riga, and Novas, 2017b 
and the lower Paleocene Y. maior), chelids are medium to 
small sized turtles. As an example, the extant Hydromedusa 
tectifera Cope, 1868 has carapaces 20 to 30 cm long and 
Phrynops hilarii (Duméril and Bibron, 1835) about 46 cm 
long (Benefield 1979; Pritchard 1979; Chinen et al. 2004). 
The adult specimens of Y. maior have carapaces that grade 
between 60 and 80 cm long (e.g., Bona and De la Fuente 
2005). The fact that during the last 64 million years chelid 
species did not grow beyond a half meter length is an interest-
ing issue to be addressed. In this context, the case of Y. maior 
and the mechanisms that led this species to be “giant” con-
stitute a potentially informative way to tackle the evolution 
of size variation in turtles. In this regard, growth dynamics 
are a key factor to analyse the evolution of size variation in 
vertebrates (e.g., Sander et al. 2004).

Growth dynamics in fossil vertebrates can be assessed 
from long bone histology (Erickson 2014). Several osteo-
histological studies published during the last decades have 
focused on growth dynamics of several extinct taxa (e.g., 
De Ricqlès 1976; Reid 1983, 1996; Castanet and Smirina 
1990; Sander et al. 2004; Cerda et al. 2017). However, fossil 
turtles have not been properly analysed and studies related to 
growth dynamics and life history have focused on living taxa 
(e.g., Rhodin 1985; Shine and Iverson 1995; Zug et al. 1995, 
2006; Coles et al. 2001; Goshe et al. 2010; Prieto et al. 2013). 
Histological analyses on fossil turtles have been mostly done 
on shell bones (e.g., Scheyer and Sánchez-Villagra 2007; 
Scheyer et al. 2014a, b; Jannello et al. 2016; De la Fuente et al. 
2017a, b; Maniel et al. 2018). Furthermore, with the exception 
of a few works (e.g., Enlow and Brown 1956; Suzuki 1963; 
Enlow 1969; De Ricqlès 1976; Chinsamy and Valenzuela 
2008; Bailleul et al. 2011; Pereyra et al. 2019), most of the 
published contributions on the long bone histology of living 
and extinct turtles focused on the number and distribution 
of growth marks, leaving other histological parameters (e.g., 
collagenous fibre arrangement in the primary bone matrix, 
vascular density, and vascularization pattern) poorly studied.

Here we provide a detailed histological analysis of the 
long bones of the extinct Yaminuechelys and the extant 
Hydromedusa. Our main goals are to (i) recognize changes 
during ontogeny and (ii) identify the main mechanisms re-
lated to the phyletic body size increase in Yaminuechelys. 
The data presented here provide new evidence on the mac-
roevolution of body size in long-necked chelid turtles.

Institutional abbreviations.—MLP, Museo de La Plata, La 
Plata, Argentina; MLPR, Herpetological collection, Museo 
de La Plata, La Plata, Argentina; MPEF-PV, Paleovertebrates 
collection, Museo Paleontológico Egidio Feruglio,Trelew, 
Argentina.

Other abbreviations.—LAGs, lines of arrested growth.

Fig. 1. Size distribution of chelid turtles represented in two different phylogenetic hypotheses from Maniel et al. (2018). Both topologies recover two 
alternative hypotheses (orange): the monophyly of the South American chelid clade (A) and the monophyly of the of the long necked chelid turtles (B) 
(see Maniel et al. 2018, for more information). Grey, species smaller than 20 cm; green, 20–60 cm; blue and bold, larger than 60 cm. The size is based on 
the carapace length.
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Material and methods
Two juveniles (MLPR-6291, MLPR-6747) and one adult 
(MLPR-6411) of Recent Hydromedusa tectifera were ana-
lysed (Fig. 2A1–D1). Specimens were found dead, the adult 
in fresh condition and the juveniles dried; they were a pri-
ori ontogenetically classified based on the total length of 
the carapace (Table 1). The stylopodia (humerus and fe-
mur) of each individual were manually defleshed, boiled 
with a detergent solution and air-dried. Fossil material of 
Yaminuechelys maior (MPEFPV-599 and MLP-14-9-23-
1; see Table 1) here analysed come from the upper levels 
of the Salamanca Formation (Banco Negro Inferior), with 
a Danian age (early Paleocene), which outcrops along the 
coast of the Chubut Province, Patagonia, Argentina (see 

Bona and De la Fuente 2005; Sterli and De la Fuente 2013). 
A humerus and femur of a subadult (MPEFPV-599) and a 
humerus of an adult (MLP-14-9-23-1) of Y. maior were stud-
ied (Fig. 2E1–G1). The relative ontogenetic stages of individ-
uals of H. tectifera and Y. maior were a priori determined on 
the basis of their carapace length following Benefield (1979) 
and Pritchard (1979). Although in reptiles the size may vary 
between specimens of the same stage, usually an adult stage 
is assigned to the maximum known size. In the case of tur-
tles, the relative size (i.e., antero-posterior length) of the car-
apaces is usually used a priori as an estimator of the general 
ontogenetic stage (juvenile, subadult, adult). In the case of 
fossils, there are usually few specimens available, making 
this estimation even more speculative. In the present case, 
the larger specimens of Y. maior reach 60–80 cm of cara-

Table 1. Specimens and skeletal bones examined for osteohistology.

Specimen ID Age group Locality Condition Carapace 
length (mm) Skeletal element Length 

(mm)
Visible 
LAGs

Yaminuechelys maior 
(MLP-14-9-23-1) adult

Danian, Salamanca Formation; 
Cuenca del Golfo San Jorge

– ~600 left humerus ~180 29

Yaminuechelys maior 
(MPEFPV-599) subadult – ~300

right humerus 130 44
left femur 130 6

Hydromedusa tectifera 
(MLPR-6411) adult Recent, La Plata fresh 217

right humerus 43.4 22
right femur 49.83 12

Hydromedusa tectifera 
(MLPR-6291) juvenile Recent, Villa Montoro, 

La Plata dry 117
left humerus 18.51 2

left femur 21.9 2
Hydromedusa tectifera 

(MLPR-6747) juvenile Recent, locality unknown dry 85
left humerus 16 –

left femur 15.5 1

Fig. 2. Stylopodial bones of chelid turtles sampled in this study, showing the position where the thin sections were obtained (gray bar) and the complete 
shaft section in each element. A–D. Hydromedusa tectifera Cope, 1869; Recent, La Plata, Buenos Aires province, Argentina. A. MLPR-6291, dorsal view 
of the left humerus (A1), cross section (A2). B. MLPR-6291, dorsal view of the left femur (B1), cross section (B2). C. MLPR-6411, dorsal view of the right 
humerus (C1), cross section (C2). D. MLPR-6411, dorsal view of the right femur (D1), cross section (D2). E–G. Yaminuechelys maior (Staesche, 1929); 
Cerro Hansen, Danian of Salamanca Formation, Chubut Province, Argentina. E. MPEFPV-599, dorsal view of the right humerus (E1), cross section (E2). 
F. MPEFPV-599, dorsal view of the left femur (F1), cross section (F2). G. MLP-14-9-23-1, dorsal view of the left humerus (G1), cross section (G2). Note 
that the expansion of the medullary region is higher in Y. maior than in H. tectifera (see discussion in the text). 
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pace length. Based on this information, the MPEFPV-599 
(~30 cm length, Table 1) was hypothesized as a subadult 
and the MLP-14-9-23-1 (~60 cm length, Table 1) as an adult. 
These hypotheses were then tested through osteohistologi-
cal analyses (see below).

For histological analyses, a single thin section from one 
humerus and one femur of each specimen has been sampled. 
Planes of sectioning were located at the minimum diaph-
yseal circumference (Fig. 2) to capture a cross-section at 
the growth centre (sensu Nakajima et al. 2014). The growth 
centre contains the longest record of an individual’s growth. 
Therefore, errors resulting from growth variations are re-
duced. Prior to sectioning, each bone was photographed 
and measured using a calliper. The lengths were measured 
from the most proximal surface of the long bone head to the 
most distal condyle. The extant and extinct specimens were 
prepared using standard procedures for undecalcified bones 
(Chinsamy and Raath 1992). The bones were embedded in 
epoxy resin (DICAST® LY 554) with a catalyst (DICURE® 
HY 554) and placed on heat for one day. Blocks approxi-
mately 3 cm-thick were transversally cut using a custom 
diamond saw under refrigeration with soluble oil. One side 
of these blocks was ground and polished with 180-grit sil-
icon carbide abrasive powder using a custom grinding ma-
chine. This side of the block was then painted with the same 
epoxy resin and catalyst for the infiltration of the porosity 
of the bone. The “mounting-side” was polished with 400-
grit silicon carbide abrasive powder using the grinding ma-
chine until the surface was completely flat, smooth, and free 
from scratch marks. The polished slices were then washed, 
dried and mounted onto frosted glass slides with epoxy 
resin (DICAST® LY 867) and a catalyst (DICURE® HY 
867) for the fossil materials, and, for the extant specimens, 
an ultraviolet curing glue (Trabasil® NR2). Approximately 
2 mm-thick blocks were cut and then grounded and pol-
ished with silicon carbide powder of decreasing coarseness 
(220–800-grit) using a custom grinding machine. In addi-
tion to machine grinding, some manual grinding was done 
to make the surface thinner. The thin section slides were not 
cover-slipped. The thin sections were examined under po-
larized and ordinary light with 4×, 10×, and 20× objectives 
using an Optiphot-Pol 255884 (Nikon Instruments Inc.) po-
larizing microscope with cross-polarizer (530 nm) and a 1/4 
lambda plate. Images were obtained with a digital camera 
(smartphone Samsung S6 edge). The terminology and defi-
nitions of histological structures used in this study are from 
Francillon-Vieillot et al. (1990).

The preparation of the histological sections was carried 
out in the Museo Provincial Carlos Ameghino (Rio Negro, 
Argentina), in the Museo de Historia Natural de San Rafael 
(Mendoza, Argentina), in the Centro de Investigaciones 
Geológicas (CIG), and in the Ponti’s geological laboratory. 
The analysis of all the slices was performed in the Museo 
de La Plata and in the Instituto de Recursos Minerales 
(INREMI).

The analyses and measurements taken from the photo-

graphs of the slices were processed with the software ImageJ 
(Rasband 2003). In Hydromedusa tectifera, the annual and 
daily bone appositional rates and the rate of growth were 
measured following the procedure proposed by Woodward 
et al. (2014). Two daily bone appositional rates were ob-
tained: one dividing the annual bone appositional rate by an 
estimated 240 active growing days in a year and the other 
considering 365 active growing days in a year (Lescano et 
al. 2008; Bonino et al. 2009). As the circumference of the 
first line of arrested growth (LAG) in all specimens here 
analysed is equal to the circumference of the midshaft at 
the time of hatchling (an expansion of the medullary region 
was not observed in the last stage sampled here; see SOM: 
table 1, Supplementary Online Material available at http://
app.pan.pl/SOM/app65-Pereyra_etal_SOM.pdf), the age of 
each specimen was estimated by the count of the observed 
LAGs. In the case of Y. maior, the annual appositional rate 
and the growth rate were estimated using the same method 
but measured only in the dorsal area of the humerus, which, 
due to diagenetic alterations of the other parts, is the only 
region were the cortices preserve LAGs. The estimations of 
the day count per year for the Paleocene is ~371 (Wells 1963); 
therefore, for the daily bone appositional rates in Y. maior, 
we made calculations for both 249 and 371 growing days in a 
year. The value of 249 days of growth came up from a calcu-
lation based on the 240 growing days reported by Lescano et 
al. (2008) and Bonino et al. (2009) for H. tectifera.

Results
Stylopodial bone microstructure of Yaminuechelys 
maior.— Humerus: The medullary region is wide and occu-
pied by trabecular bone (the percentage of the cross section 
occupied by the medullary cavity in this species was 69% 
for the subadult and 80% for the adult). Whereas in the adult 
(MLP-14-9-23-1) the cortex becomes narrower towards the 
dorsal area, the cortical thickness appears to be relatively 
homogeneous in the subadult (MPEFPV-599) (though this 
cannot be assessed with certainty since the ventral area 
was not preserved). Abundant resorption spaces are ob-
served from the perimedullary margin to the middle cor-
tex (Fig. 3A1, B1). These spaces decrease in size towards 
the outer cortex. The primary bone is mostly formed by 
parallel- fibered/lamellar bone tissue (Fig. 3A2, B2). Crossed 
parallel-fibered bone tissue (i.e., the intrinsic fibres exhibit 
two main orientations; parallel and concentric to the shaft 
main axis) is observed in MPEFPV-599 (Fig. 3A3). The de-
gree of organization of the intrinsic fibres tends to increase 
towards the outer cortex (Fig. 3A2, B2), being particularly 
well organized in the dorsal area. The cortex is vascularized 
with mostly longitudinal canals. The density of the simple 
vascular canals is relatively higher in MPEFPV-599 com-
pared to MLP-14-9-23-1. Whereas the vascular density and 
distribution are rather homogeneous in the MPEFPV-599 
cortex, this vasculature is restricted to the perimedullary re-
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gion in MLP-14-9-23-1 (Fig. 3A4, B3). The density of vascu-
lar spaces appears to be higher in the ventromedial and ven-
trolateral areas of the MPEFPV-599 cortex. Simple radial 
vascular canals that are extended from the perimedullary 

region to the subperiosteal cortex are recorded in the ventral 
area of MLP-14-9-23-1. These radial canals are associated 
with a high amount of Sharpey’s fibres (Fig. 3B4). The shape 
and arrangement of the osteocyte lacunae is strongly vari-
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Fig. 3. Stylopodial bone histology of chelid turtle Yaminuechelys maior (Staesche, 1929), Cerro Hansen, Danian, Paleocene of Salamanca Formation, 
Chubut Province, Argentina (Bona and De la Fuente 2005). A. MPEFPV-599, humerus: dorsal (A1), dorsomedial (A2), dorsolateral (A3), and lateral (A4) 
areas. B. MLP-14-9-23-1, humerus: lateral (B1), dorsal (B2), medial (B3), and ventral (B4) areas. Arrowheads in A1 and B4 indicate lines of arrested growth. 
C. MPEFPV-599, femur: dorsal (C1), dorsolateral (C2), and ventral (C3, C4) areas. Photographs under normal light (A1, A4, B3), under polarized light (C4), 
under polarized light with lambda compensator (A2, A3, B1, B2, B4, C1–C3). Abbreviations: LVC, simple longitudinal vascular canals; PFB, parallel- fibered 
bone; RS, resorption cavities; RVC, simple radial vascular canals; SF, Sharpey’s fibres.  
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able in MPEFPV-599; they are flattened and regularly dis-
tributed throughout the entire compacta in the medial and 
dorsomedial areas, and flattened to rounded and irregularly 
distributed in the other portions of the cortex (Fig. 3A2–A4). 
Conversely, osteocyte lacunae are mainly flattened and reg-
ularly distributed throughout the entire compacta of MLP-
14-9-23-1 (Fig. 3B1, B2). Abundant Sharpey’s fibres that 
penetrate the subperiosteal margin at an acute angle (medial 
and ventrolateral areas) and at a straight angle (dorsal area) 
are observed. Most of these fibres reach the perimedullary 
region. Lines of arrested growth (LAGs) are clearly ob-
served in the whole cortex in MPEFPV-599, but only in the 
outer cortex in MLP-14-9-23-1 (Fig. 3A1, B4). These LAGs 
are best preserved mostly in the dorsal area in MPEFPV-599 
and in the ventral area in MLP-14-9-23-1, although a distinct 
stratification pattern is observed; in the dorsal area of MLP-
14-9-23-1, LAGs are only poorly distinguished (Fig. 3B2). 
Even though diagenetic alteration precludes a confident 
estimation of the complete set of LAGs, at least 44 and 
29 of these growth marks are evidenced in the compacta 
of MPEFPV-599 and MLP-14-9-23-1, respectively (SOM: 
fig. 3). A decrease in the spaces between successive LAGs is 
conspicuous towards the outer cortex in both samples.

Femur: The cortex of the subadult MPEFPV-599 sur-
rounds a wide medullary region filled with cancellous bone. 
Resorption cavities are scattered. The primary bone tissue is 
mostly composed of crossed parallel-fibered bone. The cor-
tex is vascularized with longitudinal canals, which exhibit 
a rather homogenous distribution (Fig. 3C1). The osteocyte 
lacunae are predominantly rounded rather than flattened 
in shape (Fig. 3C2). The lacunae are irregularly distributed 
throughout the entire compacta in comparison with those 
observed in the humerus. Sharpey’s fibres are mainly ob-
served in the dorsal area, where they penetrate in more than 
one main orientation (mostly at acute angles with respect 
to the subperiosteal margin) (Fig. 3C3, C4). These fibres 
reach the perimedullary region. A total of six LAGs could 
be counted (SOM: fig. 3). However, this growth mark count 
may be incomplete since in this cross section an important 
expansion of the medullary region and a significant loss of 
subperiosteal bone tissue are observed.

Stylopodial bone microstructure of Hydromedusa tecti-
fera.—Humerus: The medullary region in the juveniles 
MLPR-6747 and MLPR-6291 is proportionally larger than 
in the adult MLPR-6411 (occupying 55% of the cross section 
in MLPR-6747, 43% in MLPR-6291, and 40% in MLPR-
6411). The cortex of both specimens is narrower in the dor-
sal area, and the medullary region is composed of cancel-
lous bone with a few bony trabeculae. Parallel-fibered bone 
tissue is the main component of the cortex. The intrinsic 
fibres are mostly oriented parallel to the main axis of the 
shaft (Fig. 4A1, C1, E1). Resorption cavities are scattered in 
the perimedullary region, being less abundant in MLPR-
6411 (Fig. 4A2, C2, E2). Vascularization is more pronounced 
in MLRP-6291 than in the other specimens (Fig. 4A2, C2, 

E2). Regarding the shape of the osteocyte lacunae, these are 
rounded and/or flattened in different areas for each speci-
men (e.g., they are rounded in the whole cortical region of 
MLPR-6291 and in the dorsal and ventral areas of MLPR-
6291 and MLPR-6411). At least 16 LAGs were counted in 
MLPR-6411, two in MLPR-6291 (SOM: figs. 3, 4), and none 
in MLPR-6747. The distance between LAGs tends to de-
crease towards the outer cortex, particularly in the dorsal 
area. Sharpey’s fibres are recognized in both dorsal and 
ventral areas, being nevertheless more abundant in the ven-
tral area of MLPR-6291 and MLPR-6411. These extrinsic 
fibres penetrate mostly at a straight angle and they almost 
reach the perimedullary region.

Femur: The medullary region is proportionately wider 
in the juvenile MLPR-6747 (46% of the cross section), in-
termediate in the juvenile MLPR-6291 (23%), and narrower 
in the adult MLPR-6411 (15%). A relative reduction of the 
cortex thickness in the ventral region is evident. Primary 
bone mainly consists of parallel-fibered bone tissue in the 
three specimens (Fig. 4B1, D1, F1). Resorption spaces are 
larger and more abundant in MLPR-6747 than in the other 
specimens (Fig. 4B1). These spaces are located in the peri-
medullary region, although in MLPR-6291 they also reach 
the outer cortex (Fig. 4D1). Regarding vascularization, a 
higher density is observed in the ventral area. These simple 
vascular canals are mainly longitudinally oriented, although 
in MLPR-6291 some of them are radial. The canals are ob-
served in both the middle and outer cortex. The osteocyte 
lacunae in MLPR-6747 are rounded in shape throughout the 
cortex without a particular arrangement (Fig. 4B1). These 
parameters are nevertheless highly variable in specimens 
MLPR 6291 and MLPR-6411. A particular pattern regarding 
osteocyte lacunae distribution is observed in MLPR-6291 
(Fig. 4B2, D2, F2). In this sample, three distinct layers of 
cortical bone characterized by a high density of lacunae 
alternate with three layers where this density is strongly 
reduced. These layers could be interpreted as three annuli 
and three zones. A maximum of two LAGs, at the end of two 
annuli, was observed in MLPR-6291, almost 10 in MLPR-
6411 (Fig. 4F2), and one in MLPR-6747 (SOM: figs. 3, 4). 
Abundant Sharpey’s fibres are observed through the whole 
cortex of MLPR-6747 (Fig. 4B2), in the dorsal and ventral 
areas of MLPR-6291, and in the dorsal area of MLPR-6411.

Growth rates of Hydromedusa tectifera and Yaminu e-
chelys maior.—Despite the fact that the activity of Hydro-
medusa tectifera does not exhibit annual interruptions, a 
distinct decrease in activity has been reported during au-
tumn and winter (eight months; Lescano et al. 2008; Bonino 
et al. 2009). The growth rate ranges obtained for the adult 
H. tectifera (MLPR 6411) vary 0.022–0.095 mm/year in the 
humerus and 0.070–0.203 mm/year in the femur. Regarding 
the estimated daily growth rates, they range 0.06–0.26 μm/
day and 0.19–0.55 μm/day in the humerus and femur, respec-
tively, assuming an uninterrupted growth all year round. On 
the other hand, growth rate ranges vary 0.09–0.38 μm/day 
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and 0.07–0.20 μm/day in the humerus and femur, respec-
tively, assuming a peak of growth during summer and spring 
(see Bonino et al. 2009; Lescano et al. 2008). The graphs of 
both annual and daily growth rates show an increase of these 

parameters during the early stages of development and then 
a gradual decrease. A striking decrease in the growth rate is 
recorded between the eighth and twelfth year in H. tectifera 
(SOM: table 2, fig. 1). Regarding Y. maior (MPEFPV-599) 

Fig. 4. Stylopodial bone histology of chelid turtle Hydromedusa tectifera Cope, 1869; Recent, La Plata, Buenos Aires province, Argentina. A. MLPR-6474, 
humerus: dorsolateral (A1) and ventral (A2) areas. B. MLPR-6474, femur: ventral (B1) and dorsal (B2) areas. C. MLPR-6291, humerus: dorsal (C1) and 
ventral (C2) areas. D. MLPR-6291, femur: lateral (D1) and ventrolateral (D2) areas; annuli, yellow A; zones, green Z. E. MLPR-6411, humerus: dorsal (E1) 
and ventral (E2) areas. F. MLPR-6411, femur: lateral areas (F1, F2). Arrowheads in E2 and F2 indicate lines of arrested growth. Photographs under normal 
light (B1, B2, D1, E1, F2), under polarized light (E2), under polarized light with lambda compensator (A1, A2, C1, C2, D2, F1). Abbreviations: LVC, simple 
longitudinal vascular canals; PFB, parallel-fibered bone; RS, resorption cavities; SF, Sharpey’s fibers. 
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the inferred growth rates in the humerus vary 0.011–0.371 
mm/year. Based on the work of Wells (1963), we know that 
one year in the Paleocene had approximately 371 days; thus, 
the calculated daily growth rate ranged 0.02–1 μm/day if the 
turtle grew all year round, and 1.48–0.04 μm/day if its activ-
ity peaked during summer and spring.

Discussion
After the osteohistological analysis, the ontogenetic se-
quences previously established (based on carapace length) 
for both species (Hydromedusa tectifera and Yaminuechelys 
maior) were corroborated by the gradual changes observed 
in the bone tissue patterns for the different ontogenetic 
stages (e.g., the pattern of distribution of the osteocyte la-
cunae and the degree of vascularization). Thus, in the case 
of fossil specimens, and based on the histology and cara-
pace length, we observed that MPEFPV-599 is definitively 
younger than MLP-14-9-23-1 (Table 1). Based on the mi-
croanatomy of both species, the process of expansion of the 
medullary cavity in Y. maior is more noticeable than in H. 
tectifera, and the expansion of the medullary cavity reflects 
a more extended remodelling process in the extinct taxon. 
The percentage of the cross section occupied by the medul-
lary cavity in the subadult of Y. maior is 69% while that in 
the adult is 80%. In consequence, the presence of a higher 
number of growth marks in the subadult specimen can be 
due to the loss of primary cortical bone (and of the LAGs 
deposited there) related to the expansion of the medullary 
cavity (higher secondary remodelling) during growth.

The different ontogenetic stages of both species here 
analysed exhibit a similar osteohistological pattern. Their 
histology revealed the presence of parallel-fibered bone 
with two patterns of organization of the collagen fibres: 
fibres in one direction (concentric or longitudinal with re-
spect to the main axis of the bone) and fibres in two di-
rections (concentric and longitudinal with respect to the 
main axis of the bone, i.e., crossed parallel-fibered bone). 
The osteo cyte lacunae are randomly distributed mostly in 
earlier stages (Figs. 3 and 4). Also, the degree of vascular-
ization is low-to-intermediate and is represented mainly by 
longitudinal canals. As H. tectifera and Y. maior become 
older, an increase of the organization of the collagen fibres 
and a regular distribution of the osteocyte lacunae are ob-
served while the vascular density decreases. These varia-
tions through ontogeny in the patterns of bone histology 
are the expression of changes in the growth rate commonly 
occurring in vertebrates, which decreases while they be-
come adults (Nagy 2000; Erickson et al. 2003; Brown et 
al. 2005; Klein and Sander 2007). The growth dynamics of 
both species fit in this model (similar growth dynamics were 
reported in samples of the Emydidae Trachemys scripta ele-
gans Schoepff, 1792 and the Podocnemididae Podocnemis 
expansa Schweigger, 1812; Suzuki 1963; Chinsamy and 
Valenzuela 2008). Particularly, as Y. maior becomes older, 

the rate of bone deposition decreases, which is reflected in 
the tightly grouped LAGs (Fig. 3B2). This latter pattern is 
not observed in the oldest specimens of H. tectifera. Such 
osteohistological differences between species are here in-
terpreted as evidence for a prolonged growth in Y. maior 
in comparison with the living species, a hypothesis that 
should be further tested with a larger sample. The same 
growth strategies were reported for the giant fossil croco-
dile Deinosuchus (Erickson and Brochu 1999) and the gi-
ant varanid Megalania (Erickson et al. 2003). In the same 
way, histological studies conducted on carapace bones of 
Yaminuechelys and Hydromedusa reveal that, whereas the 
former commonly exhibits numerous LAGs in the outer-
most area of the cortical bone, such growth marks are absent 
in the latter (Jannello et al. 2016; Maniel et al. 2018). This 
histological variation supports an extension of the growth 
phase in Yaminuechelys.

It is known that growth dynamics in vertebrates can also 
be interpreted by analysing growth rates throughout on-
togeny (e.g., Curtin et al. 2008; Hugi and Sánchez-Villagra 
2012). In our case, both species show roughly equal growth 
rates (SOM: fig. 1, tables 1 and 2). When analysing the mech-
anisms involved in the body size increase in an ancestral-de-
scendant sequence, these osteohistological data are useful 
for interpretations related to heterochronic processes (e.g., 
Sander et al. 2004). Living chelids are small to medium sized 
turtles, but considering the evolutionary history of South 
American long-necked chelids, large sizes are the first con-
dition registered in the fossil record, as early as the Late 
Cretaceous (i.e., Yaminuechelys gasparinii). However, in 
the last years new fossil material of Hydromedusa from the 
Danian of Patagonia (e.g., Maniel et al. 2018; Juliana Sterli, 
personal communication 2019) reveals that small-medium 
and large sizes co-existed in chelids from at least approxi-
mately 65 Ma. Considering this situation and the distribution 
of body sizes in the available phylogenetic topologies for 
chelid turtles (Fig. 1), the three size categories could rep-
resent the ancestral condition of the clade Hydromedusa + 
Yaminuechelys. Assuming all the possible ancestral condi-
tions, and considering that there is no displacement of the 
onset in the development of H. tectifera or Y. maior, the evo-
lution of body size in these turtles could be explained either 
by negative (hypomorphosis) or positive (hypermorphosis) 
shifts (sensu Reilly et al. 1997). Hypomorphosis and hyper-
morphosis correspond to heterochronic processes that occur 
between an ancestor and a descendant with the same growth 
rate and results in a pedomorphic (the traits of the descendant 
species are truncated in relation to the ancestral species) or 
peramorphic (the traits in the descendant species are ex-
tended relative to the ancestral species) descendant species, 
respectively (e.g., Reilly et al. 1997). These two hypotheses 
should be tested in the future, after a comprehensive analysis 
of the evolution of body size in pleurodiran Chelidae (as was 
published for cryptodirans by Vlachos and Rabi 2018).

Alongside the reported variation in the carapace and 
plastron size, there are also discrete morphological features 
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that vary during ontogeny and that could reinforce one or 
another hypothesis. For instance, the presence of fontanelles 
related to the post-hatching ossification of the carapace 
is a juvenile-subadult feature lost at the end of ontogeny 
in Y. maior, but persistent in adults of H. tectifera (SOM: 
fig. 2). However, adults of other Hydromedusa species, like 
H. maximiliani Mikan, 1820, show small sizes and a com-
pletely ossified carapace and plastron, indicating that size 
is independent from other morphological features that can 
vary during the ontogeny (Gould 1977).

Finally, the maximum yearly growth rate of H. tectifera 
(0.095 mm/year) appears to be lower than the one of Y. maior 
(0.371 mm/year). However, the minimum yearly growth rate 
of both species is rather similar (0.022 mm/year in H. tec-
tifera and 0.011 mm/year in Y. maior) (SOM: table 2). The 
increment in the growth rate found in Y. maior could be inter-
preted in two ways. First, it could be correlated to the elevated 
annual temperatures estimated for the lower Paleocene (22–
23°C; based on the global oceanic temperatures estimated 
by Zachos et al. 2008 and Hansen et al. 2013), while the an-
nual temperatures registered today range 16–18°C (Tutiempo 
Network 2019). This kind of correlation was also demon-
strated in other vertebrates including other turtles (Mattox 
1935; Chinsamy and Venezuela 2008), amphibians (Guarino 
et al. 1998), and caimans (Castanet et al. 1993; Andrade et al. 
2018). The growth dynamics found in this study for Y. maior 
are concordant with those reported by Case (1978) in different 
taxa such as mammals, birds, reptiles, and fishes, stating that 
there is a correlation between size and growth, where larger 
animals tend to present higher growth rates (Case 1978).

Finally, it is interesting to note that the male specimen 
of H. tectifera (MLPR-6411) shows a change in growth dy-
namics between the eighth and twelfth years of life, as evi-
denced by a decrease and subsequent increase of the growth 
rate. In other reptiles (e.g., crocodiles, Rootes et al. 1991) a 
decrease in the growth rate could be related to sexual ma-
turity. Since males of chelid turtles reach sexual maturity 
between 11–16 years old (in H. maximilliani) or 4–11 years 
old (in Australasian chelids) (e.g., Martins and Souza 2008) 
the variation in growth rate observed here in MLPR-6411 
could be interpreted as linked to sexual maturity. However, 
the subsequent increase in growth rate in this specimen 
may indicate that sexual maturation is not the cause of this 
growth pattern.

Conclusions
Here we report the first analysis of growth dynamics in che-
lid turtles, based on a comprehensive long bone histological 
analysis combining data on fossil and living species. The 
two taxa (Yaminuechelys maior and Hydromedusa tectifera) 
here analysed show similar patterns in bone microstructure. 
Both species have a slow growth rate reflected by the poorly 
vascularized parallel fibered bone matrix (with two main 
types of orientation for the collagen fibres), which becomes 

lamellar and avascular late during ontogeny. Despite the fact 
that we did not sample the same ontogenetic stages in both 
species (i.e., H. tectifera specimens had not attained their 
maximum size), the size of our largest specimens is close to 
the maximum size that is known for each species. It is nota-
ble that, in the most advanced ontogenetic stage of Y. maior, 
the organization of the matrix and number of LAGs tend to 
be higher than in the more advanced ontogenetic stages of 
H. tectifera studied here (SOM: figs. 3, 4). The osteohistol-
ogy of the available sample of Y. maior indicates that the 
large body size reached in this species could be the result of 
an extension of the growth phase.
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