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ABSTRACT

This present work reports new data on the palaeohistology of Chanares Formation (early Carnian)
proterochampsids based on appendicular bones, particularly Chanaresuchus bonapartei Romer, 1971
(i.e., PULR-V 116, femur, tibia and fibula) and Zropidosuchus romeri Arcucci, 1990 (i.e., PVL-4606,
femur), and provides new insights into their paleobiology, histovariability, as well as lifestyle. Cha-
naresuchus bonapartei presents intraspecific and interelemental histovaribility with collagen fibers
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INTRODUCTION

organized from lamellar to woven fibered bone tissue, and degree of vascular density from sparse to
dense. Both specimens appear to have attained sexual and skeletal maturity, but somatic maturity
could not be inferred. Tropidosuchus romeri presents intraspecific histovaribility with collagen fibers
organized from parallel-fibered to woven fibered bone tissue, and dense vascularization. The lifestyle
analysis for 7. romeri, using a statistical model that employs anatomical and microanatomical data,
suggests a terrestrial habit. The Proterochampsidae Romer, 1966 recovered from the Chafares For-
mation exhibits a large disparity in growth strategies among individuals of the same taxa, and with
respect to other contemporaneous Archosauriformes.

RESUME

Histovariabilité et mode de vie chez les Proterochampsidae Romer, 1966 (Archosauriformes) de la formation
Chanares (Trias supérieur), Nord-Ouest de ['Argentine.

Lobjectif du présent travail est de présenter de nouvelles données sur la paléohistologie des pro-
térochampsidés de la formation de Chanares (début du Carnien) en se basant sur les os appendi-
culaires, en particulier Chanaresuchus bonapartei Romer, 1971 (i.e., PULR-V 116, fémur, tibia et
péroné) et Tropidosuchus romeri Arcucci, 1990 (i.e., PVL-4606, fémur), et de fournir de nouvelles
informations sur leur paléobiologie, leur histovariabilité, ainsi que leur mode de vie. Chanaresuchus
bonapartei présente une histovariabilité intraspécifique et interélémentaire avec des fibres de colla-
géne organisées en tissu osseux lamellaire ou tissé, et un degré de densité vasculaire allant de clair-
semé a dense. Les deux spécimens semblent avoir atteint la maturité sexuelle et squelettique, mais
la maturité somatique n’'a pas pu étre déduite. Zropidosuchus romeri présente une histovariabilité
intraspécifique avec des fibres de collagéne organisées en fibres paralléles jusqu’au tissu osseux tissé,
et une vascularisation dense. Lanalyse du mode de vie, a I'aide d’un modele statistique qui utilise
des données anatomiques et microanatomiques, suggere un mode de vie terrestre pour 7. romeri. Les
Proterochampsidae Romer, 1966 retrouvés dans la formation de Chanares présentent une grande
disparité dans les stratégies de croissance entre les individus d’'un méme taxon et par rapport a d’autres
Archosauriformes contemporains.

ies call into question such life habit inferences (e.g. Cerda
et al. 2015; Ponce et al. 2017, 2021; Arcucci et al. 2019;

Proterochampsidae Romer, 1966 was an endemic group of
non-archosaur Archosauriformes Gauthier, 1986 from South
America, with taxa recovered exclusively from Argentina and
Brazil (Trotteyn ez al. 2013). Their phylogenetic affinities were
uncertain for decades, and have been recently considered as
a possible stem to the crown group Archosauria Cope, 1869
(e.g. Sereno & Arcucci 1990; Dilkes & Sues 2009; Ezcurra
et al. 2010; Dilkes & Arcucci 2012; Nesbitt ez al. 2013;
Trotteyn er al. 2013; Ezcurra ez al. 2019; Trotteyn & Ezcurra
2020; Wynd ez al. 2020).

Proterochampsidae had a restricted temporal range (Arcucci
et al. 2019). Their origin, diversification, and disappearance
occurred in a short period of time, almost entirely in the
Carnian (237-227 Ma).

Proterochampsidae were quadrupedal forms, with an elon-
gated, triangular snout, a distinctly cranially ornamented
dorsally flattened head, and dorsally positioned orbits and
nostrils (e.g. Reig 1959; Sill 1967; Bonaparte 1971; Romer
1971). These morphological features are similar to those of
present-day crocodilians, and led several authors to suggest a
probable aquatic lifestyle for proterochampsids (Reig 1959;
Sill 1967; Bonaparte 1971, 1997; Romer 1971; Barberena
1982; Kischlat 2000; Hsiou ez 2/ 2002). However, new stud-
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Leuzinger 2020; Ezcurra ez al. 2021). Regarding the growth
pattern of proterochampsids, the abundance of fibrolamel-
lar bone tissue and occasionally complex vascular patterns in
long bones indicate high growth rates comparable to some
pseudosuchians and the avemetatarsalian archosaurs (Ricqlés
et al. 2008; Werning 2013; Arcucci ez al. 2019; Marsa ez al.
2020; Ponce et al. 2021).

In order to expand the paleohistological knowledge of
Proterochampsidae, several transverse sections of different
hindlimb bones were extracted from two specimens recovered
from the Chanares Formation: Tropidosuchus romeri Arcucci,
1990 and Chanaresuchus bonapartei Romer, 1971. To expand
on knowledge about the lifestyle of this taxa, compactness
analyses were run on two other specimens of 7. romeri and
C. bonapartei, previously studied by Marsa ez al. (2020). Romer
(1971) described Chanaresuschus bonapartei on the basis of
several partially articulated skeletons. Arcucci (1990) described
Tropidosuchus romeri on the basis of several articulated and
mostly complete individuals.

The present study focuses on the importance of histo-
variability when carrying out paleohistological analyses
(e.g. Gallina 2012; Woodward ez al. 2014, 2015; Botha &
Botha-Brink 2019; Atterholt ez a/. 2021). Another goal is to
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Fic. 1. — Bone tissue samples extracted from mid-shaft of long bones of Proterochampsidae Romer, 1966 from La Rioja province, NW Argentina, Chafares For-
mation, Carnian (Late Triassic): A, Chanaresuchus bonapartei Romer, 1971 (PULR-V 116) femur, tibia and fibula in posterolateral view; B, Tropidosuchus romeri
Arcucci, 1990 (PVL- 4606), femur in posteromedial view. Arrows indicate place of the mid-shaft extraction. Scale bar: A, 5 cm; B, 1 cm.

increase paleobiological data emphasising the possibility of a
terrestrial life habit for Proterochampsidae (e.g. Cerda ez al.
2015; Ponce et al. 2017, 2021; Arcucci et al. 2019; Leuzin-
ger 2020; Marsa er al. 2020; Ezcurra er al. 2021). Previous
studies are compared to further explore this topic (Ricqles
et al. 2008; Dilkes & Sues 2009; Botha-Brink & Smith 2011;
Cerda et al. 2015; Ponce et al. 2017, 2021; Arcucci et al.
2019; Marsa ez al. 2020).

COMPTES RENDUS PALEVOL e 2023 » 22 (30)

MATERIAL AND METHODS

Samples extracted for osteohistological analysis from bone
tissue in the midshaft of the long bones belong to: Chana-
resuchus bonapartei specimen PULR-V 116 (consisting of a
femur, tibia and fibula); Tropidosuchus romeri specimen PVL-
4606 (consisting of one femur) (Fig. 1; Table 1). Samples

included in the compactness analysis belong to the femora
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TaBLE 1. — General histological features of the studied taxa. Abbreviations: FLB, fibrolamellar bone tissue; LAG, line of arrested growth; LB, lamellar bone tissue;
LC, laminar canals; LO, longitudinals canals; PFB, parallel-fibered bone; RC, reticular canals; TB, trabecular bone.

Specimen Matrix Vascularization Growth marks Marrow cavity
Femur Chanaresuchus bonapartei Romer, 1971 PULR-V116 PFB LO 1 LAG B
Tibia Chanaresuchus bonapartei PULR-V116 LB LO 1 LAG B
Fibula Chanaresuchus bonapartei PULR-V116 FLB LO>RC>LC 3 LAGs B
Femur Tropidosuchus romeri Arcucci, 1990 PVL-4606 PFB LC>LO 0 LAGs free

of: Chanaresuchus bonapartei specimen PULR-V 125; Trop-
idosuchus romeri specimen PVL-4604. Both were previously
studied and described osteohistologically by Marsa ez al.
(2020). All specimens were recovered from the Late Trias-
sic (Carnian) Chafares Formation, at Los Chafiares locality,
La Rioja province, Northwestern Argentina.

Different anatomical features of the almost complete speci-
men PULR-V 116 allow its assignation to Chanaresuchus bona-
partei species (Romer 1971; Trotteyn ez al. 2013; Trotteyn &
Ezcurra 2020). PULR-V 116 has a reduced antorbital fenestra
and slit-like external nares, placed close to the dorsal part and
distant from the tip of the snout. The parietals swing sharply
outward posteriorly, the suspensory is far from the posterior
margin of the occiput, the lateral fenestra is elongated anter-
oposteriorly, and the coanas are markedly elongated. PULR-
V 116 shows the presence of a well-defined anterior tympanic
recess, a long, well-defined anterior tympanic recess, a long,
narrow interpterygoid vacuity exposing a thin parasphenoid
rostrum, and wedge-shaped osteoderms that narrow anteriorly
and widen posteriorly.

Specimen PVL-4606 is a nearly complete specimen, ori-
ginally described by Arcucci (1990) and referred to Zropido-
suchus romeri. The specimen shares a unique combination of
derived characteristics with 7 romeri. These characteristics
include a relatively large orbit, a distally curved premaxilla,
a subversely oriented quadrangular axis, a skull roof with
ornamentation formed by longitudinal ridges, and markedly
elongated cervical vertebrae distinct from the dorsal elements
that display a parallelogram morphology in lateral view (Trot-
teyn et al. 2013).

The histovariability analysis of the long bones of Chanare-
suchus and Tropidosuchus takes into account previous studies
analysing these taxons (Ricqles ez @/ 2008; Werning 2013;
Marsa et al. 2020; Ponce et al. 2021).

Thin sections of Chanaresuchus bonapartei PULR-V 116 and
Tropidosuchus romeri PVL-4606 were prepared following the
method outlined by Chinsamy & Raath (1992). The bones
were embedded in a clear epoxy resin (Araldite® GY 279,
catalyzed with Aradur® hY 951) and left for 24 hours to set.
They were cut into smaller blocks perpendicular to the long
axis of the bone using a cut-off diamond tipped saw within a
Ken 9025 grinding machine. One surface of each resin block
was then affixed to a frosted petrographic glass slide using the
same resin that was used for embedding and left to set for a
further 24 hours. The sections were wet-ground to approxi-
mately 60 pm thick and polished using a Prazis APL-S polish-
ing machine with abrasive papers of increasing grit size (P80,
P120, P320, P400, P600, P1200, P1500, P2000, P3000).
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Samples were studied using a Zeiss Axio Scope.Al petro-
graphic polarizing microscope under normal and polarized
light regimes.

Vascularization in the samples has not been quantified.
Therefore, the relative densities of vascular canals are assessed
visually and described qualitatively. The terminology of Warshaw
(2008) is followed, with modifications. The following three
terms are used: 1) sparse vascularization, vascular canals are
irregularly distributed, with avascular stretches between them
that generally exceed three times the diameter of the canals;
2) moderate vascularization, vascular canals are more regu-
larly distributed, with the distance between canals frequently
less than three times the diameter of the canals; and 3) dense
vascularization, vascular canals are separated from each other
by less than the diameter of two canals.

For the terminology of growth marks and bone matrix, the
nomenclature proposed by Francillon-Vieillot ez al. (1990)
is followed.

To test the lifestyle of Chanaresuchus and Tropidosuchus, the
ternary statistical model (TSM herein and elsewhere) was
applied. This model is based on linear discriminant analyses,
originally developed for lissamphibian femora (Laurin ez 4/.
2004), and later expanded to amniote femora (Quémeneur
et al. 2013). The results of the test predict three possible
states of lifestyle, defined as: 0 = aquatic; 1 = amphibious;
and 2 = terrestrial. Laurin ez a/. (2004) defines each state by
the relative amount of time spent in water: >90% for aquatic
taxon, between 20% and 90% for amphibious taxon, and <20%
for terrestrial taxon. The TSM has an 88% accuracy predict-
ing lifestyle for amniote femurs (Quémeneur ez /. 2013).

The TSM uses several parameters provided by Bone Profiler
(Gonet er al. 2022), an R script offering a series of analyses
that evaluate compactness in a bone section. For the TSM,
the most used parameter from Bone Profiler is the “observed
compactness” (OC), which is the proportion of a cross-sectional
area in an element that includes compact bone (represented
by a value between 0-1). Another parameter of interest is the
modelled (or predicted) compactness (MC). MC analyses can
be run in bones that exhibit good preservation, even when
slightly deformed. In this MC analysis, bone is represented
by the colour black, while spaces, cavities, and canals are
shown in white.

The “compactness profile” consists of a sigmoid curve,
which represents the distribution of bone compactness from
the medullary centre towards the outer limit of the cortex of
the bone section. The results of the sigmoid curve include:
the slope at the curve inflection (S); the location of the curve
inflection point on the x-axis (P); the lowest (Min) and

COMPTES RENDUS PALEVOL e 2023 22 (30)
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FiG. 2. — Femur of Chanaresuchus bonapartei Romer, 1971 (PULR-V 116): A, B, cross section in polarized light with lambda compensator showing the main
features of the bone microstructure of the femur (A), where a LAG (arrow) is highlighted, and detail of the specimen (B) in normal light where the osteocyte lacu-
nae can be distinguished as small subcircular punctations (arrow). Abbreviations: O1, primary osteons; PFB, parallel-fibered bone tissue; TB, trabecular bone.
Scale bars: A, 1 mm; B, 250 pm.

highest (Max) value of compactness and its asymptote. Bone
Profiler also provides angular analysis and its corresponding
parameter values: radial slope (RS); radial inflection point
(RP); radial minor (Rmin) and radial maximum (Rmax)
value of compactness.

The TSM uses anatomical data from the “compactness
profile” of Bone Profiler as well. Specifically the snout-vent
length (SVL) (Quémeneur ¢z al. 2013). For extinct taxa, the
SVL is measured using the distance from the end of the snout
to the posterior end of the sacrum.

To obtain a suitable “compactness profile” for the TSM, it is
necessary that the section shows no (or very slight) deforma-
tion, and exhibits a good state of preservation. For this reason,
the TSM was performed only in the femur of Tropidosuchus
romeri PVL-4604, which meets these two criteria. For the
SVL, it was only possible to measure 7. romeri PVL-4604
from the original material. The low grade of deformation in
the femur of Chanaresuchus bonapartei PULR-V 125 made
it possible to obtain the compactness for this specimen, but
not the “compactness profile”. The femora of C. bonapartei
PULR-V 116 and 7. romeri PVL-4606 were not analyzed due
to the high grade of deformation.

For more detailed explanation of the TSM model, and the
global and angular parameters used, see Laurin ez a/. (2004)

COMPTES RENDUS PALEVOL e 2023 » 22 (30)

and Quémeneur e 2/. (2013). Similar models have also been
proposed to deduce lifestyle in extinct and extant tetrapods
using other appendicular bones (Laurin ez a/. 2004; Germain &
Laurin 2005; Kriloff ez a/. 2008; Canoville & Laurin 2009,
2010; Laurin & de Buffrénil 2016; Ponce ez 2/ 2021).

ABBREVIATIONS
Institutional abbreviations

PULR-V Coleccién Paleontologia de Vertebrados, Universidad
Nacional de La Rioja, La Rioja;

PVL Coleccién Paleontologia de Vertebrados Lillo, Univer-
sidad Nacional de Tucumdn, San Miguel de Tucumdn.

Other abbreviations

ATZ avascular transition zone;

CCCB compacted coarse cancellous bone;

EES external fundamental system;

FLB fibro-lamellar bone tissue;

ICL inner circumferential layer;

LAG lines of arrested growth;

LB lamellar bone tissue;

Max highest value of compactness and its asymptote;
MC modelled (or predicted) compactness;

Min lowest value of compactness and its asymptote;
OC observed compactness;

P location of the curve inflection point on the x-axis;
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Fic. 3. — Tibia of Chanaresuchus bonapartei Romer, 1971 (PULR-V 116, polarized light with lambda compensator): A, B, cross section showing the main fea-
tures of the bone microstructure of the tibia (A), highlighting the LAG (arrows), and detail of the specimen (B), where the osteocyte lacunae are visible as small
subcircular punctae embedded in the avascular cortex. Abbreviations: ATZ, avascular transition zone; CCCB, compacted coarse cancellous bone; LB, lamellar
bone tissue; OST, osteocyte lacunae; SF, Sharpey’s fibers. Scale bars: A, 1 mm; B, 250 pm.

PFB parallel-fibered bone tissue;

Rmax radial maximum value of compactness;
Rmin radial minor value of compactness;

RP radial inflection poing

RS radial slope;

S slope at the curve inflection;

SVL snout-vent length;

TSM ternary statistical model.

RESULTS

FEMUR (PULR-V 116)

The cross section of the bone has been affected by diagenetic
processes, with a collapse of the cortical surface that partially
infilled into the medullary cavity. The diagenetic alterations
do not affect the main features of bone microstructure.

The cortex is sparsely vascularized, in contrast to the femur
of others specimens (Marsa et al. 2020; Ponce et al. 2021).
The vascular canals are configured as longitudinally oriented
primary osteons. The cortex is conformed by PFB and is
interrupted by one LAG (Fig. 2A). Vascularization is very
sparse, even null, in the subperiosteal area.

The medullary cavity is separated from the cortex by a
resorption line, and it is infilled by a dense trabecular bone
tissue, conformed by lamellar bone tissue.
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The density of osteocyte lacunae across the cortex is low
(Fig. 2B), contrasting with the high density of osteocyte lacu-
nae present throughout the femoral cortex of other specimens
(Marsa ez al. 2020; Ponce ez al. 2021). Their morphology ranges
from circular to subcircular in both cortex and trabecular bone.
The distribution between the osteocyte lacunae is equidistant.

Tisia (PULR-V 116)

The cross section of the bone has been affected by diagenetic
processes, being fractured in several areas and collapsing towards
the medullary cavity. However, these diagenetic alterations do
not affect the main features of bone microstructure.

The cortex is almost avascular, with a few longitudinal
canals, few secondary osteons, and interrupted by three LAGs
(Fig. 3A). The cortex is constituted of LB and shows cyclical
growth, with the presence of three LAGs. Some areas of the
cortex present Sharpey’s fibers.

The medullary cavity is infilled by a dense network of
trabecular cancellous bone, tissue that is separated from the
compact cortex by an ATZ (Fig. 3A, B), and conformed by
lamellar bone tissue. Trabeculae are thicker than those described
in the femur PULR-V 116.

The density of osteocyte lacunae is high (Fig. 3B), contrast-
ing with the low density of osteocyte lacunae present along
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Fic. 4. — Fibula of Chanaresuchus bonapartei Romer, 1971 (PULR- V 116, in lambda light): cross section showing the main features of the bone microstructure
of the fibula, highlighting the 3 LAGs (arrows). Abbreviations: FLB, fibrolamellar bone tissue; SO, secondary osteons. Scale bar: 2 mm.

the cortex of the femur PULR-V 116. These osteocyte lacunae
are mostly circular in morphology, and orderly distributed.
The osteocyte lacunae of the innermost cortex, adjacent to
the CCCB, have a more elongated morphology.

Fisura (PULR-V 116)

The cross section of the fibula has been affected by diagenesis,
with the medullary cavity partially infilled by fragments of
the cortex. But these diagenetic alterations do not affect the
main features of bone microstructure.

The cortex is highly vascularized, in contrast to the femur
and tibia of the same specimen (Fig. 4), resembling the femur
of specimen PULR-V 125 (Marsa ez al. 2020). The vascular
canals are formed of primary osteons mostly longitudinally
oriented, but some osteons exhibit a reticular pattern. A lami-
nar arrangement of the primary osteons is also visible, but
to a much lesser extent. In the inner cortex there are numer-
ous secondary osteons. The half of the outer cortex closest
to the subperiosteum consists of FLB and shows cyclical
growth, with the presence of three LAGs (Fig. 4). Regarding
the LAGs and their location in the FLB cortex: the first is a
double LAG located at the middle of the FLB, and the last
is located close to the subperiosteum. A thin layer of PFB
forms around the LAGs.
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The medullary cavity is reduced in comparison to the thick-
ness of the cortex and infilled by trabecular bone tissue (Fig. 4).
A high density of osteocyte lacunae with oval morphology
and irregular distribution are present throughout the cortex.

FEMUR (PVL-4606)

The transverse section of the bone is well preserved, although
part of the cortex collapsed and infilled inside the medullary
cavity.

The cortex formed by PFB is densely vascularized (Fig. 5),
even more than in the femur cortex of specimen PVL-4604
(Mars e al. 2020). The vascular canals are mainly longitu-
dinally and circumferentially arranged, which give rise to a
laminar vascular organization (Fig. 5). Similar to PVL-4604
(Marsa ez al. 2020), there is a reduction in the density of
primary osteons towards the subperiosteum. The cortex is
not interrupted by growth marks.

The medullary cavity is surrounded by a layer of lamellar
bone tissue deposited endosteally, forming the ICL, which is
thicker than in PVL-4604 (Marsa ez al. 2020).

In this specimen the osteocyte lacunae are difficult to distin-
guish, probably due to diagenesis, and are less abundant than
in Chanaresuchus bonapartei PULR-V 116 or Tropidosuchus
romeri PVL-4604 (Marsa et al. 2020). The osteocyte lacunae
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Fic. 5. — Femur of Tropidosuchus romeri Arcucci, 1990 (PVL-4606, in lambda light): cross section showing the main features of the bone microstructure of the

femur. Abbreviations: ICL, inner circumferential layer; PFB, parallel-fibered bone tissue. Scale bar: 1 mm.

< (1‘753 1)‘;)
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Fic. 6. — Observed compactness obtained from the proterochampsids sample. The analysis was done in sections which preserved a relatively complete portion
of the whole bone element: A, femur of Tropidosuchus romeri Arcucci, 1990 PVL-4604, OC: 0.452; B, femur of Chanaresuchus bonapartei Romer, 1971 PULR-

V 125; OC: 0.481. Scale bars: A, 500 pm; B, 1 mm.

are subcircular in outline and present throughout the cortex,
as well as in the ICL, but in very low numbers in the latter.

COMPACTNESS ANALYSES

The OC was obtained for the femora of Tropidosuchus romeri
(PVL-4604) and Chanaresuchus bonapartei (PULR-V 125)
(Fig. 6). The rest of the samples are too cracked, fragmented
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or deformed to perform compactness analyses. The values
of the observed compactness obtained for 7" romeri (PVL-
4604) and C. bonapartei (PULR-V 125) femora are 0.461
and 0.481 respectively.

The “compactness profile” and the TSM were obtained
only in the femur of 7. romeri (PVL-4604), because of its
good state of preservation. The SVL results measure 24.4 cm.
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Fic. 7. — Compactness profile of Tropidosuchus romeri Arcucci, 1990 PVL-4604 femur of the transverse section performed with Bone Profiler. The P parameter
at or near to 0.7 in “distance from the centre” indicates that the cortex occupies c. 0.3 (c. 30%) of the whole section. Dotted curve represents the trajectory of
compactness through the section. The solid curve represents the results of the global values of the profile.

TaBLE 2. — Compactness profile parameters of femur of Tropidosuchus romeri Arcucci, 1990 (PVL-4604), obtained by Bone Profiler (Gonet et al. 2022). Esti-
mated snout-vent length: 244 mm. Abbreviations: P, location of the curve inflection point on the x-axis; S, slope at the curve inflection; SD, standard deviation.

Parameter Mean global value SD global value Mean angular value SD angular value
Min 0.000 0.000 0.000 0.000
Max 0.866 0.000 0.858 0.006
S: 1/slope 0.025 0.000 0.008 0.015
P: transition 0.670 0.000 0.665 0.061

The compactness profile is displayed in Figure 7, while the
parameters from the compactness profile are summarized in
Table 2. Using these data, the results of the TSM are state 2,
a terrestrial lifestyle. Running of the TSM is available in the
Appendix 1.

DISCUSSION

ONTOGENETIC STAGE

In bone tissues of tetrapods, a deceleration of the growth
rate during the ontogeny of the individual is indicated by
the following: reduced vascularization, predominance of
longitudinal canals, lack of anastomoses, narrowing of zones
deposited between successive lines of arrested growth, and
formation of an external fundamental system at the bone
perimeter (e.g. Horner ez al. 1999; Horner ez al. 2000;
Padian & Horner 2004; Fostowicz-Frelik & Sulej 2010; Knoll
et al. 2010; Marsa et al. 2017, 2020; Ponce et al. 2021). The
Tropidosuchus and Chanaresuchus specimens studied here
present several of these traits.

The femoral cortex of the specimen PULR-V 116 of Cha-
naresuchus bonapartei shows a very sparse vascularization
subperiosteally (even absent in some areas) in comparison
with the rest of the cortex, indicating a decrease in the
growth rate.
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The tibia of specimen PULR-V 116 shows a deceleration
toward the subperiosteum similar to that recorded for the inde-
terminate long bone of Chanaresuchus sp. MCZ 4036 (Ricqles
et al. 2008), also indicating a decrease in the growth rate.

The fibular cortex of PULR-V 116 consists of fibrolamellar
bone tissue than turns into parallel-fibered bone tissue sub-
periosteally, and registers a patent decrease in the number of
vascular canals from the inner to the outer cortex, indicating
an abrupt deceleration in the rate of bone deposition. The
tibia and fibula are the elements with the highest number of
growth marks, three LAGs each, which suggests a minimum
age of three years for PULR-V 116, and are the most efficient
for skeletochronology of the bone elements analyzed here.
Nevertheless, when available, osteoderms give a better result for
age determination because of the low degree of primary bone
resorption evidenced in these elements (Ponce er al. 2021).

For the specimen PVL-4606 of Tropidosuchus romeri, the
femoral cortex consists of parallel-fibered bone tissue. The
decrease in the rate of bone deposition is indicated by the
reduced vascularization recorded in the subperiosteum, in
comparison to the rest of the cortex.

The different samples of proterochampsids studied here
indicate that sexual maturity was reached before somatic
and skeletal maturity. Sexual maturity (i.e., stage in which an
individual is capable of breeding) is inferred by a decreasing
rate in bone deposition and vascularization (Castanet & Baez
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1991; Chinsamy-Turan 2005; Khonsue ez /. 2010), which
occurs in the specimens PULR-V 116 and PVL-4606. The
absence of an external fundamental system in all the samples
of Chanaresuchus bonapartei and Tropidosuchus romeri sug-
gests that these elements have not attained somatic maturity
(Woodward ez 2/ 2011). However, we cannot rule out the
postmortem destruction of the EFS.

Whereas sexual and somatic maturity can be determined
by histological data (Erickson 2014), skeletal maturity is
defined (and determined) using anatomical information
(Brochu 1996). In the studied specimens, the neurocentral
sutures are closed in the available cervical, dorsal, and caudal
vertebrae. This indicates at least some degree of somatic and
skeletal maturity, if this taxon follows the pseudosuchian
fusion pattern, (which is caudal to cervical), as observed in
modern crocodiles (Brochu 1996; Irmis 2007). However, the
use of this proxy for extinct archosaurs not closely related to
pseudosuchians might be debatable (Heinrich ez a/. 2021),
due to the unknown ancestral status of Archosauria, and
variations in timing and sequence orientation within the
clade (Heinrich er 2/. 2021).

GROWTH PATTERNS

The evolution of bone growth rates and metabolic rates in
Archosauromorpha von Huene, 1946 represent very active
areas of research (e.g. Horner ez a/. 2000; Starck & Chinsamy
2002; Ricgles ez al. 2003; Padian et al. 2004; Erickson 2005;
Ricqles et al. 2008; Fostowicz-Frelik & Sulej 2010; Botha-
Brink & Smith 2011; Grifin & Nesbitt 2016; Marsa et al.
2017,2020; Ponce ez al. 2017, 2021; Griffin ez al. 2019; Veiga
et al. 2019). Diverse works based on how the bone micro-
structure reflects growth rate, indicate that vascular density is
closely linked to the rate of bone apposition (Amprino 1947;
Padian & Horner 2004; Ricqgles ez a/. 2008).

The bone tissue of the proterochampsids Tropidosuchus romeri
PVL-4606 and Chanaresuchus bonapartei PULR-V 116 seem to
indicate a low growth rate. However, the formation of fibrola-
mellar bone tissue in the cortical matrix of Proterochampsidae
is not unusual (Ricqlés ez a/. 2008; Arcucci ez al. 2019; Marsa
et al. 2020; Ponce et al. 2021), and in fact, suggests a rapid
growth rate, significantly higher than in most non-archosaur
Archosauriformes, and occasionally even archosaurs. The cortical
matrix is typically associated with longitudinal vascular canals,
although radial and laminar canals have also been recorded,
especially in C. bonapartei (Marsa et al. 2020; Ponce et al.
2021). Cyclicity was not recorded on the cortical surface of
1. romeri, but it was recorded in C. bonapartei (Ricqles et al.
2008; Marsa et al. 2020; Ponce et al. 2021). This combination
of features was also documented in other proterochampsids
(Arcucci et al. 2019; Ponce et al. 2021) and some archosaurs
such as Terrestrisuchus gracilis (Crush, 1984) and Postosuchus
kirkpatricki (Chatterjee, 1985), as well as in Dinosauriformes
Novas, 1992 (Ricgles ez al. 2003, 2008; Padian & Horner
2004). It should be noted that proterochampsid specimens
normally show less vascularization in their cortex than dino-
saurs (Horner et al. 2000; Starck & Chinsamy 2002; Ricglés
et al. 2003; Padian & Horner 2004), being closer to the basal
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pterosauromorph Lagerpeton chanarensis Romer, 1971 and
Dromomeron romeri Irmis, Nesbitt, Padian, Smith, Nathan,
Turner, Woody & Downs, 2007 (Griffin ez /. 2019; Marsa
et al. 2020), as well as to non-dinosaur Dinosauriformes
(Fostowicz-Frelik & Sulej 20105 Griffin & Nesbitt 2016;
Marsa ez al. 2017; Ezcurra et al. 2019; Veiga et al. 2019).

The fibula of Chanaresuchus bonapartei PULR-V 116 shows
similarities with the indeterminate proterochampsid femora
CRILAR-PV 603 and PULR-V 118 analyzed by Arcucci ez al.
(2019), with the femur of C. bonapartei PULR-V 125 (Marsa
et al. 2020), and with the femur PVL 4575 and humerus
CRILAR-Pv 81 of C. bonapartei analyzed by Ponce ez al.
(2021). These similarities are found in the vascularization
patterns, growth marks and fibrillar organization.

The microstructural features of the shaft of the femur and
tibia of Chanaresuchus bonapartei PULR-V 116 resemble sam-
ples studied by Arcucci er al. (2019). However, the Arcucci
et al. (2019) samples were taken from the metaphyses and
epiphyses, which usually correspond to areas strongly modi-
fied by bone remodeling processes. Finally, the C. bonapartei
PULR-V 116 tibia and fibula exhibit lower growth rates than
those found in specimens of Tropidosuchus romeri.

Tropidosuchus romeri shows significant intraspecific varia-
tion in the femoral microstructure. The femur of specimen
PVL-4606 differs from PVL-4604 by having more complex
vascularization in a large portion of its cortex, with laminar
vascular canals, which would indicate a higher rate of bone
deposition than the dominant longitudinal canals in PVL-
4604 (Marsa et al. 2020). It is notable that the cortical matrix
in PVL-4606 consists of parallel-fibered bone tissue, while in
PVL-4604 it consists of fibrolamellar bone tissue which turns
into parallel-fibered tissue subperiosteally (Marsa e# a/. 2020).

The presence of fibrolamellar bone tissue is shared by some
samples of Chanaresuchus bonapartei (including PVL 4575),
Tropidosuchus romeri, the indeterminate proterochampsids
analyzed by Arcucci et al. (2019), and the unnamed Rhadi-
nosuchinae Hofstetter, 1955 studied by Ponce ez 4/. (2021).
The diversity of vascularization patterns and bone tissues
suggest a significant variation in growth patterns in the Pro-
terochampsidae, an important part of these variable features
are justifiable by different ontogenetic stages, as well as by
developmental plasticity and/or sexual dimorphism. This clade
of Archosauriformes records a great deal of interelemental
and intraspecific histovariability, at least for C. bonapartei
and T'romeri.

The growth patterns described for Proterochampsidae from
the Chafiares Formation show differences and similarities with
those reported for other Archosauromorpha, such as those from
the Triassic faunas of the Karoo Supergroup in South Africa
(Botha-Brink & Smith 2011). For instance, the growth pat-
tern of the prolacertiform archosaurmorph Prolacerta brommi
Parrington, 1935 from the Lower Triassic, which exhibits a
vascular pattern with longitudinally oriented primary osteons,
anastomoses in some vascular canals, and the prevalence of a
mixture of parallel-fibered bone tissue with scarcer fibrolamel-
lar tissue (Botha-Brink & Smith 2011). Taking into account
proterochampsid histovariability (Marsa ez /. 2020; Ponce
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etal. 2021), there are several histological features of 2 brommi
that resemble specimens of Chanaresuchus and Tropidosuchus.

The medium-sized proterosuchid Proterosuchus fergusi
Broom, 1903, also recovered from the Karoo Supergroup,
has radial vascular canals that are distributed in a cortical
matrix of fibrolamellar bone tissue during early ontogeny, and
a dramatic decrease in growth during late ontogeny, denoted
by the presence of poorly vascularized lamellar bone tissue
(Botha-Brink & Smith 2011). This contrasts with the pro-
terochampsids from the Chafiares Formation that generally
show more active growth (although the poor vascularization
associated with marked cyclicity and slow-depositional tissues
recorded for the femur and tibia of Chanaresuchus bonapartei
PULR-V 116 must be taken into account).

The erythrosuchid Erythrosuchus africanus Broom, 1905
of the Middle Triassic was described ostehistologically by
several authors (Gross 1934; Ricqlés 1976; Ricgles ez 4.
2008; Botha-Brink & Smith 2011). Erythrosuchus africanus
exhibits uninterrupted growth of fibrolamellar bone tissue
and a high variety of vascular patterns, including laminar,
reticular, and radial canals, indicating accelerated growth rates
similar to those found in fast-growing dinosaurs. Garjainia
madiba Gower, Hancox, Botha-Brink, Sennikov & Butler,
2014, another erythrosuchid, from the Lower Triassic of the
Karoo supergroup, exhibits growth patterns very similar to
E. africanus, but its cortical surface is interrupted by annuli
(Gower et al. 2014). Growth rates of Tropidosuchus romeri
are lower than those of erythrosuchids. In some specimens
of Chanaresuchus bonapartei, rapid growth is comparable to
erythrosuchids, with a complex pattern of vascular canals
and with cyclic growth similar to that of Garjainia madiba.

The euparkeriid archosauromorph Euparkeria capensis
Broom, 1923, a contemporary of Erythrosuchus africanus,
shows abundant vascular canals, quantitatively ranging from
sparse to moderate, and a cortex constituted by parallel-fibered
bone tissue (Botha-Brink & Smith 2011). Euparkeria capensis
shows relatively low growth rates compared to some speci-
mens of Proterochampsidae, nevertheless it is similar to the
collagen fiber organization of Tropidosuchus romeri PVL 4606
and the less vascularized samples of Chanaresuchus bonapartei
PULR-V 116.

Proterochampsidae of the Chafiares Formation show marked
differences in growth patterns in respect to Vancleavea campi
Long & Murry, 1995, a Late Triassic proterochampsian
(Ezcurra et al. 2010; Desojo et al. 2011; Ezcurra 2016; Trot-
teyn & Ezcurra 2020; Wynd ez al. 2020). Vancleavea campi
has a cortical surface of sparsely vascularized lamellar bone
tissue (Nesbitt ez a/. 2009), only comparable to the micro-
structural features of the tibia of specimen PULR-V 116 of
Chanaresuchus bonapartei.

Chanaresuchus bonapartei, Tropidosuchus romeri, the indeter-
minate proterochampsids studied by Arcucci ez al. (2019), as
well as the indeterminate Rhadinosuchinae, and C. bonapartei
analyzed by Ponce et al. (2021) contrast microstructurally
with the pseudosuchid Gracilisuchus stipanicicorum Romer,
1972, also recovered from Chanares Formation (Lecuona
et al. 2020). Femoral analysis carried out by Lecuona et al.
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(2020) revealed that the specimen died before reaching
somatic maturity and that growth was relatively slow com-
pared to other pseudosuchians. The predominance of poorly
vascularized parallel-fibered bone tissue in the femur and
osteoderms suggests a low growth rate, at least for this speci-
men. Bone matrix organization of G. stipanicicorum increases
centrifugally with a simultaneous decrease in vascularization
density, indicating a slowing of growth rate through ontog-
eny, despite no external fundamental system being recorded.
In contrast to G. stipanicicorum, proterochampsids analyzed
here show denser vascularizations and bone matrices usually
associated with higher depositional rates. Taking into account
proterochampsid histovariability (Marsa er /. 2020; Ponce
et al. 2021), it cannot be ruled out that the growth pattern
of Gracilisuchus stipanicicorum could be different in other
specimens studied in the future.

The growth patterns of proterochampsids of the Chanares
Formation exhibit the capacity to generate bone tissues of
accelerated deposition and dense vascularization. Both these
features are more accentuated than in some more derived taxa,
such as pseudosuchians, at least during an important part of
their ontogeny. These growth patterns would be plesiomorphic
for Archosauriformes (Ricqles ez a/. 2003, 2008; Fostowicz-
Frelik & Sulej 2010; Marsa er al. 2017, 2020; Arcucci ez al.
2019; Lecuona et al. 2020).

INTRA AND INTERELEMENTAL HISTOVARIABILITY
Intraelemental histovariability (within a particular bone of
an individual) and interelemental histovariability (between
different bone elements of the same individual) have been
reported osteohistologically within the context of more general
histological analyses (Chinsamy 1993; Curry 1999; Horner
et al. 1999; Horner et al. 2000; Starck & Chinsamy 2002;
Margerie et al. 2002, 2005; Ray & Chinsamy 2004; Botha-
Brink & Chinsamy 2005; Ray et a/. 2004, 2005; Gallina
2012; Woodward et al. 2014, 2015; Botha & Botha-Brink
2019; Atterholt ez al. 2021). These analyses provide a useful
background to better understand the underlying causes of
intraclemental and interelemental histovariabilities.

Based on previous studies, interelemental histovariability
can be attributed to asymmetric growth (e.g. Ray & Chin-
samy 2004; Ray ez al. 2004, 2005; Atterholt ez al. 2021) or
can be due to differences in the mode of ossification of the
elements involved (periostial versus metaplastic ossification)
(Gallina 2012).

Intraclemental variations are a product of the bone model-
ling, and in some cases, due to the fact that there are certain
areas of the same element highly influenced by a superlative
musculature, linked to trochanters, ridges, or bony scars
generating histovariability (e.g. Botha-Brink & Chinsamy
2005; Gallina 2012).

It should be taken into account that general bone histology,
and hence intra and interelemental histovariability, is affected
by various factors, including phylogenetic, ontogenetic, func-
tional, and biomechanical constraints (Ricqlés ez al. 1991;
Reid 1996; Curry 1999; Starck & Chinsamy 2002). There-
fore, variation within the same skeleton should be expected.
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In the femur of Tropidosuchus romeri PVL-4606 intraele-
mental histovariability is evident. The major axis of the bone
on its anterior side has some longitudinal canals, which in the
lateral and medial view turn into laminar canals. The areas
with more complex vascularization correspond to acceler-
ated growth, likely due to biomechanical limitations and
bone modeling.

The intraclemental histovariability in Chanareushcus bona-
partei PULR-V 116 is barely evident, but the interelemental
histovariability between the elements of the hindlimb is
remarkable. The femur and the tibia, with one and three
LAGs respectively, show an arrangement of collagen fibers that
form a parallel-fibered and lamellar bone matrix, respectively,
with sparse vascularization in the femur and even more sparse
in the tibia. Therefore, the femur has a higher growth rate
compared to the tibia for the same time period. The most
notable difference between all the elements is in the fibula,
with fibrolamellar bone tissue and dense vascularization.
Besides being interrupted cortically by three LAGs, the fibula
has a greater cortical thickness in relation to the medullary
cavity than the femur and tibia. This may be related with
more juvenile stages (i.e., fast growing) in the fibula. The
reduced medullary cavity of the fibula, in comparison to the
other bones, is due to the tissues deposited early during the
ontogeny, which are destroyed in the other bones during the
expansion of the medullary cavity.

The most curious aspect of this histovariability, is that the
element with the highest deposition rate, the fibula, also has
one of the best records of cyclicity. The fibula is therefore,
along with the tibia, the most efficient bone elements for skel-
etochronology, despite the fact that elements with less bone
apposition typically give the best skeletochronological record.

Ponce ez al. (2021) previously described interelemental
histovariability between the femur and osteoderms for one
specimen of Chanaresuchus bonapartei (PVL 4575), indicating
that the most noticeable difference between the femoral and
the osteodermal histology is the different LAG counts. This
difference is due to the different growth rate for these elements.

To summarize, the interelemental histovariability in Chana-
resuchus bonapartei PULR-V 116 shows elements indicative of
both accelerated growth and slow growth. This points to the
conclusion that C. bonapartei had high asymmetric growth
in its skeletal elements.

DEVELOPMENTAL PLASTICITY:

INTRASPECIFIC HISTOVARIABILITY

Developmental plasticity is the ability of an individual to
change its developmental patterns depending on environmental
conditions (West-Eberhard 2003). Intraspecific histovariabi-
lity is usually regarded as the result of evolutionary plasticity,
however, there are other reasons for such variability, which
may be inherent to each individual genotype; in any case it is
typical that both possibilities contribute to intraspecific histo-
variability, even when epigenetics intervenes (e.g. Hochberg
2011; Kuzawa & Bragg 2012). For example, humans may
grow to different degrees due to greater or lesser food avail-
ability, but they also often grow to different heights due to
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genetic differences, independent of environmental pressure
(e.g. Hochberg 2011; Kuzawa & Bragg 2012). This same
phenomenon appears to have occurred in the temnospondyl
Apateon pedestris von Meyer, 1844 (Sdnchez ez al. 2010).

Usually, in extant amniotes, strong developmental plastic-
ity has been correlated with a low metabolic rate (Reisz ez a/.
2005), resulting in very different growth rates and final sizes in
individuals of the same species, for example in turtles (Legler
1960; Zug et al. 1986), lizards (Dunham 1978; Zug & Rand
1987) and crocodiles (Cott 1961; Hutton 1986). However,
this correlation does not seem to be consistent with the fossil
record (e.g. Starck & Chinsamy 2002; Ricgles ez al. 2003;
Padian ez al. 2004; Ray et al. 2004, 2009; Chinsamy & Hurum
20006) or with other extant taxa, such as certain mammals and
birds (Starck & Chinsamy 2002).

Previous comparative studies carried out in different groups
of Archosauriformes, based on the histology of long bones,
indicate that strong developmental plasticity is plesiomor-
phic for this clade, and has been maintained to the present
in the crocodilian lineage (Padian ez a/. 2001; Ricgles ez 4.
2003, 2008; Padian ez 2/ 2004). Smith-Gill (1983), as well
as Starck & Chinsamy (2002), indicate that the existence of
LAGs is characteristic of developmental plasticity and the ability
to respond to environmental changes, a pattern observed in
diverse basal Archosauriformes and pseudosuchians (Ricqlés
et al. 2003, 2008).

In contrast, ornithodirans (pterosauromorphs and dinosauro-
forms) are usually considered to have lost or greatly dimin-
ished developmental plasticity, based on the predominance
of fibrolamellar bone tissue (Ricqles ez /. 2000, 2003; Padian
et al. 2001; Starck & Chinsamy 2002; Padian ez a/. 2004).
However, in certain taxa such as the basal sauropodomorph
Plateosaurus engelhardti von Meyer, 1837, a strong develop-
mental plasticity was attributed to a reversal to an ancestral
condition (Sander & Klein 2005; Klein & Sander 2008). In
other basals sauropodomorhps, such as Massospondylus carinatus
Owen, 1854 and Mussaurus patagonicus Bonaparte & Vince,
1979, there is growing evidence of developmental plasticity
(Chapelle et al. 2021; Cerda et al. 2022). This is reflected in
the size of the adult individuals, which demonstrate a poor
correlation between the body size and the ontogenetic stage
for these taxa. These discrepancies may be related to sexual
dimorphism and/or developmental plasticity (Chapelle ez a/.
2021; Cerda et al. 2022). This contrasts with the low varia-
tion observed in other basal dinosaurs such as Herrerasaurus
ischigualastensis Reig, 1963 (Starck & Chinsamy 2002; Padian
et al. 2004).

In this study, intraspecific histovariability was tested in pro-
terochampsids. Although no growth marks were detected in
femora in the two analyzed specimens of Tropidosuchus romeri,
there are significant differences regarding the bone cortical
tissues, despite having similar snout-vent lengths (25.2 cm
for PVL-4604, and 24.4 cm for PVL-4606, respectively). The
bone matrix in PVL-4604 is fibrolamellar (Marsa ez 2/ 2020),
indicating a high rate of bone deposition, while in PVL-4606
it is parallel-fibered, denoting a greater arrangement of col-
lagen fibers and, therefore, a lower rate of bone deposition
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than in PVL-4604. The vascularization in PVL-4606 is greater
than in PVL-4604, and in some parts of the inner cortex the
vascular canals are laminar, while in PVL-4604 the vascular
canals are always longitudinal. These differences between the
growth patterns could be related to sexual dimorphism and/
or developmental plasticity (e.g. Cerda ez al. 2022).

Regarding the specimens of Chanaresuchus bonapartei, the
intraspecific histovariability among the analyzed femora is very
pronounced. The cortical surface of the femur of C. bonapartei
PULR-V 116 is poorly vascularized, in contrast to the femur
of specimen PULR-V 125 (Marsa ez al. 2020). The vascular
canals in PULR-V 116 are formed as longitudinal primary
osteons, while in PULR-V 125 they are reticular. In PULR-
V 116 the cortex is thin, most of the total bone area in the
section is trabecular bone, and it is constituted by parallel-
fibered bone tissue, showing a cyclical growth, and the presence
of one LAG. In PULR-V 125 the cortex is very thick, there
are no traces trabeculae, and the zone of the cortex varies in
some areas from parallel-fibered to fibrolamellar bone tissue,
the cyclicity is constituted by a LAG and an annulus (Marsa
et al. 2020).

The femur of PULR-V 125 resembles the femur of Cha-
naresuchus bonapartei PVL 4575 (Ponce ez al. 2021), which
is cortically composed of parallel-fibered bone tissue and
some isolated areas of woven-fibered bone tissue. The vas-
cularization is also similar, being composed of reticular
and plexiform canals, and is only interrupted by a single
LAG (Ponce et al. 2021). Both femora, PULR-V 125 and
PVL 4575, are highly different from the femur PULR-V 116.
Werning (2013) describes the histological tissues and vascu-
larization of a femur from a possible C. bonapartei, specimen
MCZ 4038, which closely resembles femora PULR-V 125
and PVL 4575: dense vascularization with reticular, woven-
fibered bone in the inner cortex, and parallel-fibered bone
tissue in the outer cortex. However, MCZ 4038 does not
show growth marks, indicating another important instance
of intraespecific histovariability.

The bone lengths of the femora of PULR-V 116 and PULR-
V 125 are very similar, 7.1 cm and 7.3 cm respectively. This
further supports that the differences between the growth
patterns could be related to developmental plasticity and/
or sexual dimorphism (e.g. Cerda er a/. 2022) more than to
ontogenic stages. Moreover, the bone length of the femora of
PVL 4575 is 11.2 cm (Ponce et al. 2021), but has less growth
marks than PULR-V 125, which is shorter. This reflects a
poor correlation between the body size and the ontogenetic
stage for this taxon (Chapelle ez al. 2021; Cerda ez al. 2022).

The lamelar bone tissue cortex of the tibia PULR-V 116
of Chanaresuchus bonapartei is almost avascular and inter-
rupted by three LAGs. This contrasts sharply with the tibia
of MCZ 4036, which has parallel-fibered bone tissue in the
inner cortex, dominated by a dense reticular vascularization
and interrupted by four LAGs, turning into lamellar bone
tissue in the outer cortex, and associated with a decrease in
the vascularization (Ricqlés ez 2. 2008). The bone length of
the tibia of PULR-V 116 and MCZ 4036 are 9.3 cm and
12.9 cm respectively (Riclges ez al. 2008; Ponce e al. 2021).
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These variations in bone tissue and length show a poor cor-
relation between the body size and the ontogenetic stage,
indicating developmental plasticity and/or sexual dimorphism
(e.g. Cerda ez al. 2022).

The high histovariability recorded in Chanaresuchus bonapartei
and Tropidosuchus romeri suggests that associating intraspecific
histovariability with developmental plasticity and/or sexual
dimorphism would be typical in Proterochampsidae. Although
developmental plasticity is usually associated with ectotherm
animals (Reisz ez al. 2005) that typically present slow growth,
the Proterochampsidae analyzed occasionally exhibit the
ability to generate bone tissues of accelerated deposition and
complex patterns of vascularization.

LIFESTYLE INFERENCES IN PROTEROCHAMPSIDS

Reig (1959) proposed semi-aquatic habits for the protero-
champsid Proterochampsa barrionuevoi Reig, 1959 based
on morphological features resembling current crocodilians,
including;: elongated and triangular snout, dorsoventrally flat-
tened head, profuse dermal ornamentation of the skull, and
dorsally oriented external orbits and nostrils. This hypothesis
was accepted by later authors and extrapolated to other mem-
bers of the clade (Sill 1967; Romer 1971; Bonaparte 1978).
Cerda et al. (2015) and Ponce et 2l (2017), who studied the
histology of proterochampsid osteoderms, favoured an aquatic
or semi-aquatic lifestyle.

Several studies have indicated that modifications in the
bone microanatomy of tetrapods are correlated with lifestyle
(Ricgles & Buflrénil 2001; Houssaye 2009). Living and extinct
vertebrates secondarily adapted to aquatic life show four main
types of bone tissue: osteoporotic, pachyostotic, osteosclerotic
and pachyosteosclerotic (Ricglés & Buffrénil 2001; Houssaye
2009). And in this sense, adaptation to aquatic life could be
inferred on the basis of bone microstructure (Houssaye 2009;
Canoville & Laurin 2010).

Nevertheless, recent studies reveal a more complex network
of features shared by terrestrial and aquatic forms, and their
habitat preference (Houssaye ez al. 2016; Klein ez al. 2019).
For instance, dense and massive bones (i.e., with a high degree
of compactness) are not always correlated with aquatic or
semiaquatic lifestyle (Nakajima ez a/. 2014; Ponce ez al. 2021).
In this regard, more reliable lifestyle inferences should take
into consideration both histological and anatomical features
(Ponce et al. 2021).

Arcucci (2011) noted that the proterochampsids Chanare-
suchus bonapartei, Gualosuchus reigi, and Tropidosuchus romeri
may have possessed more terrestrial living habits than Protero-
champsa barrionuevoi. Arcucci’s (2011) proposal is based on
the fact that the proterochampsids of the Chanares Formation
(i.e., C. bonapartei, G. reigi, and T. romeri) display features
atypical of aquatic taxa, such as the absence of a secondary
palate, laterally compressed teeth, long and slender limbs,
the absence of signs of reduction or enlargement of distal
elements, subvertically positioned limbs, and a transversely
broad, but not dorsoventrally high tail. However, some semi-
aquatic forms, such as phytosaurs, also dispaly features typical
of terrestrial taxa (e.g. no secondary palate, teeth are laterally
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compressed; Nesbite 2011). Similarly, Ezcurra er al. (2021)
indicated that the tail of C. bonapartei was not an effective
propellant in an aquatic environment, and therefore, there
is no clear evidence to support a locomotor style associated
with a semi-aquatic behavior.

Arcucci et al. (2019) reinforced their previous hypotheses
and suggested terrestrial/amphibious living habits, based on,
among other features, bone compactness and the presence
of a reduced medullary cavity. Biogeochemical analyses of
813C isotopes in the teeth and bones of proterochampsids
also suggest terrestrial living habits for the Proterochampsidae
(Leuzinger 2020).

Ponce ez al. (2021) determined a terrestrial lifestyle for pro-
terochampsids based on quantitative analysis of the femur.
Such inferences are reinforced by the compactness observed in
the femora of the proterochampsids C. bonapartei PVL 4575
and Rhadinosuchiade indet. (Ponce ez z/. 2021). The unnamed
Rhadinosuchiade (Ponce et 2/. 2021) has an OC value of
less than 0.50, which is similar to that reported for several
terrestrial squamates, such as Coleonyx elegans Gray, 1845,
Gallotia stehlini Schenkel, 1901, Varanus rudicolis Gray, 1845
and Ameiva ameiva Linnaeus, 1758 (+ 0.1 variation from OC
value: 0.5) (Hugi & Sdnchez-Villagra 2012; Quémeneur ez al.
2013). According to the database of Hugi & Sdnchez-Villagra
(2012) and Quémeneur ez al. (2013), the amphibious lizard
Dracaena guianensis Daudin, 1802 is the only taxon with a
similar OC, but different lifestyle.

Following the previous studies of Ponce et al. (2021), and
applying the TSM proposed by Quémeneur ez /. (2013), the
femur of Tropidosuchus romeri PVL-4604 has an observed
compactness of less than 0.50 which is congruent with a ter-
restrial lifestyle. The observed compactness for the femora of
Chanaresuchus bonapartei PULR-V 125 (OC: 0.481; see also
Ponce et al. 2021), suggest a similar lifestyle.

CONCLUSIONS

The intraspecific histovariability in proterochampsids is remark-
able. It appears that the intraspecific histovariability associated
with developmental plasticity would be common in Protero-
champsidae, and as Ezcurra ez al. (2019) suggested, based on
morphological features. Although developmental plasticity is
usually associated with ectotherm animals (Reisz ez 2/. 2005)
that typically present slow growth, the Proterochampsidae
analyzed occasionally exhibit the ability to generate bone tis-
sues of accelerated deposition and complex vascularization.
This ability is coincident with the plesiomorphic features for
Archosaurifirmes (e.g. Ricqlés ez al. 2003, 2008; Marsa ez 4.
2017, 2020; Veiga ez al. 2019). It cannot be ruled out that an
important part of the intraspecific histovariability could be
related to sexual dimorphism, too. The interelemental histo-
variability in Chanaresuchus bonapartei is noticeable, which
implies a high degree of asymmetric growth.

The compactness profile indicates a terrestrial lifestyle for
Tropidosuchus romeri, congruent with most other protero-

champsids lifestyle (Ponce ez al. 2021).
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The great disparity in growth strategies developed among
the different Archosauriformes recovered from the Chafares
Formation (Ricqles ez al. 2008; Werning 2013; Marsa ez 4.
2017, 2020; Arcucci et al. 2019; Lecuona et al. 2020; Ponce
et al. 2021) resembles the analysis previously conducted by
Botha-Brink & Smith (2011) for Lower and Middle Triassic
Archosauromorphs from the Karoo Basin. They show that great
disparity existed in growth strategies among contemporane-
ous taxa. These results contrast strongly with the geologically
younger Ischigualasto Formation (Carnian-Norian) which
shows a strong decrease in the disparity of growth strategies
(Curry Rogers ez al. 2017).
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APPENDIX

AppeNDIX 1. — Inferred lifestyle obtained by the discriminant function A based on Rmin, S, Rmax, MC, Min, OC and SVL (model created by Laurin et al. (2004) for
lissamphibians). This model was produced by forward selection of variables. Previously performed in amniotes femur by Quémeneur et al. (2013) and in ophiaco-
dontids femur by Laurin & Buffrénil (2016). Possible states of lifestyle: 0 = aquatic; 1 = amphibious; 2 = terrestrial. Abbreviations: MC, modelled compactness;
Min, minimun global value; OC, observed compactness; Rnax, maximun angular value; Rpyin, minumum angular value; S, slope (global value); SVL, snout-vent

length (cm).
Examples (from the literature)
Clepsydrops Cope, Coleonyx elegans Gray, Gallotia stehlini
Tropidosuchus romeri 1875 (Pelycosauria: 1845 (Squamata: (Schenkel, 1901)

Arcucci, 1990 PVL Ophiacodontidae) Eublepharidae) (Squamata: Lacertidae) 0 1 2

4604 femur (this study) (Laurin & Buffrénil 2016) (Quémeneur et al. 2013) (Quémeneur et al. 2013) Aquatic Amphibious Terrestrial
Rinin 0.000 0.000 0.000 0.000 3841.745 245782 -174.785
S 0.026 0.012 0.015 0.016 -54.535 161.282 100.756
Rinax 0.858 1.000 1.000 1.000 7.284 43.311 39.007
MC 0.281 0.434 0.384 0.408 6.796 38.465 24.597
Min 0.000 0.007 -0.002 -0.001 -540.124 —26.355 -58.849
oC 0.462 0.434 0.372 0.487 17.891 -13.026 -3.251
SVL 24.40 33.35 7.00 22.00 0.060 0.010 0.011
Constante - - - - -272.307 -37.327 —-26.839
Inferred lifestyle 0 Terrestrial 2 Terrestrial 2 Terrestrial 2 Terrestrial —255.828 9.044 14.925 false
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