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Appendix online 10. Detailed comparisons of forelimbs of the aetosaur
Stagonolepis olenkae with other aetosaur species.

Humerus

The overall shape and robustness of the humerus of Stagonolepis olenkae is most similar
to large humeri of Desmatosuchus smalli, Desmatosuchus spurensis and Longosuchus
meadei (Sawin 1947; Small 1985; Long and Murry 1995; Parker 2008; sup. Fig. 10A, B). In
S. olenkae, like in D. smalli, D. spurensis and L. meadei, the humeral head is strongly medi-
ally expanded, with the internal tuberosity separated from the main articulation surface by a
pronounced indentation, and the epicondyle is very widened medially, the shaft has similar
outline in the proximal/distal view, with a distinct section of the humeral head and the base,
and a relatively slim straight medial section (Sawin 1947; Small 1985; Long and Murry 1995).
Similar conditions are present also in humerus of Aetobarbakinoides brasiliensis (Desojo et
al. 2012; sup. Fig. 10H). In Typothorax coccinarum the humeral head is proportionally less
expanded medially than in S. olenkae, and the internal tuberosity is not separated by any
indentation from the main articular surface (it smoothly continues along the proximal edge of
the head) (Long and Murry 1995; Martz 2002; Heckert et al. 2010; Sup. Fig. 10F). Also the
middle section of the shaft appears to be proportionally longer than in S. olenkae (Long and
Murry 1995; Martz 2002; Heckert et al. 2010). Based on the restoration of the humerus of S.
robertsoni (fig. 14a, b in Walker 1961; sup. Fig. 10D) the general shape and proportions are
almost identical to S. olenkae, but the humeral head in S. robertsoni is negligibly less ex-
panded than in S. olenkae (S. robertsoni ratio of humeral head medio-lateral width to the
entire length of humerus is about 0.58 and in S. olenkae 0.54) (Walker 1961; Parker 2016,
2018). The proximal articulation surface of the humerus in S. robertsoni is continuous, so
there is no distinction of the internal tuberosity similar to T. coccinarum (Walker 1961; sup.
Fig. 10D). The restored humerus of S. robertsoni does not have an olecranon fossa, as large
as the humeri of S. olenkae, ZPAL Ablll/1175 and 257 (sup. Fig. 5A, C) (Walker 1961; sup.
Fig. 10D). However, smaller humerus of S. olenkae ZPAL Ablll/2627 (sup. Fig. 5B) (and
comparable in size to S. robertsoni) also does not have the olecranon fossa. Large humeri of
"Argentinosuchus bonapartel" (spec. PVL 2091) and Neoaetosauroides engaeus have prox-
imal heads strongly expanded medially like in S. olenkae, but there is no indentation between
the internal tuberosity and proximal articulation like in T. coccinarum (Casamiquela 1960;
Bonaparte 1971; Heckert and Lucas 2002; Desojo et al. 2012; sup. Fig. 10). The shafts of "A.
bonapartei" and N. engaeus seem to be more robust than in S. olenkae (Casamiquela 1960;
Bonaparte 1971; Heckert and Lucas 2002; Desojo et al. 2012; Sup. Fig. 10). The olecranon

fossa present in large specimens of S. olenkae, can occur also in N. engaeus (Bonaparte
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1971; sup. Fig. 10). In comparison to S. olenkae, the humeri of Aetosauroides scagliai (spec.
PVL 2073) and Polesinesuchus aurelioi, apart from being much smaller (about 0.40 the
length of the spec. ZPAL Ablll/1175 for A. scagliai and 0.25 for P. aurelioi) are less robust,
their humeral heads and condyles are less expanded medially and laterally, and their del-
topectoral crest is less developed (Heckert and Lucas 2002; Desojo and Ezcurra 2011; Rob-
erto-da-Silva et al. 2014; sup. Fig. 10l, J). The humeri of Aetosaurus ferratus strongly differ
from S. olenkae and other large aetosaurs in having slender proximal and distal portions,
weakly developed deltopectoral crest and condyles of equal size (Schoch 2007; sup. Fig.
10K). The ectepicondylar groove in S. olenkae is fully exposed like in most aetosaurs, but
unlike in D. smalli, D. spurensis, L. meadei, T. coccinarum and N. engaeus in which it is
closed by bone and forms a foramen (Sawin 1947; Bonaparte 1971; Small 1985; Long and
Murry 1995; Martz 2002; Desojo et al. 2013; sup. Fig. 10 A, B, F, G). S. olenkae have promi-
nent supinator process. Marked supinator process is also present in S. robertsoni and A.
ferratus (Walker 1961; Schoch 2007; sup. Fig. 10 D, K).

Ulna

The ulna of Stagonolepis olenkae has a shape typical for most aetosaurs, having a well-
developed proximal part with high olecranon process and the shaft being wide medio-
laterally and flattened dorso-ventrally (e.g., Sawin 1947; Walker 1961; Schoch 2007; Rob-
erto-Da-Silva et al. 2014; sup. Fig. 11D). The olecranon process is partially cartilaginous,
which is suggested also for Longosuchus meadei (Sawin 1947) and Polesinesuchus aureolii
(Roberto-Da-Silva et al. 2014) and was pointed as well for S. olenkae by Ksigzkiewicz
(2014). The height of the olecranon process in S. olenkae (around 0.2 in proportion to the
entire length of the bone) is comparable to that of Stagonolepis robertsoni, Typothorax an-
tiquus, Typothorax coccinarum and Neoaetosauroides engaeus (Sawin 1947; Walker 1961;
Bonaparte 1971; Lucas et al. 2002; Heckert et al. 2010; sup. Fig. 11E—H). The olecranon
process is higher than in S. olenkae, in L. meadei and D. smalli (being around 0.25 of the
entire ulna length in L. meadei and 0.3 in D. smalli) (based on fig. 4c, d in Sawin 1947; and
fig. 8 ¢, d in Small 1985; sup. Fig. 11A, B). In Aetosaurus ferratus, P. aureolii, and Aetosau-
roides scagliai (PVL 2073) the olecranon process is shorter than in S. olenkae (being around
of the entire ulna length 0.15 in A. ferratus, 0.14 in A. scagliai and 0.10 in P. aureolii (based
on fig. 3-3, 4 in Heckert and Lucas 2002; fig. 10G in Schoch 2007; fig. 21 in Roberto-Da-
Silva et al. 2014; sup. Fig. 111-K). The coronoid process in S. olenkae is elongated medially,
pronounced and with a sharp end (spec. ZPAL Ablll 2014, 3351, fig. 6C, D), similar to
D. smalli and "Argentinosuchus bonapartei" (spec. PVL 2091) (Small 1985; Heckert and Lu-

cas 2002). In L. meadei, T. coccinarum, T. antiquus, and S. robertsoni the coronoid process
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is also elongated medially, but its end is smooth (Sawin 1947; Walker 1961; Lucas et al.
2002; Heckert et al. 2010; sup. Fig. 11B, E-H). In A. ferratus, P. aureolii, and A. scagliai
(PVL 2073) the coronoid process is much less developed than in S. olenkae (Heckert and
Lucas 2002; Schoch 2007; Desojo and Ezcurra 2011; Roberto-Da-Silva et al. 2014; sup. Fig.
111-K).

Radius

The radius of Stagonolepis olenkae is similar to known aetosaurs in having a straight shaft
with equally expanded proximal and distal ends (e.g., Sawin 1947; Walker 1961; Lucas et al.
2002; Schoch 2007). The level of expansion of the proximal and distal end in S. olenkae (in
proportion to the entire length of the radius) is comparable to Longosuchus meadei,
Stagonolepis robertsoni, Typothorax antiquus, and Typothorax coccinarum (Sawin 1947,
Walker 1961; Lucas et al. 2002; Heckert et al. 2010; sup. Fig. 11E, G, H). In Aetosaurus fer-
ratus and Aetosauroides scagliai (spec. PVL 2073) the proximal and distal ends of radius are
less expanded (Heckert and Lucas 2002; Schoch 2007; Desojo and Ezcurra 2011; Sup. Fig.
111, K). The square cross-section of the shaft of the radius of S. olenkae is a character that
distinguishes it from other known aetosaurs, including S. robertsoni, L. meadei, A. ferratus,
and T. antiquus, in which the cross section is oval (Sawin 1947; Walker 1961; Schoch 2007;
Lucas et al. 2002).

Carpus

Stagonolepis olenkae is one of few aetosaurs with known carpal elements, along with the
Aetosaurus ferratus, Longosuchus meadei, Stagonolepis robertsoni, and Typothorax coc-
cinarum (Sawin 1947; Walker 1961; Schoch 2007; Lucas and Heckert 2011; sup. Fig. 12).
The number of carpals in S. olenkae is four, which is similar to L. meadei and T. coccinarum
(MCZ 1487) (Sawin 1947; Lucas and Heckert 2011). Ksigzkiewicz (2014) speculated that in
S. olenkae could be up to five carpals, but there is no specimen with more than four carpal
bones preserved. In S. robertsoni and A. ferratus two carpals are recognizable, but in some
individuals of A. ferratus more could be preserved (Walker 1961, Schoch 2007). In S.
olenkae, S. robertsoni, A. ferratus, and L. meadei the dominant carpal bone is the large
fused radiale and intermedium (Sawin 1947, Walker 1961, Schoch 2007). Ksigzkiewicz
(2014) described one specimen of S. olenkae (UOBS 02830) with those two bones separat-
ed, but as he suggested, the fused radiale and intermedium in this case is most likely broken.
In Typothorax coccinarum (MCZ 1487) the carpal bones are of comparable size, but the

rounded bone opposite to the radius seems to be little larger than others and its shape is



Drézdz, D. 2018. Osteology of a forelimb of an aetosaur Stagonolepis olenkae (Archosauria: Pseudosuchia:
Aetosauria) from the Krasiejow locality in Poland and its probable adaptations for a scratch-digging behavior

corresponding to the lateral side of the fused radiale and intermedium of S. olenkae, there-
fore it could also be a fused radiale and intermedium (based on fig. 4a, b in Lucas and Heck-
ert 2011). The fused radiale and intermedium in S. robertsoni seems to be smaller than its
homologue in S. olenkae, as it reaches only to the metacarpal Ill, while in S. olenkae it is
adjacent to the metacarpal Ill and also part of the metacarpal IV (Walker 1961; sup. Fig.
12F).

| propose the arrangement of the carpal elements in Stagonolepis olenkae in two rows,
first consisting of the fused radiale and intermedium with the ulnare and the second consist-
ing of two distal carpals. In Longosuchus meadei, the only other aetosaur species in which
the arrangement of carpals is proposed, the fused radiale and intermedium forms a single
row with the other three carpals (Sawin 1947; sup. Fig. 12A). However Sawin (1947), when
preparing his restoration of L. meadei, did not have at his disposal any articulated carpus and
was able to identify only the fused radiale and intermedium, already known to occur in A.
ferratus. He wrote that the arrangement of the other carpal elements in one row was only his
best assumption (Sawin 1947). Ksiazkiewicz (2014) also suggest arrangement of the carpal
bones in a single row for S. olenkae, but he as well did not have any specimens with articu-
lated carpus. The arrangement of carpals in two rows for S. olenkae is strongly supported by
ZPAL AblIl/2407 (sup. Fig. 1), in which the carpus and hand bones are preserved the closest
to their anatomical position among studied specimens. In this specimen the fused radiale and
intermedium form one row with the ulnare, and another (distal) carpal is preserved in front of
them, towards metacarpals. Similar condition could be observed also in the spec. ZPAL
Ablll/3349/1 (sup. Fig. 2), in which the distal carpals are preserved in front of the ulnare, op-
posite to the third metacarpal. However, in this specimen the fused radiale and intermedium
is not preserved in articulation and it is not certain how much the position of other carpals
changed in respect to their original setting. The arrangement of carpals in two rows is also
recognized in Postosuchus alisonae — rauisuchid closely related to aetosaurs (Peyer et al.
2008). The longer side of the ulnare in the spec. ZPAL Ablll/2407 (sup. Fig. 1) faces the
metacarpals and forearms. In this setting, the medial side of the ulnare seems to be dispro-
portionally narrow in comparison to the corresponding surface on the fused radiale and in-
termedium (manuscript Fig. 6C). Nevertheless, in ornithosuchians, other basal archosaurs
closely related to aetosaurs, a huge disproportion in size between the radiale and the inter-
medium is possible (Bonaparte 1971; Von Baczko and Ezcurra 2013). The carpus of modern
crocodilians consist of both bony and cartilaginous elements (e.g., Buscalioni et al. 1997)

and since the preserved carpal bones does not fit perfectly with the metacarpals and long
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bones, it is probable that also in S. olenkae the carpus could consist of cartilage elements or

at last the amount of cartilage covering the bones was significant.

Manus

Palm bones, similarly as carpals, are also known for only a few aetosaurs apart of
S. olenkae. The others are Aetosaurus ferratus, Longosuchus meadei, Stagonolepis robert-
soni, Typothorax coccinarum (Sawin 1947; Walker 1961; Schoch 2007; Lucas and Heckert
2011; Sup. Fig. 12). The metacarpals and phalanges of S. olenkae are robust, short, and
dorso-ventrally flattened similarly to L. meadei, S. robertsoni, and T. coccinarum (Sawin
1947; Walker 1961; Lucas and Heckert 2011; sup. Fig. 12A, D, F). The manus of A. ferratus
seems to be more slender than that of S. olenkae and other known aetosaurs (Schoch 2007;
sup. Fig. 12C). Unfortunately, none of the described specimens of aetosaur manus have
complete set of phalanges, so the phalangeal formula proposed for aetosaurs remains hypo-
thetical (Sawin 1947, Walker 1961, Schoch 2007, this study). In S. olenkae none of the stud-
ied specimens preserve all of the distal phalanges of digits IV and V. Considering the number
of phalanges in the preserved specimens and their size, the most simple phalangeal formula
for S. olenkae is 2-3-4-5-3, the same as for S. robertsoni (Walker 1961). The same number
of phalanges was suggested by Ksigzkiewicz (2014). The phalangeal formula proposed for L.
meadei (2-3-4-5-2) cannot be applied to S. olenkae because in the spec. UOBS 02834 de-
scribed by Ksiazkiewicz (2014) the fifth digit has two phalanges even though the ungual is
not preserved. Need to be mentioned that the phalangeal formula proposed by Sawin (1947)
could be a mistake, because the restoration of manus of L. meadei (fig. 3c in Sawin 1947)
shows two phalanges and small ungual on the fifth digit. Thus based on the Sawin’s restora-
tion, the phalangeal formula of L. meadei should be 2-3-4-5-3, which is consistent with pro-
posed formulas of S. olenkae and S. robertsoni (Sawin 1947; sup. Fig. 12A, B, F). In A. ferra-
tus the phalangeal formula cannot be determined (Schoch 2007). The claw-like unguals in S.
olenkae are present on at least first three digits (based on spec. ZPAL Ablll/2071, Fig. 4),
similarly to S. robertsoni (Walker 1961; sup. Fig. 12F). In L. meadei they are preserved on
the first two digits (Sawin 1947; Sup. Fig. 12A). In S. olenkae the size of unguals decreases
in regular pattern with the second ungual being one—third the length of the first, and the third
being one-third the length of the second. Middle digits (ll, Ill, IV) are almost of equal length in
S. olenkae, while the external digits are much shorter, about 0.75 the length of the middle
digits. The same pattern of digit length characterizes S. robertsoni, but Walker (1961) sug-
gested that the digit Il was probably the longest one and the same proportions are also es-
tablished for L. meadei and T. coccinarum, as both Sawin (1947) and Lucas and Heckert
(2011) indicated the digit Ill is a little longer than the Il and IV. Furthermore, the lengths of
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digits in T. coccinarum are also inferred to be llI>II>IV>I>V, based on the probable corre-
spondence of tracks of Brachychirotherium to this species (Lucas and Heckert 2011). In S.
olenkae, as in S. robertsoni, L. meadei, and T. coccinarum, the first digit is the most robust
and the fifth digit is the tiniest and reduced (Sawin 1947, Walker 1961, Lucas and Heckert
2011, Ksigzkiewicz 2014, this study). It is probable that in S. olenkae the fifth digit was not
functional in stepping, as was probably the case in T. coccinarum (Lucas and Heckert 2011).
The fifth metacarpal of S. olenkae in the spec. ZPAL Ablll/3349 (sup. Fig. 2), 3350 (sup. Fig.
3) is dorso-ventrally flattened, very wide (as wide as the metacarpal IV) and its proximal head
is not distinct, however in the spec. ZPAL Ablll/2071 (sup. Fig. 4) and 2407 (sup. Fig. 1) the
fifth digit is thin, oval in cross section and with a distinct proximal head. The latter conditions
are similar to S. robertsoni, L. meadei, and T. coccinarum (Sawin 1947, Walker 1961, Lucas
and Heckert 2011). Differences in shape of the fifth metacarpal in S. olenkae may be due to
intraspecific variation, dimorphism or ontogeny, since the spec. ZPAL AbllI/3349 (sup. Fig. 2)
and 3350 (sup. Fig.3) belong to larger individuals than ZPAL Abll1/2071 and 2407.

Dermal armour

Probably the entire arm, carpus, and hand of Stagonolepis olenkae were covered by os-
teoderms at least dorsally. The osteoderms covering the arms and forearms are larger than
those of the manus and carpus, and it is probable that they were arranged in rows, similar to
Aetosaurus ferratus and Typothorax coccinarum (Schoch 2007; Heckert et al. 2010). The
presence of osteoderms on arms and forearms is also reported for Stagonolepis robertsoni
(Walker 1961) and it is probable that they were also present in "Argentinosuchus bonaparterl",
since the appendicular osteoderms are found in the sediment associated with humerus (PVL
2091) (Heckert and Lucas 2002). S. olenkae is the only known aetosaur in which the oste-
oderms cover the carpus and manus region. In modern crocodiles each osteoderm corre-
sponds to a keratinous scale of similar shape (Burns et al. 2013). The presence of such

scales can be expected also in aetosaurs.

Increase of size as a probable explanation of some variability
in aetosaurs forelimbs

The studies conducted by Bonnan et al. (2013) on the changes of the shape of long bones
of archosaurs and mammals, showed that expansion of long bone joints, associated with an
increase of cartilage volume, are typical features connected with the escalation of size in
archosaurs. The increase of bone robustness, increase of transverse length of distal and
proximal heads of the humerus, as well as increase of length of the olecranon process, and

expansion of proximal and distal parts of the radii, correlated with an increase of the animal
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size can be easily observed in transition from small to large aetosaur species (Sawin 1947;
Walker 1961; Small 1985; Lucas et al. 2002; Heckert and Lucas 2002; Martz 2002; Schoch
2007; Parker 2008; Desojo and Ezcurra 2011; Desojo et al. 2012; Lucas and Heckert 2011;
Roberto-Da-Silva et al. 2014; sup. Fig. 10, 11). Considering the research of Bonnan et al.
(2013) | think that evolutionary increase of size might be a major factor determining at least
the above mentioned variability between aetosaurs, but further studies are needed to addi-

tionally support this statement.
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