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ARTICLE

LONGIROSTRINE CROCODYLIANS FROM THE BARTONIAN OF MOROCCO AND
PALEOGENE CLIMATIC AND SEA LEVEL OSCILLATIONS IN THE PERI-TETHYS AREA

STEPHANE JOUVE,

*1 BOUZIANE KHALLOUFIL? and SAMIR ZOUHRT?

!Centre de Recherches en Paléontologie - Paris, Sorbonne Université, Muséum national d’Histoire naturelle, CR2P, F-75252 Paris
Cedex 05, France, jouvestephane@yahoo.fr;
Laboratoire Informatique et Systématique, Sorbonne Université, UMR 7205, Muséum national d’Histoire naturelle, Paris, France,
khalloufi.bouziane@hotmail.fr;
*Department of Geology, Faculty of Science Ain Chock, Hassan II University of Casablanca, Casablanca, Morocco,

samir.zouhri@univh2c.ma

ABSTRACT —The Eocene-Oligocene transition was a period of high faunal and floral turnover, often correlated with climatic
deterioration. Crocodyliforms are climate sensitive, and they have been often used for reconstruction of paleoclimates. The
description of crocodylian material from the Bartonian of Aaiun-Tarfaya Basin (Morocco) allows the recognition of at least
two longirostrine crocodylians, including a gavialoid. This identification is important, because the migration of gavialoids to
South America probably occurred during the late Eocene. Close relationships between late Eocene—early Oligocene
Eogavialis africanum from Egypt, Argochampsa krebsi from the Paleocene of Morocco, and the South American gavialoid
clade suggests that Morocco could have had a particular place in the gavialoid dispersal route to South America. The
resemblance between Moroccan material described herein and E. africanum is thus important in this context. Analysis of
the distribution of longirostrine crocodylians in the Peri-Tethys area through the Eocene-Oligocene shows a strong
difference in the evolution of the distribution between longirostrine crocodylians and Diplocynodon. Whereas the
freshwater Diplocynodon has a continuous distribution in western Europe, the mainly marine longirostrine crocodylians
have a northern maximal expansion that moves southward during the middle Eocene, being restricted to North Africa
during late Eocene—early Oligocene. European freshwater Asiatosuchus-like taxa also disappear during the late Eocene.
Climatic deterioration, helped by sea level oscillations, may have strongly impacted the diversity and latitudinal distribution
of the crocodylians, but we highlight a possible differential tolerance in range of climatic conditions between crocodylians.
This could help to refine the use of crocodylians as paleoclimatic proxies.

SUPPLEMENTAL DATA —Supplemental materials are available for this article for free at www.tandfonline.com/UJVP

Citation for this article: Jouve, S., B. Khalloufi, and S. Zouhri. 2019. Longirostrine crocodylians from the Bartonian of Morocco
and Paleogene climatic and sea level oscillations in the Peri-Tethys area. Journal of Vertebrate Paleontology. DOI: 10.1080/

02724634.2019.1617723.

INTRODUCTION

The Eocene—Oligocene transition is a period of high terres-
trial and marine turnover related to global climate deterioration
(e.g., Stehlin, 1909; Houben et al., 2012; Goldner et al., 2014).
Crocodyliforms have been recognized as good climatic proxies
(Markwick, 1998a, 1998b; Carvalho et al., 2010; Mannion
et al., 2015). Knowledge of the late Eocene fossil record
makes it possible to document the impact of global climate
cooling on the evolutionary and biogeographic histories of cro-
codyliform faunas. They have been poorly studied in the
context of the Eocene—Oligocene crisis.

For two decades, numerous crocodyliforms have been
described from the Paleogene of Morocco, particularly from the
phosphatic layers of the Oulad Abdoun Basin (see Bardet
et al., 2017, for an overview). Because the youngest level provid-
ing fossils of vertebrates in this basin is Ypresian, no younger cro-
codylians are known in the Paleogene of Morocco. Crocodylian
remains are scare in North Africa during this period, but the
Paleogene is a key period in the history of the longirostrine

*Corresponding author.
Color versions of one or more of the figures in the article can be found
online at www.tandfonline.com/ujvp.
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crocodylians. The oldest known and most primitive tomistomine,
Maroccosuchus zennaroi Jonet and Wouters, 1977 (Jouve et al.,
2014), has been found in Moroccan Ypresian layers, and gavia-
loids probably dispersed from the Peri-Tethys area to South
Anmerica during this time interval. Late Eocene longirostrine cro-
codylians from Morocco have thus a particular importance in
space and time.

The present paper provides a complete description of remains
of longirostrine crocodylians from the Bartonian of southern
Morocco. It discusses the evolution of crocodylians through the
Eocene—Oligocene transition and tentatively provides a hypoth-
esis regarding variations in their distribution and diversity.

Institutional Abbreviation—FSAC, Faculty of Science Ain
Chock, Hassan II University of Casablanca, Casablanca,
Morocco.

LOCATION AND GEOLOGICAL CONTEXT

The material described herein comes from Gueran, also called
Guerran, Garouan, Punta Giieran, and Krebb Afedeira (Fig. 1).
The field is located approximately 125 km southeast of Boujdour,
in an uninhabited depression in the Sahara Desert of southern
Morocco, and pertains to the Aaiun-Tarfaya Basin (also called
Tarfaya-Laayoun-Dakhla Basin or Boujdour Basin) (Ranke
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et al., 1982; Davison and Daily, 2010). The Gueran depression has
been included in the Aridal Formation by Lindner and Querol
(1971), a formation they regarded as Eocene in age.

The fossils described here come from a single sandstone layer
that can be traced for many kilometers near the base of the
escarpments surrounding the Gueran depression. The associated
fauna is particularly diverse, with frequent selachian teeth
(Otodus, Carcharocles), teleost vertebrae, turtle remains, and
six species of archeocete whales (Gingerich and Zouhri, 2015;
Zouhri et al., 2018a).

SYSTEMATIC PALEONTOLOGY

CROCODYLOMORPHA Walker, 1970
CROCODYLIFORMES Hay, 1930 (sensu Benton and
Clark, 1988)

Material -FSAC BOUJ-355, fragment of a right dentary;
FSAC BOUJ-406, posterior fragment of a left mandibular ramus.

Description—The fragment of a right dentary, FSAC BOUJ-
355 (Fig. 2A-D), has parallel medial and lateral margins and
the right dentary is sutured with the left one in a long symphysis.
The symphysis is slightly wider than high (1.5 times). A trace of
the suture with the splenial is present on the posterodorsal
surface of the symphysis. It preserves one complete alveolus
and two poorly preserved ones. Its lateral and ventral sides are
smooth and unornamented. The complete alveolus is much
longer than wide. Its general outline could have been shorter
than currently exposed. Therefore, the interalveolar distance
was probably slightly longer than the alveolus diameter. The dis-
tance between left and right alveoli is relatively narrow, being 1.5
times larger than the width of an alveolus.

A posterior fragment of a left mandibular ramus, FSAC BOUJ-
406 (Fig. 2E, F), preserves four complete and two incomplete
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FIGURE 2. Crocodylian indet. from Gueran,
Morocco. A-D, FSAC BOUJ-355, right
dentary in A, dorsal, B, lateral, C, medial, and
D, posterior views. E-F, FSAC BOUJ-406, pos-
terior fragment of a left mandibular ramus in E,
dorsal and F, lateral views. G-I, FSAC BOUJ-
410, ninth cervical vertebra in G, left lateral,
H, right lateral, and I, anterior views. J-M,
FSAC BOUIJ-1b, anterior? cervical vertebra in
J, left lateral, K, right lateral, L, anterior, and
M, ventral views. N-O, FSAC BOUJ-400, pos-
terior dorsal vertebra in N, left lateral and O,
ventral views. P, FSAC BOUJ-1a, first caudal
vertebra in left lateral view. Q-R, FSAC
BOUIJ-124, caudal vertebra in Q, left lateral
and R, ventral views. S, FSAC BOUJ-94, osteo-
derm in dorsal view. T-U, FSAC BOUJ-96, T,
posterior and U, lateral portions of a dorsal
osteoderm in dorsal view. Abbreviation: Spl,
splenial. Scale bar equals 1 cm.
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alveoli. Their size decreases from front to back; the second one
seems to be much longer because the occlusal pits just anterior
and posterior to the maxillary teeth are confluent with the alveo-
lus. The fragment is particularly low in lateral view, and its lateral
and ventral surfaces are ornamented with rare and spaced pits
and furrows.

CROCODYLIA Gmelin, 1789 (sensu Benton and Clark,
1988)

Material —-FSAC BOUIJ-410, a ninth cervical vertebra; FSAC
BOUIJ-1b, an anterior? cervical vertebra; FSAC BOUJ-400, a
posterior dorsal vertebra; FSAC BOUJ-1a, a first caudal verte-
bra; FSAC BOUJ-124, a caudal vertebra; FSAC BOUJ-96, two
fragments of large dorsal osteoderms; FSAC BOUJ-94, a frag-
ment of an osteoderm.

Description— Several isolated postcranial remains have been
found. The best-preserved vertebra has a massive centrum
(Fig. 2G-I). It is procoelous and bears a nearly complete high
hypapophysis in its anterior half. The parapophysis is posteroven-
trally oriented and located in the anterior portion of the centrum
and level with its center relative to its height. The diapophysis is
high, level with the prezygapophysis. The neural spine is
damaged, lacking most of its dorsal portion. Its base is long,
being three-quarters the length of the centrum body (excluding
the posterior condyle). Its anterior margin is curved. The suture
between the centrum and the neural arch is visible and passes
far ventral to the diapophysis and dorsal to the parapophysis.
These relationships and the high position of the parapophysis
on the lateral surface of the neural arch suggest that this vertebra
would be the last cervical (ninth) or the first dorsal (10th), but the
anteroposteriorly short neural spine suggests that it is more prob-
ably the last cervical than the first dorsal. Several other isolated
vertebrae have been found.

Specimen FSAC BOUJ-1b is a cervical vertebra (Fig. 2J-M).
The centrum is procoelous and bears a parapophysis oriented lat-
erally and located in its anterior lateral portion. The ventral
surface of the centrum bears a robust and short tubercle. The
neural arch is considerably damaged, but its diapophysis is
visible on its lateral side, the centrum participating in its ventral
portion. Due to the shortness of the hypapophysis and the low
positions of the diapophysis and parapophysis, this cervical verte-
bra is probably an anterior one, anterior to the seventh, but its
exact location cannot be determined.

Specimen FSAC BOUJ-400 is an isolated procoelous centrum
lacking most of the neural arch (Fig. 2N, O). The suture between
the centrum and the neural arch is high on the centrum, and thus
the transverse process, preserved by its base, is more dorsal than
the dorsal margin of the centrum. This specimen is thus a dorsal
vertebra, and the absence of a hypapophysis suggests that it
was from the posterior part of the trunk.

Specimen FSAC BOUJ-1a is a biconvex centrum that pre-
serves a part of its neural arch (Fig. 2P). This shape is typical of
the first caudal vertebra in eusuchians. The anterior convexity is
smaller than the posterior one, and the centrum body is relatively
short. The broken transverse process is on the dorsal portion of
the centrum, and the centrum-neural arch suture passes ventral
to it. The neural spine is not preserved, and the prezygapophysis
extends far anterior to the centrum body.

Specimen FSAC BOUJ-124 is a procoelous centrum bearing
part of the transverse process (Fig. 2Q, R). The centrum is long
and low, and the anterior margin of the transverse process
extends far anterior to the anteroventral margin of the centrum.
This anterior margin is thus strongly anterodorsally inclined.
Due to its shape, this vertebra is a caudal.

Some osteoderm fragments are preserved. Specimen FSAC
BOUJ-96 is large, thick, and densely ornamented with deep pits
(Fig. 2T). No trace of a dorsal keel is visible. Its anterior

portion is lacking, so the exact shape of its outline cannot be com-
pletely evaluated. It articulated by means of a suture with a more
medial osteoderm of the same transverse row. No trace of a
suture is visible on the lateral side, so the osteoderm was probably
the lateral-most of the row. Specimen FSAC BOUJ-94 is a small
fragment of osteoderm with the same ornamentation pattern as in
FSAC BOUJ-96, but with an anterior smooth surface for articula-
tion with the preceding osteoderm (Fig. 2U). Specimen FSAC
BOUIJ-%4 is a left portion of a dorsal osteoderm (Fig. 2S). It is dor-
sally ornamented with deep pits and preserves an anterior smooth
surface. Its medial margin is sutured with the adjacent osteoderm.
Its medial margin is not straight but sigmoid.

GAVIALOIDEA Hay, 1930 (sensu Brochu, 1999)

Material -FSAC BOUJ-403, FSAC BOUJ-404, and FSAC
BOUJ-401, anterior to posterior portions of a left maxilla;
FSAC BOUJ-407, posterior portion of a left maxilla; FSAC
BOUJ-402, mid-portion of a right maxilla. All these specimens
are from the same individual. FSAC BOUJ-405, portion of a
left dentary.

Description—The preserved portion of the maxillae allows a
reconstruction of the shape of the snout (Fig. 3E-G). It is long,
slender, and wider than high. Its dorsolateral surface is ornamen-
ted with anteroposteriorly oriented shallow ridges and furrows.
The nasals are not preserved, but the medial distance separating
the maxillae dorsally suggests that they were narrow between the
maxillae, reaching the premaxillae dorsally. The posterior portion
of the premaxilla-maxilla suture is preserved and suggests that the
posterodorsal premaxillary posterior process reached at least the
second preserved maxillary alveolus. The palate also preserves
the premaxilla-maxilla suture which exceeds posteriorly the
level of the second preserved alveolus (Fig. 3E). The distance
between anterior left and right teeth is more than 4.5 times the
width of an alveolus. The number of preserved alveoli is 16 in
the left maxilla, but because several parts are lacking the
number was higher. Anterior to the first preserved tooth, the
palatal portion of the maxilla is prolonged by a long lamina,
excluding the presence of the premaxilla-maxilla lateral suture,
but suggesting the probable presence of a tooth anterior to the
preserved one before the premaxillary-maxillary suture. The pos-
terior-most portion of the maxilla bears three teeth, and their
difference in size from the posterior-most alveoli of the preserved
more anterior portion suggests that at least two alveoli are
lacking. Therefore, the number of maxillary teeth can be esti-
mated to be 19 or 20 teeth per maxilla. The palate surface is
lower than the tooth row such that the tooth row is underlined.
The diameter of the alveoli and the interalveolar distance are
nearly constant along the tooth row, the intervals being of
nearly the same size as the diameters of the adjacent
alveoli. The lateral margin of the maxilla is marked with
shallow grooves visible in dorsal view for the occlusion of
dentary teeth.

Specimen FSAC BOUJ-407 is a fragment of the posterior
portion of the left maxilla. It preserves on its medial surface
the trace of the suture with the ectopterygoid. The ectoptery-
goid reaches the level of the penultimate maxillary tooth.
The dorsolateral surface of the same fragment preserves a
trace of the maxilla-jugal suture. Therefore, the maxilla
extends well posterior to the ultimate tooth. Several teeth
are preserved in place (Fig. 3H-J). They are moderately
long, circular in cross-section, and their surfaces are smooth,
bearing anterior and posterior carinae. The posterior teeth
are laterodorsally oriented, whereas those from the mid-
length of the maxillary are much more anterodorsally oriented,
such that the carinae are located more medially and laterally
than anteriorly and posteriorly compared with the snout orien-
tation (Fig. 3E, F).
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FIGURE 3. Gavialoid remains from Gueran, Morocco. A-D, FSAC BOUJ-405, portion of a left dentary in A, dorsal, B, lateral, C, ventral, and D,
posterior views. E-G, FSAC BOUJ-401, FSAC BOUJ-402, FSAC BOUJ-403, FSAC BOUJ-404, and FSAC BOUJ-407, fragmentary snout in E,
ventral, F, left lateral, and G, dorsal views. H, FSAC BOUJ-401, 11th left maxillary tooth in lateral view. I, FSAC BOUJ-401, 13th left maxillary
tooth in lateral view. J, FSAC BOUJ-402, 13th right maxillary tooth in lateral view. Abbreviations: Ectp, ectopterygoid; MX-J, maxillojugal contact;
Pl, palatine; Pmx, premaxilla; SoF, suborbital fenestra. Scale bars equal 1 cm.

Specimen FSAC BOUJ-405 consists of a left portion of a
dentary and comprises four complete alveoli and the posterior
margin of a fifth (Fig. 3A-D). The lateral margin of the pre-
served mandible is parallel to the medial margin that is
sutured with the right dentary in the symphysis. The lateral
margin of the dentary is marked by deep natural notches that
indicate occlusal grooves for the maxillary teeth. The mandible
is more than twice as wide as it is high, and the symphysis was
probably very long. The distance between anterior left and
right teeth is more than 4.5 times the width of an alveolus.
The preserved alveoli are of nearly the same size, and the inter-
alveolar distance is slightly longer than the alveolus diameter.
The lateral and ventral surfaces of the mandible are smooth
and unornamented.

DISCUSSION
Taxonomic Affinities

All vertebrae found in Gueran are procoelous (Fig. 2G-R),
suggesting that all specimens found in this locality are probably
eusuchians (Salisbury et al., 2006) and pertain to one or several
species.

All skull and mandibular fragments pertain to longirostrine
specimens. The skull remains and FSAC BOUJ-405 have identi-
cal morphological characteristics (Fig. 3). They have the same
alveolus shape, the interalveolar distance is nearly equal to the
alveolus diameter, the distance between the left and right tooth
rows is 4.5 times the width of an alveolus, and the margins of
the alveoli are not at the same level as the surface between the
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tooth rows. Therefore, we consider that they probably belong to
the same species. Two groups of longirostrine crocodylians have
been described during the late Eocene: the gavialoids and the
tomistomines (Brochu, 2003). In our material, the number of
teeth is high, with at least 19 or 20 maxillary teeth, a number
only found in gavialoids, in which this number is from 16 to 30
(Miiller, 1927; Sill, 1970), whereas it is from 13 to 16 in tomisto-
mines (Jouve et al., 2014). The teeth are relatively short for longi-
rostrine forms, but their apex is sharp. Their peculiar orientation,
more anterodorsal than laterodorsal, is found in gavialoids only,
such as in Thoracosaurus isorhynchus (Pomel, 1847), or the
extant Gavialis gangeticus (S.J., pers. observ.), but in the latter
the teeth are long and slender. In tomistomines, the teeth are
more massive with a blunter apex, such as in Maroccosuchus zen-
naroi and Tomistoma lusitanica (Vianna and Moraes, 1945), or
long and slender with a sharp apex, such as in ‘Tomistoma’ cair-
ense Miiller, 1927, and Dollosuchoides densmorei Brochu, 2007
(Jouve et al.,, 2014). Even if the premaxillae are not preserved,
the premaxillary-maxillary suture on the palate exceeds poster-
iorly the level of the second preserved maxillary tooth, which is
probably the third. This character is a gavialoid apomorphy
(Jouve et al., 2008). Therefore, the skull fragments from
Gueran pertain to a gavialoid, but the material is too poor to
provide a more precise identification. Another posterior left frag-
ment of a mandible (FSAC BOUJ-406) may be related to the
same species with its small and regularly spaced rounded
alveoli (Fig. 2E, F), but it is too limited to be clearly attributed.

The number of teeth, their robust shape, and the unkeeled
osteoderms are characters congruent with those found in Maas-
trichtian—Paleocene basal gavialoids such as Thoracosaurus
isorhynchus (S.J., pers. observ.) and FEosuchus spp. (Brochu,
2006; S.J., pers. observ.). Nevertheless, Fosuchus differs from
the Gueran gavialoid in having a lateral margin of the maxillae
that curves throughout its length and short interalveolar dis-
tances. Eogavialis africanum (Andrews, 1901) also has unkeeled
osteoderms, comparable skull size, tooth number and shape,
and distance between them that strongly resemble the conditions
observed in the Gueran gavialoid. Its maxillary tooth row is also
underlined by the medial palatal surface, which is lower through-
out its length as in the Gueran gavialoid, whereas this is only
observed in the posterior portion of the palate in 7. isorhynchus
(SJ., pers. observ.).

Compared with gavialoid remains from the coeval Dor-El-
Talha (Bartonian of southern Libya) (Llinas Agrasar, 2004), no
clear differences can be noted. Unfortunately, the remains are
too poor to provide a detailed comparison.

The postcranial material bears few diagnostic characters, and
because the material from younger levels found in Ad-Dakhla
(Morocco) is formed mostly by this kind of remains (Zouhri
et al., 2018a), clear comparisons are difficult. Nevertheless, the
few teeth found in Ad-Dakhla with their robust shape resemble
those found in the gavialoid from Gueran.

Therefore, although the Gueran gavialoid is fragmentary, com-
parison suggests affinities with E. africanum. The Priabonian—
Rupelian age of this species, like its North African origin
(Egypt), is congruent with this hypothesis.

A second mandibular morphotype has been found in Gueran.
Specimen FSAC BOUJ-355 differs from other mandibular and
maxillary fragments. Its symphysis is 1.5 times wider than high,
whereas the symphysis is twice as wide in FSAC BOUJ-405, the
preserved alveolus is larger, the distance between the left and
right tooth rows is narrower, and the margins of the alveoli are
almost level with the surface of the dentary between the left
and right rows. Due to the shape of this symphysis, it cannot be
attributed to a gavialoid. The distance between the left and
right tooth rows is particularly narrow, a character never found
in any gavialoid and tomistomine. This shape of mandible is
found in longirostrine dyrosaurids (Jouve, 2007), neosuchians

with amphicoelous vertebrae. Even if no amphicoelous vertebra
has been found in Gueran, it cannot be excluded that this mandib-
ular fragment pertains to a dyrosaurid, because the last members
of this group are known until the Lutetian in Africa and the Bar-
tonian in Burma (Buffetaut, 1978). Awaiting better-preserved
material, this specimen is considered to be Crocodyliformes indet.

Paleobiogeographic Implications

Eocene and Oligocene gavialoids are particularly scarce, with
Eogavialis africanum from the Priabonian and Rupelian Fayum
beds, Egypt (Miiller, 1927), fragmentary remains from the Priabo-
nian of Ad-Dakhla, Morocco (Zoubhri et al., 2017), and the Barto-
nian of Dor-El-Talha, southern Libya (Llinas Agrasar, 2004), and
‘Gavialis’ dixoni Owen, 1850, from the lower-middle Eocene of
England and now considered to be a nomen dubium (Brochu,
2007) (Appendix S1 in Supplemental Data 1). The Moroccan
gavialoids are the westernmost known gavialoids from the
Eocene. These discoveries could be of particular importance,
because the earliest known South American gavialoids are from
the latest Eocene (Salas-Gismondi et al., 2016). The Eocene
and the Oligocene are particularly important in the dispersal of
gavialoids because the split between South American and
Asian clades of gavialoids could date from the late Eocene—Oli-
gocene (Salas-Gismondi et al., 2016). Moreover, phylogenetic
relationships suggest strong connections between basal South
American gavialoids, Eogavialis africanum, and the Moroccan
Argochampsa krebsi Hua and Jouve, 2004. Whereas Jouve
(2016) considered Aktiogavialis puertoricensis Vélez-Juarbe
et al, 2007, from Puerto Rico to be closely related to
E. africanum and Argochampsa krebsi to be sister taxon to
Asian and other South American gavialoids, Salas-Gismondi
et al. (2016) found that A. krebsi forms a clade with
A. puertoricensis and that E. africanum is closely related to this
clade plus Asian and other South American gavialoids. There-
fore, although an uncertainty exists in the relationships between
the forms that are basal to the Asian-South American clade,
and in the origin of the diversification of gavialoids in both conti-
nents, a clear relationship exists between Egyptian, Moroccan,
and South American gavialoids. In this context, Morocco could
have been the African platform for the migration to South
America. More material of the Gueran gavialoid could allow
reconstruction of its phylogenetic relationships and clarification
of the origin and date of the dispersal route of gavialoids to
South America.

Paleogene Climate, Sea level, and Longirostrine Crocodylian
Evolution

Crocodylomorphs are environmentally sensitive, and their dis-
tribution is strongly correlated with climatic constraints, driving
their latitudinal distribution (Markwick, 1998a, 1998b; Carvalho
et al., 2010; Martin et al., 2014; Mannion et al., 2015). The latitu-
dinal distribution of the Peri-Tethys longirostrine crocodylians,
gavialoids, and tomistomines varies through the Eocene and Oli-
gocene (Fig. 4C-H; Appendix S1 in Supplemental Data 1). They
are present in the northern part of the Northern Hemisphere,
such as in England, Belgium, Germany, and Ukraine during the
Ypresian and Lutetian (Fig. 4C, D) and in North Africa and not
far away from the northern margin of the Tethys in Europe
(southern France and northern Italy) during the Bartonian (Fig.
4E). The distribution of tomistomines seems also to differ
between early and late Lutetian: early Lutetian forms are
present in northern Europe, whereas late Lutetian tomistomines
are restricted to southern Europe as during the Bartonian (Jouve,
2016). Longirostrine crocodylians are present only in North
Africa and absent from the north Tethyan area during the Priabo-
nian and Rupelian (Fig. 4F, G). Numerous localities with



Jouve et al. —North African longirostrine crocodylians (e1617723-7)

10w 10E

28.1-23.03 My| H

30E

Oligocene

Bart.Priab|Rupelian|Chattian

Lutetian

Eocene

Ypresian

40N

10w 10E 30E

33.9-28.1 My

20N

G

40N

1ow 10E 30E

37.8-33.9 F

30W

40N

ow 10E 30E

41.2-37.8 My,

20N

3w 1w 30E

40N

20N

30W 10w 30E

4N @ Gavialoidea
% Tomistominae
208 @ Diplocynodon

¥ Asiatosuchus-like taxa

0
Sea Level (m)

Northern limit for the distribution

of longirostrine crocodylians

FIGURE 4. Comparison of the evolution of the distribution between longirostrine crocodylians, Diplocynodon, and Asiatosuchus-like crocodylians
with the evolution of A, paleotemperature (6180) and B, sea level through the Eocene and the Oligocene. C, Ypresian; D, Lutetian; E, Bartonian;
F, Priabonian; G, Rupelian; H, Chattian. Sea level data are from Miller et al. (2005), and §'0 data are from Zachos et al. (2008). Maps redrawn
from Jouve (2016) and Rogl (1999). For diversity data, see Appendix S1 in Supplementary Data 1. For §'®0 and sea level data, see Appendix S2 in

Supplementary Data 2.

Diplocynodon remains have been found in Europe during the
same periods, suggesting that the absence of longirostrine croco-
dylians from the north Tethyan area is not related to sampling on
this continent (Fig. 4G, H). Bartonian-Oligocene gavialoids are
absent from the northern margin of the Tethys area, whereas
tomistomines are absent from Europe and the Peri-Tethys area
from the Priabonian to at least the late Oligocene (Fig. 4). A
tomistomine has been described in the Chattian based on a
unique tooth of doubtful assignment (Antunes and Cahuzac,
1999). This progressive disappearance of gavialoids and tomisto-
mines from Europe, from north to south, may be correlated with
the constant climatic deterioration, illustrated by the variations in
the 5'%0 value (Fig. 4A) and oscillations of sea level (Fig. 4B)
(Miller et al., 2005; Zachos et al., 2008) (Appendix S2 in Sup-
plemental Data 2). Variation in latitudinal range according to cli-
matic variations has been observed in the Japanese tomistomine
Toyotamaphimeia machikanensis (Iijima et al., 2018) and was
suggested for European Eocene tomistomines (Jouve, 2016).

The same has been observed in Alligator mississippiensis, and
the presence of this species has been tentatively used as a climatic
proxy to reconstruct the climatic and environmental Neogene
variations in the central Great Plains (Whiting, 2016). Possible
variation of latitudinal distribution according to climatic fluctu-
ations has also been suggested for the late Eocene-early
Miocene alligatoroid Diplocynodon. Some authors suggested a
possible southward shift of this genus according to the Oligocene
and Miocene climatic deterioration (B6hme, 2003; Martin, 2010),
but the presence of Diplocynodon remains in Belgium and
Germany during the lower Oligocene contradicts this theory for
that period (Smith, 2003; Lange-Badré and Bohme, 2005; Karl,
2007). Compared with the distribution of gavialoids and tomisto-
mines, European Diplocynodon has a large latitudinal distri-
bution, from Spain to England. No significant variation is
observed through the Eocene-Oligocene, even during the earliest
Oligocene, the period with the lowest temperatures (Fig. 4).
Differences exist in the environments occupied by Diplocynodon



Jouve et al. —North African longirostrine crocodylians (e1617723-8)

and longirostrine crocodylians. All Diplocynodon remains were
found in freshwater environments, whereas most of the Paleo-
gene tomistomines and gavialoids are marine forms. The sea
level (Miller et al., 2005) has fluctuated considerably through
the studied period, but it becomes drastically lower during the
late Lutetian—Bartonian. Tomistomines are present in southern
Europe during this period but absent during the following one
(Priabonian), when the sea level is not so different. Moreover,
Asiatosuchus-like taxa are also known in the early and middle
Eocene in Europe, and if their presence is probable during the
Bartonian they are completely absent later (Fig. 4). The extinc-
tion of Asiatosuchus-like taxa has been related to the climatic
deterioration of the late Eocene (Vasse, 1992) and cannot be
related to sea level. These taxa have been found in similar
environments to that of Diplocynodon, and no environmental
factors other than climate-sensitive differences can explain the
difference in the survivorship between the taxa.

The difference in the distribution of longirostrine crocodylians
and Diplocynodon may be partly explained by the difference in
their marine and freshwater preferences. Freshwater environments
were not impacted by sea level changes, but this cannot explain the
difference between Diplocynodon and Asiatosuchus-like taxa. Cli-
matic deterioration was probably the main factor that drove the
latitudinal distribution and disappearance from high latitudes of
longirostrine crocodylians. The sea level, which impacted all
coastal marine environments without latitudinal differences, may
be an aggravating factor and may have affected their diversity,
which became lower in general, not only in the Peri-Tethys area.

These differences in distribution could be related to tolerance
of a wider range of climatic conditions in Diplocynodon
(Martin, 2010). Such differences are observed in extant species.
Alligator mississippiensis occupies higher latitudes than any
other extant crocodylian (Thorbjarnarson, 1992; Lance, 2003)
and may be better adapted, physiologically and behaviorally,
for survival in cooler conditions than other members of extant
Crocodylia (e.g., Asa et al., 1998; Whiting, 2016). The sympatric
American crocodile, Crocodylus acutus, which is restricted to
the southern part of the distribution observed for
A. mississippiensis, seems to have its northward expansion in
southwestern Florida controlled by temperature (Kushlan and
Mazzotti, 1989). Critical temperature is not known for
C. acutus, but increased mortality has been suggested during a
winter freeze in south Florida with a water temperature of 13—
14°C (Moler, 1991), far from the low temperatures easily sup-
ported by A. mississippiensis. Such differences in climatic toler-
ance could have existed during the Eocene-Oligocene between
Diplocynodon and longirostrine crocodylians tomistomines,
gavialoids, and Asiatosuchus-like taxa.

The transition between the end of the Eocene and the begin-
ning of the Oligocene is marked by large-scale extinction and
floral and faunal turnover, particularly in Europe (e.g., Stehlin,
1909; Houben et al., 2012; Goldner et al., 2014). The variation
observed in longirostrine forms is not related to the ‘Grande
Coupure’ but seems to be related to a longer event that began
during the Lutetian. Eocene climatic deterioration, helped by
sea level oscillations, impacted the marine longirostrine crocody-
lians in their distribution and caused extinction of some other cro-
codylians restricted to Europe, such as Asiatosuchus-like taxa. A
late Eocene-Oligocene decline in crocodylian diversity was pre-
viously statistically suggested (Mannion et al., 2015), but a south-
ward migration of the northern limit in the distribution of some
crocodylian groups is highlighted here as differential tolerance
in the range of climatic conditions.

CONCLUSIONS

At least two species are present in Gueran, a gavialoid and a
second longirostrine form of indeterminate affinities. This

diversity is identical to that is observed later in late Eocene Egyp-
tian and Libyan localities. Unfortunately, the remains are too
fragmentary to determine their precise affinities. Nevertheless,
the presence of a Bartonian gavialoid in the west African
margin is of particular interest, and better-preserved material
allowing the reconstruction of the affinities of this species could
provide important data on gavialoid dispersal to South America.

The analysis of the Eocene—Oligocene distribution of longiros-
trine crocodylians brings new information on their evolution and
relationship to climatic variations and oceanic oscillations. Differ-
ences are observed in the distribution of the longirostrine croco-
dylians and Diplocynodon. Whereas gavialoid and tomistomine
distribution decreases, that of Diplocynodon remains unchanged.
Eocene climatic deterioration may have caused the southward
migration of the northern limit in the distribution of some croco-
dylian groups, and the extinction of some other European croco-
dylians. Differential tolerance in the range of climatic conditions
may explain the survivorship of Diplocynodon in Europe. This
should be considered in future diversity analyses comparing cli-
matic oscillations, and considering the crocodylians, and some-
times the Crocodylomorpha, as a homogeneous group. Such
identification of climatic tolerance could also help to precisely
use crocodylians as climatic proxies.
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