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The Indian gharial (Gavialis gangeticus) is not found in saltwater, but the geographical distribution of fossil

relatives suggests a derivation from ancestors that lived in, or were at least able to withstand, saline

conditions. Here, we describe a new Oligocene gharial, Aktiogavialis puertoricensis, from deltaic–coastal

deposits of northern Puerto Rico. It is related to a clade of Neogene gharials otherwise restricted to South

America. Its geological and geographical settings, along with its phylogenetic relationships, are consistent

with two scenarios: (i) that a single trans-Atlantic dispersal event during the Tertiary explains the South

American Neogene gharial assemblage and (ii) that stem gharials were coastal animals and their current

restriction to freshwater settings is a comparatively recent environmental shift for the group. This discovery

highlights the importance of including fossil information in a phylogenetic context when assessing the

ecological history of modern organisms.
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1. INTRODUCTION
Gavialis gangeticus (the Indian gharial) is a large crocody-

lian with a long, tubular snout often thought to reflect a

specialization for catching fishes (Langston 1973). Its

historical distribution is limited to inland drainages of the

Indian subcontinent (Smith 1933; Singh 1991). Although

there are anecdotal reports of its occurrence in seasonally

brackish bodies of water (Annandale 1915), it favours

deep rivers and is viewed as a freshwater reptile. It is also

thought to be the most aquatic living crocodylian with

limited overland dispersal capacity (Whitaker & Basu

1983). One might thus expect a distribution for Gavialoidea

(G. gangeticus and all crocodylians closer to it than to

Alligator mississippiensis or Crocodylus niloticus; Brochu

2003), either limited in geographical scope or dominated

by vicariance.

Although many Neogene fossil gavialoids occur in non-

marine depositional systems (e.g. Janensch 1911; Lull

1944; Langston 1965; Langston & Gasparini 1997), their

post-Oligocene geographical distribution is difficult to

reconcile with a vicariance model. They appear in South

America during the Miocene with no known close relatives

in North America, suggesting dispersal from Africa or, less

probably, Asia (Buffetaut 1982; Langston & Gasparini

1997; Brochu & Rincon 2004). Vicariance explains this

distribution only if derived gavialoids have unsampled

histories on multiple continents extending from the

Miocene back to the Mesozoic.

Nearly all reported gavialoids from the Late Cretaceous

through the Palaeocene—the so-called ‘thoracosaurs’—

are from shallow marine or marginal marine deposits (e.g.
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Köken 1888; Troedsson 1924; Piveteau 1927; Gallagher

et al. 1986; Schwimmer 1986; Erickson 1998; Zarski et al.

1998; Weems 1999; Laurent et al. 2000; Brochu 2004,

2006; Hua & Jouve 2004; Robb 2004; Delfino et al. 2005).

This might support transoceanic dispersal as an important

factor in explaining gavialoid distribution, but these are

controversial owing to the debate over the relationships

and divergence timing of extant Gavialis. Parsimony

analyses of morphology support a clade including

thoracosaurs and more derived gavialoids at the base of

Crocodylia, with a divergence time between Gavialis and

any other living crocodylian minimally in the Campanian

(Norell 1989; Salisbury & Willis 1996; Brochu 1997,

2003; Hua & Jouve 2004; Jouve et al. 2006). Molecular

data consistently support a close phylogenetic relation-

ship between Gavialis and another freshwater-restricted

crocodylian—the Indonesian false gharial (Tomistoma

schlegelii )—and the divergence time between them within

the Tertiary (Densmore 1983; Densmore & Owen 1989;

Hass et al. 1992; White & Densmore 2001; Gatesy et al.

2003; Harshman et al. 2003; Janke et al. 2005; McAliley

et al. 2006). If molecular data are correct with respect to

divergence time, thoracosaurs are not gavialoids

(Harshman et al. 2003) and are irrelevant to the debate

surrounding the ecology and physiology of extinct relatives

of Gavialis.

We describe a new fossil gavialoid from the Oligocene

San Sebastián Formation of Puerto Rico (figure 1) closely

related to extinct gavialoids from the Mio–Pliocene of

South America. Although relationships among derived

gavialoids are ambiguous about the biogeographic origin

of the Neotropical clade, the presence of a member in the

Greater Antilles during the Oligocene supports an African

origin with a single trans-Atlantic dispersal event. The

Puerto Rican gharial and other South American gharials
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Figure 1. (a) Map of the western half of Puerto Rico showing the location of the town of San Sebastián. (b) Geologic map of the
locality where UPRMP 3094 was collected. Star indicates the site where holotype was collected. Contour intervalZ100 m.
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are from marginal marine deposits which suggests that the

ability to live in, or at least withstand, saltwater was typical

among gavialoids until comparatively recently.
2. SYSTEMATIC PALAEONTOLOGY

CROCODYLIA Gmelin 1789 (sensu Benton & Clark

1988)

GRYPOSUCHINAE tax. nov.

GAVIALOIDEA Hay 1930 (sensu Brochu 2003)

Aktiogavialis puertoricensis tax. nov.

(a) Etymology

Aktios, Gr., from the shore or beach; gavialis, gharial;

puertoricensis, Puerto Rico.

(b) Holotype

University of Puerto Rico Department of Geology

Paleontology Collection, Mayagüez (UPRMP) 3094,

incomplete skull including the braincase and skull table

behind the orbits (figure 2).

(c) Locality and horizon

The holotype was collected from a medium- to coarse-

grained sandstone in the lower San Sebastián Formation

exposed along Rı́o Guatemala near the town of San

Sebastián (18821 024.6 00 N, 66859 041.8 00 W; figure 1).

Exposures in the area consist of soils interbedded with

marine mudstones and siltstones grading up into deltaic

sands, all of which are part of the basal San Sebastián

Formation (Ward et al. 2002). Additional vertebrate

remains from the section include elasmobranchs, turtles,

sirenians and rodents (MacPhee & Wyss 1990; J. V. J. &

H.S. unpublished data).

Biostratigraphically informative ostracodes from

mudstones in the collection area indicate an Oligocene

age for the section (van den Bold 1965). Strontium

isotopic ages ( Johnson et al. 2006; Ramirez et al. 2006)

and biostratigraphic evidence from planktic foramini-

fera and calcareous nannofossils (Monroe 1980; Frost

et al. 1983; Seiglie & Moussa 1984) from the lower part
Proc. R. Soc. B
of the overlying Lares Limestone unambiguously place

the San Sebastián–Lares contact within the Upper

Oligocene, further indicating a pre-Miocene age for

the holotype.

An isolated crocodylian caudal vertebra was collected

from the same horizon as the holotype. Other crocody-

lian remains collected from stratigraphically lower units

at this locality consist of vertebrae and scutes similar to

those from other San Sebastián localities (Brochu et al.

2007).
(d) Diagnosis

Gavialoid crocodylian with a distinct fossa extending

anteriorly from the supratemporal fenestra on the dorsal

postorbital surface. Absence of prootic exposure on the

lateral braincase wall with at least some gryposuchines.

Supratemporal fenestrae are larger anteroposteriorly

than mediolaterally (could reflect ontogenetic

variation).
(e) Description

Although incomplete, the preserved portions are undis-

torted (figure 2). Water abrasion obscures some sutures.

The margins of the orbits are upturned medially and

posteriorly, giving them the ‘telescoped’ appearance

typical of more derived gavialoids. The dorsal surfaces of

the fused frontals are concave between the orbits and bear

an anteroposteriorly oriented groove on the ventral surface

for the olfactory tract. The postorbital bars are not

preserved, but the ventral surfaces of the postorbitals

indicate where they descended from the skull table and

indicate robust bars.

The skull table is dorsally reflected anteriorly, and the

postorbitals form a pair of arches where they form the

orbital margins. The supratemporal fenestrae are sub-

circular with long axes oriented anterolaterally. The

frontoparietal suture intersects the fenestral margins, but

the parietal and postorbitals maintain robust contacts

within the fenestral space. Within the supratemporal

fenestrae, the quadrate forms the ventral margin of the

circular temporal foramen.
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Figure 2. UPRMP 3094, holotype, Aktiogavialis puertoricensis: (a,b) dorsal view, (c,d ) ventral view, (e, f ) posterior view, and
(g,h) right lateral view. Scale bar, 1 cm. boc, basioccipital; bs, basisphenoid; bsr, base of basisphenoid rostrum; dp.eoc,
descending process of exoccipital; eoa, external otic aperture; eoc, exoccipital; eor, external otic recess; f, frontal; fm, foramen
magnum; lcf, lateral carotid foramen; ls, laterosphenoid; meu, median Eustachian foramen; npd, roof of nasopharyngeal duct;
oc, occipital condyle; olf, pathway of olfactory tract; orb, orbit; pa, parietal; pff, fossa anterior to supratemporal fenestra; po,
postorbital; pob, base of postorbital bar; pt, pterygoid; ptf, post-temporal fenestra; q, quadrate; soc, supraoccipital; sq,
squamosal; stf, supratemporal fenestra; tf, temporal foramen; V, trigeminal foramen; vf, vagus foramen; XII, aperture for 12th
cranial nerve.
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A distinct fossa extends anteriorly from the supratem-

poral fenestra on the dorsal postorbital surface

(figure 2a,b). The floor of the fossa is pitted and the

posterior limit corresponds with the postorbital–parietal

suture. This feature is unknown in any other crocodylian.

The posterior margin of the skull table projects

posteriorly and forms an acute process. The supraoccipital

is exposed dorsally as a diamond-shaped element at

the posteriormost tip of this process adjacent to the

parietal. The dorsal surfaces of the post-temporal

fenestrae appear not to have extended back to the

posteriormost tip of this process.

The squamosal bears an indistinct, but anteriorly

flaring, lateral groove for attachment of the ear flap

musculature (figure 2g,h). The squamosal is dorsoven-

trally very thin immediately dorsal to the triangular

external otic aperture. Within the otic recess, the

squamosal forms the posterior and dorsal margins of the

aperture, and the squamosal–quadrate suture intersects

the apertural margin at its posteroventral corner.

Portions of the lateral braincase wall are damaged,

making it difficult to trace some sutures. However, there is

no trace of the prootic on either lateral braincase wall, and

the surface surrounding the trigeminal foramen (where the

suture would be expected in a gavialoid) is relatively well

preserved on both sides (figure 2g,h). A notch on the

laterosphenoid extending anteriorly from the trigeminal

foramen probably indicates the pathway of the ophthalmic

branch of the trigeminal nerve. A shallow fossa ante-

roventral to the trigeminal foramen constricts the brain-

case where the lost basisphenoid rostrum would have

attached. The posterior half of the lateral braincase wall is

concave behind a thin dorsoventral crest on the surfaces of

the quadrate and pterygoid.

The laterosphenoid capitate processes meet the ventral

surface of the skull table with anterolaterally oriented

anterior margins (figure 2c,d ). Most of the pterygoid is

missing, but the dorsal surface of the nasopharyngeal duct

is preserved, suggesting a posteroventrally oriented

aperture with a modest dorsal septum. The medial

Eustachian foramen is large and encircled by the basi-

sphenoid, which is exposed as an anteroposteriorly broad

element between the basioccipital and pterygoid.

In posterior view (figure 2e, f ), the dorsal margin of the

skull table slopes ventrally lateral to the parietal. The

exoccipitals meet at the midline dorsal to the foramen

magnum and bear broad descending processes that

continue to the ventral surface of the basioccipital tubera.

The vagus foramen is an oval slit projecting poster-

oventrally, and the lateral carotid foramen is a circular

opening immediately ventral to the vagus foramen. A

single foramen for the accessory nerve is preserved on the

right side. Since the basisphenoid suture is not preserved

on the lateral braincase surface, the relationship between

the lateral exposure of the basisphenoid and lateral carotid

foramen cannot be ascertained. The right posterior

pterygoid process is a small, posteriorly projecting element

lateral to the basioccipital tuber. The lateral Eustachian

foramina are not preserved, but the ventral margin of the

basioccipital tubera is nearly horizontal in posterior view,

with deep posterior concavities between the sagittal crest

and lateral sides, suggesting a placement lateral to the

median Eustachian foramen.
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3. PHYLOGENETIC ANALYSIS
(a) Methods

Aktiogavialis was added to a matrix of 166 morphological

characters (Brochu 2004, 2006; Brochu & Rincon 2004;

see electronic supplementary material). The matrix

included 57 ingroup taxa including Aktiogavialis. The

putative gavialoid Piscogavialis jugaliperforatus (Kraus

1998) from the Miocene of Peru was added based on

codings published by Delfino et al. (2005) with modifi-

cations from direct observation of the type. Bernissartia

fagesii and Hylaeochampsa vectiana were designated as

sequential outgroups.

The matrix was subjected to a maximum parsimony

analysis using PAUP* v. 4.0b10 (Swofford 2002). One

hundred heuristic searches were performed with the

starting order of ingroup taxa randomized in each search.

Bootstrap support, based on 100 000 replicate datasets,

was assessed both globally (for the complete set of taxa

used in the parsimony analysis) and locally (for a dataset

restricted to the gavialoids, with Borealosuchus sternbergii

and H. vectiana used as outgroups).

(b) Results

The analysis recovered 289 446 equally optimal trees, all

but one within a single parsimony island (lengthZ449, CI

without uninformative charactersZ0.424, RIZ0.785).

The strict consensus topology (figure 3) is consistent

with previous analyses, with a monophyletic Gavialoidea

at the root of Crocodylia and Tomistominae nested deeply

within Crocodyloidea.

Based on these results, A. puertoricensis is a derived

gavialoid belonging to a group otherwise occurring in the

Mio–Pliocene of South America: P. jugaliperforatus, Siqui-

siquesuchus venezuelensis (Brochu & Rincon 2004); Grypo-

suchus colombianus (Langston 1965); and Ikanogavialis

gameroi (Sill 1970). This group is closely related to extant

Gavialis and Miocene Gavialis from the Indian

subcontinent.

Bootstrap support is comparatively low (figure 3),

and trees one step longer than optimal cause relation-

ships within the clade including Gavialis and the South

American forms to collapse. Within the South Amer-

ican clade, all placements of Aktiogavialis are equally

optimal except as the sister taxon to Ikanogavialis or

Piscogavialis (each of which would increase tree length

by one step).
4. DISCUSSION
(a) Nomenclature

We define Gryposuchinae as a stem-based group name

including Gryposuchus jessei (Gürich 1912) and all

crocodylians closer to it than to G. gangeticus or

T. schlegelii. We acknowledge the relatively low support

Gryposuchinae currently receives, but we expect this to

grow as new characters are added to the analysis and more

complete fossils are described.

(b) Phylogenetic relationships

Until recently, the Tertiary record of crocodylians in

Puerto Rico was limited to fragmentary material that

could not be diagnosed to any particular crocodylian

lineage (MacPhee & Wyss 1990). However, isolated

osteoderms and a left quadrate ramus were consistent



Ikanogavialis gameroi

Piscogavialis jugaliperforatus

Siquisiquesuchus venezuelensis

Gryposuchus colombianus

Aktiogavialis portoricensis

Gavialis gangeticus

Siwalik Gavialis

Eogavialis africanum

Argochampsa krebsi

Eosuchus lerichei

Eosuchus minor

Thoracosaurus macrorhynchus

Thoracosaurus neocesariensis

Eothoracosaurus mississippiensis

Bernissartia fagesii
Hylaeochampsa vectiana
Govialoidea
Borealosuchus sternbergii
Borealosuchus formidabilis
Borealosuchus acutidentatus
Borealosuchus wilsoni
Pristichampsus vorax
Planocrania datangensis
Planocrania hengdongensis
Alligator mississippiensis
Caiman yacare
Paleosuchus trigonatus
Stangerochampsa mccabei
Brachychampsa montana
Diplocynodon darwini
Leidyosuchus canadensis
Prodiplocynodon langi
Asiatosuchus germanicus
'Crocodylus' affinis
Belgian crocodyloid
Asiatosuchus grangeri
'Crocodylus' acer
Brachyuranochampsa eversolei
Kentisuchus spenceri
Dollosuchoides densmorei
Gavialosuchus americanus
'Tomistoma' cairense
Paratomistoma courti
Tomistoma lusitanica
Tomistoma schlegelii
Gavialosuchus eggenburgensis
Kambara implexidens
Australosuchus clarkae
'Crocodylus' megarhinus
Osteolaemus tetraspis
Osteolaemus osborni
Voay robustus
'Crocodylus' pigotti
Euthecodon arambourgii
Rimasuchus lloydi
Mecistops cataphractus
Crocodylus porosus
Crocodylus palaeindicus
Crocodylus niloticus
Crocodylus rhombifer

57
62

75

52

52

56
G

av
ia

lis
 g

an
ge

tic
us

 

K
Pa

l
E

o
O

lig
M

io
Pl

io
–Q

ua
t

Gryposuchinae

E
os

uc
hu

s 
le

ri
ch

ei

Th
or

ac
os

au
ru

s 
m

ac
ro

rh
yn

ch
us

E
og

av
ia

lis
 a

fr
ic

an
um

 

E
os

uc
hu

s 
m

in
or

Th
or

ac
os

au
ru

s 
ne

oc
es

ar
ie

ns
is

E
ot

ho
ra

co
sa

ur
us

 m
is

si
ss

ip
pi

en
si

s

A
rg

oc
ha

m
ps

a 
kr

eb
si

Si
w

al
ik

 G
av

ia
lis

Ik
an

og
av

ia
lis

 g
am

er
oi

P
is

co
ga

vi
al

is
 ju

ga
lip

er
fo

ra
tu

s

Si
qu

is
iq

ue
su

ch
us

 v
en

ez
ue

le
ns

is

G
ry

po
su

ch
us

 c
ol

om
bi

an
us

 

A
kt

io
ga

vi
al

is
 p

or
to

ri
ce

ns
is

SA

SA

SA

SA

PR

IN

IN

AF

AF

EU

NA

EU

NA

NA

?NC

C

C

?NC

C

NC

NC

?C

C

C

C

C

C

C

(a)

(c)

(b)

Figure 3. (a) Strict consensus of 289 446 equally optimal trees from maximum parsimony analysis; Gavialoidea collapsed.
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with corresponding parts from gavialoids. In particular,

the osteoderms were rectangular, concave anteriorly in

dorsal view and had small keels closer to the posterior

margin than the anterior. This latter feature is typical of

derived gavialoids, including Neogene gryposuchines

(Brochu et al. 2007).
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Although quantitative support for the position of

Aktiogavialis among gavialoids is low, supporting char-

acters are compelling. The descending processes of the

exoccipitals lateral to the occipital condyle are anteropos-

teriorly broad and extend to the ventral surface of the

basioccipital tubera, a feature found exclusively in
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gavialoids. The basisphenoid is not exposed as a broad

sheet ventral to the median Eustachian foramen, and it

shares with Eosuchus and more derived forms an

anteroposteriorly broad basisphenoid adjacent to the

median Eustachian aperture. The orbital margin is

telescoped, as are those of Eogavialis, Gavialis and

other gryposuchines. With Gavialis and gryposuchines,

Aktiogavialis shares small, posteriorly oriented posterior

pterygoid processes.

Gryposuchines share a lack of a broad prootic exposure

around the trigeminal foramen on the lateral braincase wall.

Most gavialoids retain the plesiomorphic condition for

Crocodylia, in which the prootic can be seen on the lateral

braincase wall partially surrounding the trigeminal

foramen. Three gavialoids—Aktiogavialis, Gryposuchus and

Piscogavialis—lack this exposure (Langston & Gasparini

1997; Brochu & Rincon 2004; C. A. Brochu 1995, 1997;

personal observations). This condition also occurs indepen-

dently among derived alligatoroids and crocodyloids. The

condition of the prootic is unknown in Ikanogavialis and

Siquisiquesuchus. Other characters supporting gryposuchine

monophyly (Brochu & Rincon 2004) are unknown in

Aktiogavialis.

Water abrasion complicates this interpretation.

Sutures are difficult to trace on the external surface,

and the absence of a lateral prootic exposure could

reflect non-preservation. If we recode the character

expressing exposure of the prootic as unknown in

Aktiogavialis, it can equally parsimoniously be made the

sister species to any of the derived gavialoids, resulting in

the collapse of the South American clade and Gavialis

(figure 3). Discovery of additional material would clarify

the matter.

Another complication is possible immaturity of the

specimen. Differences in the shape of the supratemporal

fenestrae, and in the extent to which the frontoparietal

suture intersects the fenestral margins, are ontogenetically

variable in extant crocodylians. Specific allometric

changes vary among taxa, but in extant Gavialis the

supratemporal fenestra grows comparatively wider, con-

stricting the interfenestral bar in older animals and

incorporating a frontoparietal suture that, in earlier

ontogenetic stages, lies entirely on the dorsal skull table

surface (Kälin 1933; Brochu 2004).

The shape of the supratemporal fenestrae approximates

that of immature Gavialis—the long axis is oriented

anterolaterally and diverges from the sagittal plane by

approximately 258. In contrast, the supratemporal fenes-

trae of larger gryposuchines are mediolaterally wider than

long, as is the case in adult Gavialis. This suggests that

UPRMP 3094 is from an immature animal. Likewise, the

temporal foramen is circular and not a slender slit, as in

mature South American gryposuchines or Gavialis.

Two aspects of the skull table, however, are inconsistent

with ontogenetic variation as observed in modern Gavialis.

First, the frontoparietal suture intersects the supratem-

poral fenestral margin in UPRMP 3094. This condition

occurs in older Gavialis in which positive allometry in the

size of the fenestra pushes its anterior limit past the suture,

but not in individuals with anteroposteriorly elongate

fenestrae or in individuals of approximately the same size

as UPRMP 3094. Second, the shallow fossa anterior to the

fenestra does not occur in other gavialoids at any

ontogenetic stage.
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(c) Historical biogeography

The San Sebastián Formation was deposited in a basin

resulting from subsidence of the Puerto Rico Trench

(Monroe 1980). It consists of clay and sandy clay, with

some local conglomerates and sandstones, overlying

Cretaceous through Eocene rocks. The formation was

predominantly formed in shallow marine, deltaic and

estuarine depositional environments.

Siquisiquesuchus and Piscogavialis were also found in

coastal settings (Kraus 1998; Brochu & Rincon 2004).

These could be washout from inland sources, but the

multiple occurrences, along with the presence of at least

one form (Aktiogavialis) on what was then an island

(Iturralde-Vinent & MacPhee 1999), argue that these

occurrences might reflect the actual environment in which

they lived.

The provenance of other Miocene gryposuchines is

less clear. Gryposuchus colombianus is derived from non-

marine deposits of Colombia (Kay & Madden 1997), but

Gryposuchus and Ikanogavialis have been reported

from the Urumaco sequence of Venezuela, which

includes both marine and non-marine units (Sill 1970;

Linares 2004; Sánchez-Villagra & Aguilera 2006). It is

unclear whether Urumaco gavialoids are from fluvial or

shallow marine portions of the sequence. Other South

American gavialoids are from freshwater units (e.g.

Rusconi 1935; Gasparini 1968; Bocquetin & Buffetaut

1981; Souza-Filho & Bocquetin 1989). There are no

truly marine crocodylians alive today—those found in

seawater also occur in freshwater (Ross 1998)—but in

the absence of evidence placing fossil forms in coastal or

marginal marine deposits, it is prudent to assume that

these were freshwater animals.

Post-Palaeogene fossils unambiguously closer to

G. gangeticus than to Gryposuchinae derive from the

southern Asian mainland (Lull 1944) or Java (Janensch

1911; Delfino & de Vos 2006). All are from freshwater

deposits, and Java was sometimes connected to the Asian

mainland during the Neogene and the Quaternary (Voris

2000; Hall 2001). But derived gavialoids have been found

in Neogene coastal deposits of the Arabian Peninsula

(Rauhe et al. 1999) and the Quaternary of the Solomon

Islands (Molnar 1982). Relationships of these forms to

either Gryposuchinae or Gavialis are unknown, but they

suggest a more complicated biogeographic scenario for

Gavialoidea than ecology of the single living species

would indicate.

Eogavialis africanum is from Late Eocene–Oligocene

deposits in the Fayum Depression of Egypt that also

represent both marine and non-marine deposits (Bown &

Kraus 1988; Gingerich 1992; Gagnon 1997). It has been

sampled from multiple horizons throughout the sequence

(Andrews 1906; Buffetaut 1982), but we do not know

whether the museum specimens observed come from both

shallow marine and fluvial deposits.

Uncertainty over provenance, combined with unre-

solved phylogenetic relationships among gryposuchines,

makes it difficult to assess whether the last common

ancestor of Gavialis and gryposuchines was a coastal

animal. But if we resolve gryposuchine relationships

according to stratigraphic occurrence, with Aktiogavialis

and Siquisiquesuchus forming successive outgroups to

remaining members of the group, and if we assume that

Eogavialis was a coastal form, then the last common



Gharial from Puerto Rico J. Vélez-Juarbe et al. 7
ancestor of gryposuchines and Gavialis is most parsimo-

niously presumed to have occurred in a coastal setting.

Whether the ancestors of Gryposuchinae are of African

or Asian origin is ambiguous on current phylogenetic

estimates (Brochu & Rincon 2004), but an African origin

has been preferred historically (e.g. Langston 1965;

Buffetaut 1982; Langston & Gasparini 1997) largely

because the Atlantic would be a much smaller barrier to

cross than the Pacific and warm equatorial Atlantic

currents run from east to west. The results of this analysis

do not resolve the phylogenetic ambiguity, but the fact that

the oldest member of the group (Aktiogavialis) is from the

Greater Antilles rather than a Pacific locality supports the

trans-Atlantic scenario.

Strictly speaking, the gavialoid fossil record does not

falsify the hypothesis that vicariance explains the distri-

bution of Neogene gavialoids. The fossil record is

incomplete. But South America was isolated from the

rest of Gondwana by the end of the Mesozoic, and

although crocodyliforms are prominent members of

Cretaceous Gondwanan faunas (e.g. Gasparini 1996;

Buckley et al. 1997, 2000; Gomani 1997; Larsson &

Gado 2000; Krause 2003; Sereno et al. 2003; Turner

2004; Pol & Apesteguı́a 2005; Candeiro & Martinelli

2006; Salisbury et al. 2006; Zaher et al. 2006), nothing

related to Gavialis has been reported. Range extensions of

roughly 75 Myr in South America and 65 Myr in Africa

would be required to accommodate vicariance.

A coastal dispersal route along the North Atlantic is

also problematic. Thoracosaurs are found in marginal

marine deposits on both sides of the North Atlantic, but

these are distantly related to gryposuchines (figure 3).

Long-snouted crocodylians from coastal North America

and Europe after the Early Eocene are tomistomines

unrelated to gryposuchines (e.g. Auffenberg 1954;

Antunes 1961; Buffetaut et al. 1984; Erickson & Sawyer

1996; Brochu 2001).

Other secondarily aquatic tetrapods are thought to have

dispersed between Africa and the Neotropics since the

Eocene, including seals (Deméré et al. 2003; Fyler et al.

2005), manatees and dugongs (Domning 2001; Vianna

et al. 2006), and crocodiles (Crocodylus; Brochu 2001).

The same is true for several non-aquatic tetrapods,

including monkeys (Schrago & Russo 2003), rodents

(Poux et al. 2006), geckos (Carranza et al. 2000) and

skinks (Carranza & Arnold 2003). Clear examples of low-

latitude dispersal across the Pacific to South America of

coastal or freshwater tetrapods are lacking.

The oral cavity of extant Gavialis is keratinized. This is

thought to limit osmotic loss of water in hypersaline

environments among living crocodylians, and its presence

in freshwater crocodylians (including Gavialis) was

thought to be the evidence that crocodylians passed

through a marine phase early in their history (Taplin

et al. 1985; Taplin & Grigg 1989). This suggests at least

partial tolerance of saltwater. But like living alligatorids

(which, with rare exception, avoid saltwater), Gavialis

lacks the large salt-excreting glands found on the tongues

of crocodylids (Taplin et al. 1982; Taplin & Grigg 1989;

Taylor et al. 1995; Jackson et al. 1996; Leslie & Taplin

2001). Whether absence in Gavialis is plesiomorphic or a

derived loss is unknown, but if Gavialis is secondarily

limited to freshwater, lingual salt glands (which leave
Proc. R. Soc. B
no trace on the skeleton) might be expected in saltwater

predecessors.

We therefore have a clade of derived gavialoids, at least

some found in former coastal areas, in areas geographi-

cally separated from the ranges of known relatives in Africa

and Asia. The fossils expected with vicariance- or circum-

Atlantic dispersal-based models have not been found, and

the oral morphology of Gavialis is consistent with

saltwater tolerance. Taken together, these observations

lend support for earlier suggestions that Neotropical

gavialoids are descended from ancestors that crossed the

Atlantic (Buffetaut 1982; Langston & Gasparini 1997).

Ongoing fieldwork in Puerto Rico will hopefully reveal

more complete remains of Aktiogavialis and help resolve its

relationships with other gavialoids, but fieldwork in South

America and Africa is needed to allow a more complete

and robust picture of gavialoid history throughout the

Cenozoic. Further phylogenetic work on all crocodylians,

living and extinct, is necessary to allow the integration of

biogeographic information from fossils with physiological

information from their living descendents.
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Kearney, P. Holroyd and R. Kraus. This work was supported
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Kälin, J. A. 1933 Beiträge zur vergleichenden Osteologie des
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