


Fig. 1 The Gharial (Gavialis gangeticus) from the Indian 
subcontinent. Credit: C. A. Brochu.
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dwarf or smooth-fronted caimans (Paleosuchus) are basal 
to other members of the group. 7 ere is consensus that 
11 species of crocodile (Crocodylus) form a clade, with 
a 12th—the African Slender-snouted Crocodile (Mecis-
tops cataphractus)—being basal to either Crocodylus or 
the African dwarf crocodiles (Osteolaemus). 7 e Indo-
nesian False Gharial (Tomistoma schlegelii) is univer-
sally seen as being closer to crocodiles than to alligators. 
7 ese groups—Alligatoridae and Crocodylidae—belong 
to more inclusive groups (Alligatoroidea and Crocody-
loidea, respectively) that include extinct relatives of the 
“families” (5).

Relationships among derived caimans and within 
Crocodylus are unclear, but this reP ects a lack of reso-
lution in most data sets, probably as a result of the 
recency of their divergences (7, 8). 7 e only real con-
troversy involves the Indian Gharial, G. gangeticus. 
Morphological data strongly support a distant relation-
ship and comparatively ancient divergence (Mesozoic, 
minimally 80 Ma) between Gavialis and other liv-
ing crocodylians. Tomistoma, based on these data, 
joins Crocodylus, Mecistops, and Osteolaemus within 
Crocodylidae. Molecular data sets usually support a 
close relationship between Gavialis and Tomistoma and a 
much more recent divergence between them. In this case, 
Gavialis and Tomistoma would form a monophyletic 
Gavialidae and extant Crocodylidae would be limited to 
Osteolaemus, Mecistops, and Crocodylus (5, 9–15).
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Abstract

Crocodylia (23 sp.) includes the living alligators and caim-
ans (Alligatoridae), crocodiles (Crocodylidae), and ghari-
als (Gavialidae). Relatives of Alligatoridae and possibly 
Gavialidae fi rst appear in the early Campanian of the late 
Cretaceous (~80 million years ago, Ma), but some molecu-
lar estimates place the earliest split within Crocodylia 
before 150 Ma. Estimating divergences within Crocodylia 
is complicated by unresolved confl ict over how living and 
extinct gharials are related to alligatorids and crocodylids. If 
Gavialidae and Crocodylidae are close relatives, their diver-
gence could be anywhere between 20 and 80 Ma.

Crocodylia includes the alligators, caimans, crocodiles, 
and gharials found throughout the world’s tropics 
(Fig. 1). Twenty-three living species are currently rec-
ognized (1), though some probably represent cryptic 
species complexes (2–4). 7 e fossil record of the group 
extends to the early part of the Campanian (84–71 Ma) 
and includes over 150 known species, with many more 
awaiting description (5). 7 ey are semiaquatic ambush 
predators and include the largest living reptiles. Some 
of these species are used in the exotic leather indus-
try and, as such, are important economic resources 
for impoverished nations; others are critically endan-
gered. Crocodylians are central to research in devel-
opmental biology, osmoregulation, cardiophysiology, 
paleoclimatology, sex determination, population gen-
etics, paleobiogeography, functional morphology, and 
reptile genomics. 7 eir dense fossil record, with A rst 
appearance data throughout the clade’s stratigraphic 
range, gives us an excellent opportunity to empirically 
test methods used to estimate divergence times from 
molecular data (6). In this paper, I discuss divergence 
times within Crocodylia based both on the fossil record 
and on the nucleotide sequence data.

Virtually all data agree on the monophyly of Alliga-
toridae, including the two living alligators (Alligator) and 
six or more living caiman species. Among caimans, the 
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Fig. 2 A timetree of crocodylians (Crocodylia). Divergence times are shown in Table 1.
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good (5). 7 e inference is that their divergence is prob-
ably not much earlier than their A rst fossil appearances. 
But although the fossil record of late Jurassic (161–146 
Ma) and early Cretaceous (146–100 Ma) crocodyliforms 
is excellent, the record through the middle Cretaceous, 
especially of close relatives of Crocodylia, is much less 
complete (27). Phylogenetic uncertainty over Gavialis 
and its putative fossil relatives also complicates the 
situation.

7 ese dates are consistent with molecular clock esti-
mates based on distance data (28, 29). Gavialis is the 
only exception—most (though not all) molecular data 
posit a Cenozoic (66–0 Ma) divergence between them 
(Table 1, Fig. 2). 7 is diB ers from most prominent con-
P icts between molecular and morphological data; in 
most cases, molecular data suggest substantially older 
divergences than the fossil record suggests. In this case, 
molecular estimates are tens of millions of years younger 
than the earliest known fossils. For this reason, the 
phylogenetic identity of Cretaceous and Paleocene gavi-
aloids is controversial (9, 30).

Application of quartet dating to several mitochondrial 
genes showed a strong relationship between the ages of 
the internal calibrations used and the resulting estimate 
of divergence time between alligatorids and crocodylids. 
In all cases, two internal calibration points were used: one 
within Alligatoridae and another within Crocodylidae. 
Estimates based on post-Eocene calibrations are uni-
formly younger than those in which one or both calibra-
tion points was of Eocene age or older. Estimates based 
on two calibrations of very diB erent age—one within 
the past 30 million years and one older than 50 million 
years—are usually close to the Campanian A rst appear-
ance datum (6, 31).

Recent studies based on mitogenomic data resulted 
in widely diB erent divergence estimates for the same 
nodes. 7 e A rst (14) used nonparametric rate smooth-
ing (NPRS), penalized likelihood (PL), and Bayesian 

7 is complicates eB orts to use internal calibration 
points for the group and compare molecular diver-
gence times with the fossil record. Divergence estimates 
between Tomistoma and Gavialis make little sense when 
their fossil relatives cannot be arranged on the tree. 7 ere 
are what appear to be robust calibration points within the 
clade, but some of these (e.g., the Tomistoma–Crocodylus 
split) make little sense when the fossils bracketing the 
divergence point exclude lineages that molecular data 
argue should be included.

Several A rst appearances within Crocodylia are robust. 
7 e oldest alligatorid, Navajosuchus mooki, is from the 
lowermost Paleocene (66–62 Ma). 7 e lineage including 
Alligator was generally localized in North America and 
Eurasia at a time when non-marine vertebrate sampling is 
good. Caimans also A rst appear in the Paleocene (66–56 
Ma), albeit with a spottier fossil record. Minimal mor-
phological divergence between the oldest known alliga-
torids and their closest extinct relatives suggests that the 
last common ancestor of alligators and caimans lived at 
or near the Cretaceous–Paleogene boundary, approxi-
mately 66 Ma (16, 17). Slightly older calibrations used in 
some analyses (15, 18) are based on arbitrary extensions 
of the fossil date (17) and may be close to the origination 
time, but this is di1  cult to test.

7 e tomistomine–crocodyline split can be placed 
minimally in the Ypresian stage of the Eocene (56–49 
Ma) based on the tomistomine Kentisuchus and the croc-
odyline Kambara. 7 e degree of disparity among early 
crocodylids and close relatives is minimal (19–21).

Several Campanian (84–71 Ma) alligatoroids are 
known (22–25), and the oldest crocodyloid is from the 
Maastrichtian (71–66 Ma) (5). Older crocodyloid fos-
sils have been reported (26), but these are based on 
fragmentary material that cannot be reliably assigned 
to Crocodylia. 7 e basal-most alligatoroids and croco-
dyloids are morphologically very similar, and the A t 
between stratigraphic and phylogenetic occurrence is 
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Table 1. Divergence times (Ma) and their confi dence/credibility intervals (CI) within Crocodylia.

Timetree Estimates

Node Time Ref. (6)(a)

Time

Ref. (6)(b)

Time

Ref. (6)(c)

Time

Ref. (14)(a) Ref. (14)(b) Ref. (15)(a)

  Time CI Time CI Time CI

1 102.6 41.0 71.0 107.0 137.0 144–130 164.0 184–144 101.0 104–98

2 63.8 – – – 74.0 80–68 85.0 101–69 47.0 50–44

Timetree Estimates (Continued)

Node Time Ref. (15)(b) Ref. (15)(c) Ref. (16)(a) Ref. (16)(b) Ref. (16)(c)

  Time CI Time CI Time CI Time CI Time CI

1 102.6 97.0 102–92 – 106–100 33.0 39–27 42.0 48–36 55.0 76–34

2 63.8 49.0 54–44 49.0 53–45 – – – – – –

Timetree Estimates (Continued)   

Node Time Ref. (16)(d) Refs. (10, 32) (a) Refs. (10, 32) (b)

  Time CI Time CI Time CI

1 102.6 78.0 99–57 112.0 116–110 147.0 155–142

2 63.8 – – – – 73.0 78–71   

Note: Node times in the timetree represent the mean of time estimates from different studies. In ref. (6), time estimates were 
generated from the quartet analysis of four mitochondrial genes with both calibrations from the Neogene (a), with one Neogene 
and one Paleogene calibration (b), and with calibrations both from the Paleogene (c). In ref. (14), NPRS (a) and Bayesian (b) analyses 
of mitogenomic amino acid sequences were conducted. In ref. (15), estimates from PL (a), NPRS (b), and Bayesian (c) analyses on 
mitogenomic amino acid sequences using an internal calibration are shown; additional analyses using nucleotide sequences or 
excluding the internal calibration are very similar. In ref. (16), PL estimates from nucleotide (a, b) and amino acid (c, d) alignments and 
based on one (a, c) or fi ve (b, d) calibration points are shown. Refs. (13, 42) report NPRS studies of two nuclear and four mitochondrial 
genes where Gavialis was excluded (a) and included (b).
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when the alligator–caiman calibration was excluded. 
7 e most signiA cant diB erence appears to be the 
lower bound of one of the external calibration points 
(marsupial– eutherian), which was cut from 174 Ma (14) 
to 138 Ma (15). 7 is may have inP ated the divergence 
estimates in the earlier study and reinforces the import-
ance of calibration choice in molecular divergence time 
estimation.

Dates reported from RAG1 data using PL (18) appear 
anomalous at A rst. As with the mitogenomic studies, a 
relationship between estimate and calibration choice 
was noted; but aligned nucleotides put the alligatorid–
crocodylid split between 42 and 33 Ma (Table 1) and the 
alligator–caiman split between 21 and 17 Ma. Fossil A rst 
appearances are two to three times older. But when ana-
lyzed as amino acid sequences, 95% conA dence intervals 
around dates estimated for the same divergence points 
either include, or come close to including, A rst appear-
ances from fossils (Table 1). 7 is is in contrast to the 

methods. It estimated a gavialid–crocodylid divergence 
near fossil predictions (albeit with a diB erent topology), 
and the Gavialis–Tomistoma divergence (36–48 Ma) 
postdates current fossil evidence, but other estimates 
were substantially older (Table 1), including a late Jurassic 
(161–146 Ma) alligatorid–crocodylid split.

7 e second study (15) was similar to its predeces-
sor, but with improved taxon sampling and an internal 
calibration point (alligator–caiman) for some analyses. 
Recovered dates were much younger than in the pre-
ceding mitogenomic analysis, including a Gavialis–
Tomistoma divergence of 28–22 Ma (Table 1). 7 e 
alligatorid– crocodylid divergences were slightly older 
than fossil A rst appearances (~100 Ma).

7 ese two studies were operationally very similar. 
7 ey used similar mitogenomic data and dating meth-
ods. Outgroup sampling was nearly identical, and they 
used the same external calibration points. Estimates 
in the second study (15) did not change appreciably 
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7 e most important implication comes from younger 
rather than older molecular dates. Many putative gavi-
aloids and tomistomines predate molecular estimates of 
their divergence (15, 29, 36) by tens of millions of years. 
We continue to reevaluate these fossils, but for now they 
continue to support a minimum divergence of 80 Ma 
between Gavialis and Tomistoma, even if they are con-
strained as closest living relatives (13, 37).

Extension of basal divergences to the late Jurassic or 
early Cretaceous brings them within the time frame of 
Gondwanan breakup. It would be tempting to argue that 
early divergences lend support to a vicariance model for 
crocodylian historical biogeography. However, the bio-
geographic distribution of crocodylians, with or with-
out fossils, does not match a vicariant pattern (38). Most 
extant lineages are fully capable of withstanding expos-
ure to salt water (39), and whether one relies on the pre-
ferred morphological or molecular tree, branching order 
is inconsistent with plate tectonic history. Dispersal 
remains the best explanation for the distribution of most 
crocodylian clades.
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