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Introduction

Nile crocodiles and American alligators be-
long to a group of reptiles called broad-nosed
crocodilians. In the warmer parts of the world,
broad-nosgd crocodilians are the largest preda-
tors to walk on land. They are living fossils in
the sense that they resemble ancient forms in
the shapes and the ruggedness of their heads
and bodies.

Their ecology and evolution is far better un-
derstood today than a few years ago. It is now
possible to show which natural history patterns
are universal and which are confined to one spe-
cies, and to test explanations as to why certain
crocodilians are living fossils. In this chapter I
will outline their natural history and point out
where new information has caused major
changes in perspective. )

It is now clear that only one group of croco-
dilians, the broad-nosed group, is at all stable.
-Species change, predators and prey change, but
the common broad-nosed shape is perpetually
renewed. The question arises: What processes
make them living fossils?

Phyletic constraints (inability to produce ma-
jor new forms) are an unlikely explanation in
view of new fossil evidence. The-broad-nosed
group has given rise to many offshoots, includ-
ing forms with delicate narrow snouts. forms
with duckbills, and forms with strange tall
snouls. Some tall snouted species were so ler-

restrial that they had hooves! The broad-nosed
group now appears as a central core in crocodil-
ian evolution. able to innovate on many levels.

An ecological explanation for the stability of
the core group is that the ancient design is se-
lected by combat and by dispersal in avoidance
of combat. Combat and dispersal are important
in three processes: predation of small crocodil-
ian species by larger species, cannibalism of
subadults by adults. and sexual competition.
Because these three conflicts are interactions
among members of the group, the shape of indi-
viduals is partly insulated from extrinsic selec-
tive pressures from other groups, such as pred-'
ators and prey.

Divergence from the core group can occur
when a population gives up one or more con-
flicts. It can then replace the combat-ready de-
sign with a design better suited to catching
small aquatic prey or to catching terrestrial
prey. The divergent population may change fur-
ther when it contacts broad-nosed crocodilians
which eat or drive the new specialist from habi-
tats where it can be caught.

Analogous conflicts between life stages
within a species, between species of similar
shape, and sexual competition may stabilize
shape in other groups of animals and in plants.

I outline below the ecology, geography, rela-
tionships, variation, fossil record, and diversity .
of crocodilians, arranged in sections so that the
reader may follow his or her own interests. The

105


Mireya Viloria
Cuadro de Texto


Mireya Viloria
Cuadro de Texto


Mireya Viloria
Cuadro de Texto


Mireya Viloria
Cuadro de Texto


Mireya Viloria
Cuadro de Texto



RECENT ® @ ® (“]

PLEISTOCENE

—_

PLIOCENE L ]

MIOCENE, MID
LOWER

[ N X 2K )
@
i

OLIGOCENE

EOCENE, UPPER . 9,

Bridger Fm. @ .1 . ®

Washakie Fm. ®

reen R. fm. ..' | .15

Wasatch Beds ' q

PALEOCENE, UP. | e

Tongue R. Fm. @

Nacimiento Fm.
Torrejonian

|
Puercan i !
I

B —

NUS (SRS

el T

1
URavenscrag Fm. b
|

|

CRETACEOUS, UPPER

Lance Fm. |

Hell Creek Beds

Judith R. Fm. L] @
Kirtland Shale | L]

{six formations) }.l 7

JURASSIC, UPPER ° |o



Mireya Viloria
Cuadro de Texto


Mireya Viloria
Cuadro de Texto



-
data consist of my observations of American
alligators *~ natural habitats and the primary lit-

erature. ¢ ieralizations are built around exam-
ples from e continent and time: and to avoid
oversimp  :ation brief note is made whether

exceplioh. are known from other continents
and times. We begin with the age of the broad-
nosed shape and its common Lraits.

Relative Constancy of Shape

Many living broad-nosed crocodilians are so
similar to extinct species that if they were ex-
hibited side-by-side in zoos. the public and
many herpetologists would be hard pressed to
distinguish them. Examples of the first known
forms are Goniopholis lucasii of North America
and G. simus of Europe (shown as outline V in
Table 1). Although they lived in the Upper Ju-
rassic, more than 140 million years ago, their
skulls had only a small difference in outline
from several living crocodiles: The notches in

the snout that receive the large canine teeth of

the lower jaw are somewhat deeper in the Juras-
sic forms. The external similarity may not re-
flect direct ancestry of the living species, be-
cause the vertebrae and the position of the
major air passages in the skulls of the ancient
species show that they belong to an extinct sub-
order.

The common features of broad-nosed species
are an amphibious head profile, a massive head
in adulthood, a relatively wide snout, and a dis-
tinctive body shape described below. Some di-
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versity is apparent in head outlines when
viewed from above.

The amphibious head profile has nostrils,
eyes, and ears higher than the rest of the head
(Schmidt 1944; Cott 1975). lordansky
(1973:244) suggested that this profile makes a
crocodile “‘inconspicuous to its terrestrial prey

. . when floating™’. This profile may be more
important in  concealment—ocrypsis—f{rom
other crocodilians in predation, sexual competi-
tion, and cannibalism. It may have little role in
concealment from many underwater prey and
predators.

The adult skull is massive, and the jaw gape is
large in all species. The head is used with an
unusual technique in combat, and in dismem-
bering very large prey. The crocodilian seizes a
limb or other convenient part in its jaws, then
rolls over and over, tearing the part off
(Schmidt 1944: Cott 1961; photos in Root and
Root 1971). Broad-nosed species generally lack
shearing teeth (Langston 1965: many others).
and so cannot carve their meat, unlike the ex-
tinct terrestrial crocodilians and other terres-
trial predators.

The external differences among broad-nosed
species often seem minor because of the am-
phibious outline and sturdy construction of the
head, and because head outline as seen from
above changes during early growth. Good clean
skulls can be assigned to species by the sizes
and shapes of major bones, and aspects of their
taxonomy based on anatomy have been con-
firmed by chromosome data in Cohen and Gans
(1970). Some of the most useful traits in keys to

* Head shapes are repeated from the Upper Cretaceous to the present, with little progression or divergence among

amphibious forms

* Shapes intermediale between categories occur repeatedly.

* Each dot represents a different species. except for two Recent species. as shown in Appendix 1.

* Head profiles:
I A. mississippiensis
Il Alligator mcgrewi
11 Caiman sclerops fuscus
IV Crocodylus moreleti
Subscripts in the Table are:
1 Shape is inferred from partial material.

2 Snout has a constriction near the base deeper than in 1.

3 Shape shares traits with I, 11, and I1I.

v Goniopholis simus

VI C. acutus

VIl C. johnstoni: narrow-snouted, shown for compari-
son only.

4 Rear of skull is narrower than in 111, resembling Paleosuchus trigonatus.

5 Shape is intermediate between V and II1.

7 This giant skull has an unusual outline in Colbert and Bird's 1954 restoration, based on fragmentary material.

The head profiles of living species are for adults of moderate size for that species. The profiles are approximate because
all change with growth and some change with geography (see text). Profile 11 is from Schmidt (1941), V is from Hulke
(1878:Fig. 3) and may be distorted at the guadrates in preservation, and all others are from Wermuth and Mertens (1961).
Species names and references are in Appendix 1.
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scale arrangements (Brazaitis 1973; Wermuth
and Mertens 1961). :

Body shapes are quite similar throughout his-
tory in the broad-nosed group. Their major limb
bones are short and almost slender, the feet are
always plantigrade and are never paddles, and
the tail is long and flat.

Habitats

With very few exceptions, the meeting place of
land and water has always been home for the croco-
dilians.

(Minton and Minton 1973:13)

Alligator and crocodile habitats range from
quite stable to very unstable. Their way of life
or niche is broad as defined by habitat variety
and by predators and prey.

The American alligator lives in almost every
wetland category in eastern Georgia. from
flooded forest to the Atlantic Ocean (Meyer
1975: in preparation). Its broad ecological toler-
ance is indicated by the large differences in
available sunlight, temperature, and visibility
between habitats such as flooded forests and
flooded marshes. Tolerance is also known by
alligator occurrence at scasonally dry sites and
al manmade places such as canals and dammed
ponds. Use of a wide range of habitats is also
seen in Nile crocodiles (Cott 1961) and Austra-
lian estuarine crocodiles (Messel et al. 1981).

Use of water offers advantages in tempera-
ture regulation and energy savings, in addition
to concealment. Spotila et al. (1972:1100) found
that use of water “‘cnables the alligator to sur-
vive a wide range of temperatures . . . Without
water the alligator is severely restricted during
the day and at night.”” Swimming is energeti-
cally less costly than walking for marine igua-
nas (Gleeson 1979) and 1 infer the same for am-
phibious crocodilians, for whom dispersal over
long distances is important.

Subadult alligators use some sites where wa-
ter i1s lacking for several months of the year.
Subaduits often live in marginal habitats lacking
large adults. Habitat shift of subadults away
from adult sites is best documented for Ameri-
can alligators at natural sites (Meyer 1975; in
preparation). (Natural is defined in Appendix
2.) It may also occur in estuarine crocodiles and

simply disappear from sight, often not reap-
pearing until they are approximately 1.5 m long
(Messel et al. 1981; Cott 1961). Day/night shifts
of subadult activity also may occur at some
sites (Cott 1961; Watson et al. 1971). Cannibal-
ism, discussed in the next section, appears to be
the driving force of habitat shift.

Deep open ocean is rarely occupied by croco-
dilians at any lifestage today, although they of-
ten live on shorelines and in estuaries. They
disperse across deep ocean, but rarely feed and
never breed there (Meyer, in preparation). On
warm continents there are few wet areas not
occupied by crocodilians. These few have very
rough water (Modha 1967; Messel et al. 1981;
personal observation), or cold springs. They
also include certain large African lakes after a
local faunal extinction (Beadle 1974; many
others), and a section of the Mekong River run-
ning in a very deep gorge (G. Davis, personal
communication). Habitats and ecology are dis-
cussed further in three reliable ‘introductions
with citations: Minton and Minton (1973),
Webb (1977), and the beautifully illustrated Cott
(1975).

Prey and Predators

The prey and predators of broad-nosed croc-
odilians span an enormous range of sizes and
orders, and vary with geography and time. The
most universal predation on this group is canni-
balism. Large adults are almost immune from
predation.

Large prey is usually taken by drowning (Col-
bert 1962). Single Nile crocodiles have been
seen seizing and drowning adult male giraffes,
full-grown African buffalo bulls, and an adult
male lion (Pienaar 1966, 1969). An° American
alligator was seen drowning a feral boar weigh-
ing more than 227 kg (over 500 Ib) (Mcllhenny
1935). Adult Nile crocodiles also seize mam-
mals on land by wailing next to game trails
(Cott 1961). In contrast, I find no record of
crocodiles in Australia or caimans in South
America taking large native mammals.

Diets differ radically from site to site, and
small prey comprise almost the entire diet at
some sites. Consider the contrast between the
primary diets of Nile crocodiles at three locali-



ties: (1) snails, by crocodiles of many size
classes, including the largest, up to 3.68 m (12
i) long (Cott 1961): (2) insects, [rogs, and canc
rats (Cott 1961); and (3) a single species of fish,
by crocodiles from less than I m to more than 4
m long, at a lake where available invertebrates
are rare (Graham [968). American alligator di-
ets may diverge even more by locality: at one
site, subadults take primarily apple snails (Fo-
garty and Albury 1967); at another, almost ex-
clusively muskrats, while ncarby alligators took
snakes, fishes, and crabs (McIlhenny 1935); at a
third site, @ mixed primary dict of crayfish, tur-
tles, and muskrats (Giles and Childs 1949): and
finally, entirely vertebrates—herons. turtles.
and garfish (Mcllhenny 1935).

The idea that crocodilians are opportunists
and generalists, eating the most locally abun-
dant prey, is not supported by Chabreck’s
(1971) work with an alligator subadult popula-
tion. In fresh water, they took primarily cray-
fish, birds, and a few fishes, but ignored abun-
dant mammals and frogs. In nearby saline
water, they took less food by volume. primarily
crabs and crayfish, but no birds or mammals.
The opportunist and generalist notion is sup-
ported by diets of some individuals. e.g., a wild
estuarine crocodile eating crabs, an eel, a green
sea turtle, and apparently pigs (Allen 1974), and
occasionally by eating introduced species—
livestock and humans.

Foraging goes beyond ambush predation to
include search hunting. For example, American
alligators repeatedly steal eggs from Canada
goose nests at one site (Chabreck and Dupie
1976); juvenile alligators and Nile crocodiles act
as lerrestrial insectivores under some condi-
tions (Cott 1961; Meyer, in preparation); and
adults scavenge carcasses in water and on land.

Predators on crocodilians vary greatly by
continent, and except for cannibals many are
modern in aspect. To emphasize crocodilian
survival in the fhce of such diverse predation, |
list the species involved. Black bears and rac-
coons often eat American alligator eggs, and
otters and fishes take the young at times (Dietz
and Hines 1980; Joanen 1969: Metzen 1977:
others). In contrast, native rodents and varanid
lizards eat Australian estuarine crocodile eggs
(Webb 1977). Olive baboons often rob Nile
crocodile nests, and a wide array of adaptive
types take eggs at various sites, including:
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varanid lizards, hyenas, jackals, mongooses,
warthogs, and maribou storks (Cott 1961; P.
Shipman, personal communication). Birds of
six families, including eagles, take juveniles and
lions kill the smaller adults (Cott 1961). Eggs
are drowned when nests are flooded (Magnus-
son 1982); abiotic causes of mortality are not
otherwise very important.

Cannibalism is the only predation common to
all continents. Nile crocodiles are “‘much ad-
dicted to cannibalism’™ based on “‘(i) injured
specimens, (ii) direct observation, and (ii1)
stomach contents’ (Cott 1961). The larger a
Nile crocodile is, the more likely it is to eat
another (Cott 1961). Cannibalism is also known
in estuarine crocodiles (Messel et al. 1981;
Webb 1977) and the medium-sized spectacled
caiman (Staton and Dixon 1975). Nichols et al.
(1976) noted that **this maortality source is prob-
ably the major density dependent factor operat-
ing on Louisiana alligator populations.™

Cannibalism is limited to conflicts where the
prey is unlikely to inflict much damage on the _
predator. The cannibalism cited above involves
adults eating subadults. 1 have circumstantial
evidence that subadults eat unprotected juve-
niles: When a subadult moved into their burrow
at a natural site during a drought, most juvenile
alligators vanished. and a thorough search
failed to find them. (Size classes are defined in
Appendix 2.) At some sites, eggs are ealen by
adults, including females who did not nest that
season. cited under female competition below.

Where there are strong.clues that cannibalism

. might interfere with an individual’s genetic con-

tribution to the next generation, cannibalism is
not reported in crocodilians. 1 find no record of
a male killing a nesting female of his own spe-
cies at any natural site, even though males are
often larger. 1 find no eyewitness report of
adults cannibalizing juveniles in natural condi-
tions in any species; instead, adult response to
juvenile distress calls is well known (e.g. Ro-
mero 1983). At nursery sites in zoos or dis-
turbed situations, subadults may be chased
away or bitten gently, if they can then escape.
This behavior has been reported for Nile croco-
diles, (Pooley 1977), Morelet’s crocodiles (Hunt
1977), American alligators (Hunt and Watanabe
1982) and marsh crocodiles (Whitaker 1974).
Very large crocodilians are almost immune
from predation from any source (Dowling, per-



I accept for near-immunity is (1) the maximum
size known Killed is much less than the maxi-
uium observed body size. (The largest individ-
ual reported killed by any predator was a lion-
killed Nile crocodile 3.53 m (11 ft 7in.) long, 0.5
m above minimum male breeding size in some
populations [Cott 1961].) (2) A very long life is
required to reach the great sizes documented
even in the 20th century, because adult growth
rates in nature (Mcllhenny 1935; Cott 1961;
Chabreck and Joanen 1979) are so low: and (3)
many adult crocodilians are larger than their
potential predators.

Comparing body sizes of predators walking
on land indicates that at least one crocodilian
species on every warm continent grows large
enough to be almost free from predation. A wild
alligator or crocodile 4.6 m (15 ft) long weighs
more than 400 kg, heavier than any sympatric
terrestrial predators: tigers, lions, bears of
warm climates, and giant snakes. Lengths

~szigater than 15 ft have been measured in the

wild, although weights are rarely taken. Ameri-
can alligators have been measured at 5.84 m and
5.64 m (19 ft 2 in. and 18 ft 6 in., Mcllhenny
1935), estuarine crocodiles at 6.1 m (20 ft) with
larger estimates (Australia and India: Webb and
Messel 1978a), Nile crocodiles at 5.5 m (18 ft)
and a likely 6.4 m (21 ft) (Africa, see ref. in Cott
1961), and Orinoco crocodiles measured at 6.78
m (22 ft 3 in.) and estimated at 7.3 m (24 ft)
(South America; Humboldt 1876).

Great size and probable near-immunity from
predation also occurred in the past. The largest
predators of all times to walk on land were the
dinosaur Tyrannosaurus and the crocodile De-
inosuchus (Phobosuchus) (Kurten 1978). Both
lived in the Upper Cretaceous. Colbert and Bird
(1954) estimate the giant crocodile’s length in
life as up to 50 ft (15.2 m). I estimate the likely
boundaries of its size are 11 m (36 ft) and 6
metric tons, up to a less likely 15.2 m (50 ft) and
18.8 tons. This size range reflects the need to
reevaluate its skull shape (W. Langston, per-
sonal communication) and the problems of size
estimates suggested by Webb and Messel
(1978a) for the estuarine crocodile. Based on

co-occurrence of fossils in deposits in six
~ states, Baird and Horner (1979) suggest that the
giant crocodile, rather than Tyrannosaurus,
was a major predator on duckbilled dino-
Saurs.

Broad-nosed crocodilians occt - widely in
tropical and warm temperate zones. They have
unusual dispersal ability, moving casily to new
river systems and to isolated wetlands. There is
a clear pattern of endemism: The same species
is not found in the interior of more than one
continent.

Crocodilians live on every tropical continent
and at least six species live in subtropical and
temperate areas (Meyer, in preparation; Honeg-
ger 1975; see Dowling and Duellman 1978). The
primary physical limit to ranges today is tem-
perature, with all species limited to the zone
between 40° north and 40° south of the equator
(modified from limits of 35° north and south,
suggested by Ostrom 1969). Cool climates have
often set limits to distributions in the past (Sill
1968). The geography of the higher living taxa
was thoughtfully reviewed by Dowling and
Duellman (1978) and by Darlington (1957).

The Nile crocodile has the largest land distri-
bution of any crocodilian. Its range includes all
of Africa except the northwest, and even some
oases in the Sahara desert in historical {imes
(Minton and Minton 1973: others). An extinct
African species also had a very large range
(Tchernov 1976). Ranges of 200,000 sq km are
moderate to small for most species in the interi-
ors of continents.

Species with much smaller ranges are usually
confined to islands or an isthmus by a very large
crocodile. Examples are the Cuban crocodile
(maximum length 3.7 m) and Morelet’s croco-
dile (maximum approximately 2.9 m), both of
which are confined by the American crocodile
(maximum 6?7 m), (Schmidt 1924, 1932, 1944).
This confinement presumably stems from direct
predation, which Medem (1971) describes as the
limit to sympatry. The small range of the Chi-
nese alligator may result from elimination by
humans (Honneger 1975: Wermuth and Mer-
tens 1961). I find no indication that the range of
any broad-nosed species is limited primarily by
a mammal or bird group, e.g.. by distinct allop-
atry with a warm-blooded predator.

Dispersal

Subadult and adult crocodilians have the un-
usual dual ability to travel ecasily overland and
by water. This enables species to cross barriers




between drainage systems. It also allows croco-
dilians to occupy isolated wetlands, come into
chronic conflict with each other, and to leave
areas of intense conflict.

The most numerous dispersing groups are
.subadults and young adults. They are poten-
tially abundant in species of large body size be-
cause clutches are large, and growth time to
size of first reproduction is long (9 to 15 yr)
(data in Cott 1961; Mcllhenny 1935; Graham
1968; Chabreck and Joanen 1979). Subadult alli-
gators are ‘‘consistently more active over a
wider range of environmental conditions’” than
adult alligators (McNease and Joanen
1974:499). In view of Terpin et al.’s findings
that **a very small alligator is more closely tied
to the limits of its climate space™ (1979:311), |
suggest that they live closer to their physiologi-
cal limits than adults do, especially when mov-
ing overland distant from water.

Overland travel is extensive for the Nile croc-
odile (Pienar 1966), American alligator
(MclIlhenny 1935; my observations), and three
caiman species (Medem 1971; Gorzula 1978).
My data indicate that the sizes walking on dry
land range from subadult to large adult, because
females from isolated sites are courted by adult
males, and their progeny later disperse from
those sites. The importance of overland travel
is underscored by Zug's (1974) report that croc-
odilians are the only living reptiles to gallop.

The best documented long distance swim-
ming records are for estuarine crocodiles. A ra-
diotagged male 3.2 m (10.5 ft) long moved *‘at
least 130 km, some 80 km being around the sea
coast”” of Australia (Webb and Messel 1978b).
A 3.8 m (12.5 ft) male lived at Ponape Island,
Eastern Caroline Islands, 1360 and 2400 km
from the two nearest crocodile populations (Al-
len 1974). In Louisiana marshes, with their net-
work of manmade canals, tagged bull alligators
moved an average of .75 km each summer day.
A large adult and a subadult each moved 52+
km in less than 9 months (Joanen and McNease
1972; McNease and Joanen 1974). These record
distances were set where no other crocodilian
species was present, and all were set by males.

Endemism

All fossil broad-nosed species from North
America were endemic (compare Appendix I
with taxa listed in Steel 1973: Meyer, in prepa-
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ration). No broad-nosed crocodilian species oc-
curs in the interior of more than one continent
today or in history, even when the continents
were closer together in the Late Jurassic and
Early Cretaceous. Where a species occurs on
two continents or on many islands, its popula-
tions seem restricted to within 300 km of the
seacoast on the second land mass. Examples
are the spectacled caiman and American croco-
dile (my interpretation of Central American
maps of Smith and Smith 1977, C8 and C10),
and estuarine crocodile (Australian maps and
data in Messel et al. 1981). Exceptions to pre-
cise coastal limits may occur in major rivers.
Endemism determines the minimum number of
species worldwide.

Variation Within Species

There is substantial variation in anatomy and
ecology in the few species carefully surveyed.

It is surprising to find, among a conservative group
like the crocodiles. evidences of rapid evolutionary
change and faunal discontinuities, as is demonstrated
among Neogene and Quaternary taxa in eastern
Africa.

(Tchernov 1976:370)

The Nile crocodile has changed substantially
in time: A fossil jaw from Olduvai is more ro-
bust than that of the modern form (1.5 to 1.9
times as high, and broader). A related species
shows little geographic variation in the Mio-
cene. but underwent a “‘local adaptive radia-
tion”" into “*four significantly different, readily
distinguishable populations™ in the Pliocene
and Pleistocene (Tchernov 1976). T

Several living species show considerable geo-
graphic variation. For example, one of Me-
dem’s subspecies of the living spectacled
caiman is strikingly different in the taper of its
snout from other Caiman sclerops (1955, 1960).
In the Nile crocodile, living populations vary
greatly from each other in head shape and in
maximum body size (Kaelin 1933; Cott 1961).
(Seven subspecies are suggested by Fuchs et al.
(1974), but the adequacy of the material is
doubted by Friar and Behler (1983).) The Amer-
ican alligator was not divisible into subspecies
in a thorough study of scale patterns, but there
was much variation in those patterns within
populations (Ross 1979). Dodson (1975:350)



found that variation in a growth series of Ameri-
can alligator skeletons “‘compared favourably
with values of V for taxonomically homoge-
ncous samples of mammals.™

Enzyme polymorphism data are published
only for the American alligator. For threc popu-
lations, Adams et al. (1980) found the propor-
tion of polymorphic loci, P = 0.15, similar to
values in other vertebrates. However, other
work with single populations found P = 0.06
(Gartside et al. 1977), and P = 0.045 (Menzies
et al. 1979). All three studies found heterozy-

-s-208ity low: respectively. // = 0.022, 0.021, and
0.0086. Adams et al. review possible causes of

low H.

Lack of subspecies and low heterozygosity in
the American alligator may be related to two
peculiarities of its range: (1) It was probably
reduced to the edges of its continent several
times in the Pleistocene; and (2) it lacks inland
sympatric species and the many isolated drain-
ages found in Africa and South America
(Meyer, in preparation).

Relationships and Origins

There is general agreement about evolution-
ary relationships among broad-nosed crocodil-
ians, suggested by evidence from anatomy, ge-
ography (Meyer, in preparation), karyotypes
(Cohen and Gans 1970), and biochemistry
(Densmore and Dessauer 1979). There is much
less agreement about relationships among nar-
row-nosed or terrestrial groups. One certainty
emerges: Convergence and parallelism have
been unusually important in crocodilian history
(Langston 1973; Buffetaut 1979).

Crocodilians have strongly braced skulls,
with complex sutures joining the bones (Lang-
ston 1973). The skulls are highly derived (S. B.
McDowell, personal communication), and have
sixteen ordinal skull traits (Langston 1973).
Two groups are proposed as the first crocodiles.
The Middle Triassic Proterochampsa, which
clearly has an amphibious profile, is the first
crocodile in Sill's view (1968, and others), but
in Romer’s (1971) view it is only a parallel form,
and the first crocodilians are Protosuchus,
Orthosuchus, and their Late Triassic relatives
of perhaps more terrestrial habits. Protosuchus
is discussed in detail by Colbert and Mook

(1951). Unul ancestry is better known, state-
ments about the nearest relatives and evolution-
ary rates ol the carliest crocodilians will be
quite speculative. Olson (1971) outlines five al-
ternate classifications that differ primarily in
which major groups are recognized as separate
families and Mook (1962) adds a sixth.

Discovery of evolutionary paths to the mod-
ern crocodile suborder ““furnished a stronger
support to the hypothesis of evolution than
even that of Hipparion and the Horse™ (Dun-
can, in Huxley 1873). Modern crocodilians are
called eusuchian. Compared with extinct meso-
suchians, they have the internal nares (ends of
the major air passage) placed further back on
the palate, and have ball and socket rather than
flat articulations between the vertebrae. Eu-
suchians were diverse by the Late Cretaceous,
and several intermediate genera from the Early
Cretaceous are known. The intermediate gen-
era have small body sizes, fitting Cope’s Rule as
discussed by Stanley (1973). The new suborder
apparently rose by mosaic evolution, and a key
trait, placement of the internal nares, changed
slowly (Joffe 1967; Buffetaut 1979),

All living species and their extinct close rela-
tives are placed here in one family for brevity,
the Crocodylidae s.l. (sensu lato). In the Late
Cretaceous the crocodylids appear with three
fully formed subfamilies: Alligatorinae, Croco-
dilinae, and Tomistominae. The caimans may
be a later group. Each of the major broad-nosed
groups—alligators, crocodylines, and cai-
mans—has had its own radiation into a variety
of head shapes. Each has tended to form paral-
lel morphological assemblies, leading to re-
peated treatments of each as a separate family.
These radiations and parallelisms are another
indication of evolutionary vigor.

The origins of one broad-nosed genus demon-
strate an evolutionary pattern. One species is so
intermediate between the living Alligator and
the extinct Allognathosuchus that Patterson
(1931) was “*somewhat undecided’’ to which ge-
nus it should be assigned, finally designating it
Allognathosuchus riggsi. Simpson (1933) im-
plied it should be placed in Alligator with the
earlier Alligator prenasalis, which he thought
was closer to Allognathosuchus than to the liv-
ing alligators. (Simpson also noted similarities
of A. prenasalis with three South American
caimans, but in view of their karvotypes (in Co-



hen and Gans 1970), those similarities now ap-
pear convergent.) This chain of intermediate
forms is so subtle that experienced taxonomists
disagree where one genus ends and the next
begins.

Wide snouts (I and II in Table 1) appear first
in the Upper Cretaceous. Their late appearance
may be an advance made possible by the nov-
elty of overlapping tooth rows, or it may be an
artifact of the fossil record, because there are so
few pre-Late Cretaceous skulls. (This paucity
of pre-Late Cretaceous material is true of many
other reptile groups [Ostrom 1969]). The only
major dental change in the broad-nosed am-
phibious group since its origin is the periodic
appearance and loss of bulbous rear crushing
teeth. These were probably *‘independently ac-
quired in several groups of small crocodilians
. . ."" (Buffetaut and Ford 1979).

Distribution in Time

The record of broad-nosed amphibious spe-
cies in North America is shown in Table | as a
range of head shapcs, and in Appendix [ as a
list of species. North America’s record covers
the most time, has the longest well-sampled
time interval, and has the most broad-nosed
species of any continental record.

Species turnover is more rapid in the best
sampled interval from the Uppermost Creta-
ceous through the Eocene than I had expected
for a living fossil group (see Appendix 1). Most
broad-nosed species are known from good diag-
nostic material from a single epoch or stage,
counting Pleistocene/Recent appearances as
one. This is also the rule in South America,
which I interpret from Langston’s (1965) ac-
counts, and in the rest of the world, from
Steel’s (1973) summary, with a few exceptions
below. Generic longevity is bimodal, another
unexpected pattern.

Part of the restriction of species in time may
result from a sampling problem, and part is real.
The sampling problem is that only one good
skull has been described in print for most spe-
cies, even when several good skulls are known.
As vet, teeth are often not identifiuble to spe-
cies. Few taxa have been carclully reviewed for
change over time and in space (see Tchernov
1976 for such a review).
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Three lines of evidence indicate that time re-
striction is real. (1) There are no published ac-
counts of a broad-nosed species reappearing af-
ter a long absence, say 15 million years, from
the record in any part of the world. (2) Change
over time is substantial in two well-sampled Af-
rican species (Tchernov 1976; variation). (3)
There is little indication that a continent could
have many similar species. each with a small
range, so that ancient taxa could long persist
undetected. In the interiors of continents, al-
most all species today have large to very large
geographic ranges, even in complex drainages
like the Amazon and the Orinoco.

Estimates of species turnover and faunal
complexity depgnd on taxonomic reliability.
Only species known from good comparative
material are included in Table 1 and Appendix
1. Taxonomy of broad-faced taxa known from
good skulls has been quite stable on the species
level since 1910, despite the discovery of many
new fossils and the naming of new species. Sys-
tematic practices in this group have improved
greatly since the time of Cope and Marsh, in
part owing to the examples set by occasional
crocodilian contributions from C. W. Gilmore,
B. Patterson. and G. G. Simpson.

There are a few apparently long-lived spe-
cies: (1) the Nile crocodile, which was present
but had more robust jaws in an early Pleisto-
cene fossil from Olduvai, perhaps 1.8 million
years ago (Tchernov 1976; Leakey 1971); (2) the
living Crocodylus porosus, to which a partial
snout is referred from the Pliocene of Australia,
4 to 4.5 million years ago (Molnar 1979); (3) the
living marsh crocodile (C. palustris) of India,
which is quite similar to the ?Pliocene Crocody-
lus sivalensis (Lydekker 1886); (4) the living A.
mississippiensis, which occurs in the Late
Pleistocene (Holman 1978), and which may be
represented in Pliocene Florida skulls that have
not been carefully studied; the Miocene Florida
species is the extinct A. olseni (Auffenberg
1967).

Generic longevity is curiously bimodal. Gen-
era commonly appear for either less than ap-
proximately 10 million years or for more than 20
million years. Genera of intermediate survival
time are strikingly rare in North America (Ap-
pendix 1). This pattern is confirmed in South
America (species accounts in Langston 1965),
and in Europe (ranges in part from Russell et al.
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Fig. 1. Adult American alligator (Alligator mississippiensis) basking in the sun in the Okefenokee.

1982; and Steel 1973), and the rest of the world.
It is as if those passing a stringent selective test
persist for many millions of years. Perhaps only
the Holarctic Asiatosuchus lasts an intermedi-
ate time, although taxonomic changes could
produce others, e.g., by assigning Allognatho-
suchus riggsi and Alligator. This pattern is
linked to the effect of two major extinctions (at
the end of the Cretaceous and at the end of the
Eocene). Each may be related to loss of many
short-lived genera, but not to loss of many long-
lived genera. It does not appear that the bimo-
dal pattern of ‘‘generic longevity” has been
demonstrated in other reptiles.

Diversity

I suggest here that diversity has been rela-
tively stable for broad-nosed crocodilians since
at least the Upper Cretaceous in three ways: (1)
the number of species alive at the same time, (2)
the presence of four or fewer species in each
well-studied fauna, and (3) variety of head
shapes.

There are 16 to 21 broad-nosed species alive
today—the total varies with recognition of a
few forms as species or subspecies. A count
ranging from 10 to 30 species at any one time

may be typical of the group, after the time se-
quence of fossils becomes clear in the Late Cre-
taceous. This count is in accord with endemism
patterns and geographic ranges discussed
above, and with ecological processes and faunal
structures, and the list of species known from
good fossils in Appendix 1. (Species diversity
before the mid-Cretaceous is difficult to analyze
because the time relationships and taxonomy of
earlier taxa are uncertain and the sample size is
small.)

Each well-studied fauna has only one to four
broad-nosed species—at any time ince the ori-
gin of the broad-nosed group. Fauna here
means all of the species in a drainage system at
the same time. The presence of few species in
particular faunas was recognized by Schmidt
1924, 1928; Patterson 1936 Langston 1965; and
especially Medem 1971, Possible exceptions are
discussed below. Even the faunas in South
America today have few species, although it
has the widest range of crocodilian morphology
of any continent today.

Predation among crocodilian species main-
tains sympatry at low levels in the great drain-
age basins of South America, even in the vast
Amazon Basin (Medem 1971). For example,
large crocodiles eat the medium-sized specta-
cled caimans, which in turn feed on Pa-



leosuchus caimans in other habitats. After hide
hunters eliminated the huge Crocodylus from
the Atrato River, the spectacled caiman became
abundant there for the first time. It had been
confined to lagoons, crecks, and marshes previ-
ously by Crocodylus (Medem 1971). Similarly,
in Central America the large American croco-
dile (C. acutus) displaces the smaller Morelet’s
crocodile into *
water, and microsympatry does not occur™ (del
Toro, in Smith and Smith 1977).

1 have found several size classes of alligators
together, but not the smallest and the largest in
a few localitics, usually large bodies of water
disturbed by man. Because cannibalism be-
tween alligator size classes is similar to preda-
tion between crocodilian species, | suggest that
two crocodilian species may cohabit where the
smaller individuals can evade the larger.

Another proposed mechanism for low levels
of sympatry is continuous growth with changes
in diet, causing each crocodilian species to pass
through a series of potential niches (Dodson
1975). Continuity of growth is a new insight, but
current data show that diet does not predictably
change from small subadults to large adults at
some sites. A predictive model of faunal struc-
ture is described in the section on forces renew-
ing an ancient shape.

In every fauna today, no two species share
the same head shape and body size. Examples
are South America today and the North Ameri-
can fossil record. Faunas are indicated in Ap-
pendix 1 as horizontal groups of species in the
same state or physiographic province, exclud-
ing the Jurassic taxa whose time relationships
are not understood. In contrast to the similarity
of faunas and body shapes of broad-nosed croc-
odilians through time, large predatory mammals
today have much different head and limb pro-
portions than their counterparts in the Orellan
(29-32.5 million years ago) (Van Valkenburgh
1982).

Diversity in physiology may correlate with
patterns of body size in faunas, with smaller
species having unusual capacities that may al-
low them to live in habitats free of larger spe-
cies, or to escape pursuit by them. For exam-
ple, the dwarf caiman survives cxposure to low
temperatures fatal to the sympatric, middle-
sized spectacled caiman (Medem 1971). The lat-
ter, in turn, has a tidal lung volume seven times

*small and vegetated bodies of
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greater than that of the larger allopatric Nile
crocodile although values for baseline ventila-
tion are similar (Glass and Johansen 1979). In
another case, the two smaller crocodiles of the
Congo Basin have broader nesting tolerances
than the Nile crocodile (Lang, in Schmidt 1919).
However, more data comparing species are
needed (Smith 1979). A major study of Ameri-
can alligator metabolism (Coulson and Hernan-
dez 1983) has laid the foundation for detailed
comparative work.

Head-shape diversity is indicated in Table 1.
Almost the entire historical range is shown,
with each species represented on the continuum
of adult shape. Diversity changes little from the
Late Cretaceous to today; short-nosed species
are now absent from North America. but re-
main in South America. Three unusual groups
occurred, all offshoots of the broad-nosed
group. The first group (Brachychampsa and
Ceratosuchus) had more pinched snout bases
than II; in addition, Ceratosuchus had small
horn-like squamosals (Appendix 1). A more un-
usual shape group contains two duckbill clades
with longer and more delicate snouts than I
(Mourasuchus confined to the South American
Miocene and ?Pliocene, Langston 1965. 1966;
and two(?) genera confined to part of the Late
Cretaceous of Africa, referenced in Steel 1973).
The third unusual group is a miscellany com-
prised of species for which published plates
show skulls difficult to interpret or terrestrial
rather than broad-nosed amphibious in design.

Unusual head shapes appear in a very large
fauna in the paleontologist’s broadest sense, re-
viewed by Langston (1965). The Colombian La
Venta fauna occurs in deposits some 700 m
thick. It was resolved into four broad-nosed
amphibious forms, an aberrant duckbill, two
narrow-nosed species. and Sebecus, which
many workers regard as highly terrestrial. The
most complex lithologic unit, ‘‘the Monkey
unit, with six crocodilian-producing localities’’
has probably no more than five species (Lang-
ston 1965), of which [ belicve only two are
broad-faced amphibious forms. Further work
on Central and South American fossils (Ferrus-
quia-Villafranca 1978) shows the same pattern
of presence of few broad-nosed species in any
local fauna.

The **Bridger™ crocodilians are a possible ex-
ception to the presence of few species in each



fauna (Appendix 1), but the vague locality de-
scriptions in Cope (1883) and others do not al-
low definite assignment of many crocodilians to
that formation, or to the Bridgerian land mam-
mal age as defined by Berggren et al. (1978).
The Bridger formation is 695 m thick (Bradley
1964), and I suggest that “*Bridger" crocodil-
ians include several successive faunas in the
zoologist’s sense of contemporary species in a
drainage system. Their taxonomy is chaotic,
with similar species named from isolated teeth
and fragments, a practice long since abandoned
- by crocodilian workers.

Behavior and Mortality

Crocodilians have the most advanced behav-
ior of any living reptile. Only two aspects of
behavior are discussed here, both related to in-
jury and mortality: sexual competition and pa-
rental defense. The reader interested primarily
in evolutionary consequences of behavior may
prefer to read the next section on forces renew-
ing shape first.

One of Darwin’s first examples of sexual se-
lection was alligator “‘fighting, bellowing and
whirling around” (1859:88). Injuries from sex-
uval combat in male alligators and American
crocodiles are described by Mcllhenny (1935)
and Hornaday (1875). C. B. Cory. Curator of
Ornithology at the Field Museum, observed a
fight between two male alligators in a Florida
pond. The battle ended when the larger seized
“*his opponent by the upper jaw and immedi-
ately rolled over and over, breaking his oppo-
nent’s jaw clase to his head. killing him in-
stantly”” (Cory 1896:68).

Male Nile crocodiles patrol territories at
breeding grounds and fight with other males
(Modha 1967; Pitman 1941; Pooley 1977). Fre-
quent deaths of male Nile crocodiles from fight-
ing in the mating season were recorded in the
1930s (Pitman 1941). 1 find no indication that
adult Nile crocodiles fight outside the scasons
of courtship and nesting. Combat is rarely ob-
served in nature today because the leather trade
has decimated most populations and made the
survivors wary of humans. In a popular book,
Neill (1971) denies the existence of combat,
cannibalism, and other natural history facts re-

ported by competent observers (Cott 1972;
King 1972; and especially Fogarty 1972).

The injury rate increases with size to 63% in
the largest male size class and 419 in the largest
female size class in Nile crocodiles (Cott 1961),
and with size in estuarine crocodiles and spec-
tacled caimans of unstated sex (Webb and Mes-
sel 1977: Gorzula 1978). Crocodilians have
great ability to recuperate from all but the most
serious injuries (Gorzula 1978; Brazaitis 1981).
At sites or in seasons where secondary factors
increase the lethality of small injuries—such as
the piranha attack of wounded caimans seen by
Roosevelt (1924)—the risks of battle may be so
high that disputes are settled with visual signals
(Meyer, in preparation). Crocodilians of three
continents do use a wide variety of visual sig-
nals, described by Modha (1967), Garrick,
Lang, and Herzog (1978), Staton and Dixon
(1977), and clearly illustrated by Cott (1975).
Combat can uncover deception and poor judg-
ment, inevitable when mere display controls
important resources. Male narrow-nosed gha-
rials may have a special organ of display, but
unlike Darwin’s (1859) other examples of sexual
selection all broad-nosed species lack them.

Female Nile crocodiles fought to death at one
nesting area (Pitman 1941) but communal nest-
ing was documented at two other sites (Cott
1961, 1973). Nests of estuarine crocodiles are
close to each other in some habitats in Australia
(Magnusson 1980). American alligator females
are not known to fight in the wild and their natu-
ral injury rate seems low today. Yet there does
appear to be sexual competition and territorial-
ity, as indicated by the following observations:
(1) Only one adult with juveniles was resident at
cach natural isolated nesting and nursery site in
Georgia (Meyer 1975, 1977); (2) nests and nurs-
eries were generally well spaced in the vast
Okefenokee marshes, and occurred in three dif-
ferent wetland categories, including apparently
suboptimal breeding grounds, and at highly dis-
turbed sites (in preparation: nest data in Metzen
1977). (3) alligator cggs or shells were found in
13% of stomachs of adult females, including
those who had not nested that season
(McNease and Joanen 1977). and cggs were
found in stomachs of Nile crocodiles of un-
stated sex (Welman and Worthington 1943). 1
infer that nest protection from conspecifics can




be important. Here sexual competition and pa-
rental defense merge.

Iff an alligator can modily the topography of
an isolated site in ways useful for hiding and
defense, it may then have a greal advantage
over an intruder in choosing a place and time to
fight. Alligators deepen and burrow in their wet-
lands extensively, and in isolated sites such
changes in boltom contour are more extensive
than those made by any other animal group (my
data). Young females may either avoid small
isolated nesting sites that are already occupied,
or dic in the altempt to mvade. This adds to the
obvious thermal advantages of decpening ponds
and digging burrows and creates a perennial
area of open water for combat. The need to
defend ideal nesting sites could select for ability
to modify sites, to make decisions quickly. and
to learn local topography. Parental defense of
nest and juveniles may also favor sturdiness.
crypsis, and stealth (in preparation).

Selection for learning ability in defense of
eggs and young by female alligators was sug-
gested by Kushlan and Kushlan (1980). After
ingenious experiments on defense, they con-
cluded *‘alligators distinguish between types of
potential predators . . . Such behavioral plas-
ticity and attendant ability to learn quickly from
experience is obviously highly adaptive.” Dietz
and Hines (1980:257) found that in response to
human disturbance, female alligators ““are able
to modify an innate behavior such as nest de-
fense without altering other behaviors such as
nest maintenance or liberation of young.”™ Alli-
gators who protected their nests and juveniles
most actively from human researchers had by
far the lowest rates of nest loss to bears in Oke-
fenokee (Metzen [977 and my data). Nest de-
fense is not common in some areas today, prob-
ably because hide hunters lured adults with
juvenile calls (personal communication from
hide hunters).

Parental attendance in natural habitats lasts
up to two years in alligators at natural sites,
comparable to care length in eagles and large
predatory mammals (Meyer 1977). It depends
on weather in some habitats (Chabreck 19653).
Hatchling Australian estuarine crocodiles dis-
perse within days after emergence in some habi-
tats, but remain together in others (Webb and
Messel 1978b). Parental behavior is complex in
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all species investigated (e.g., Pooley 1977:
Meyer 1978), and may even include provision-
ing the young by the adult female (Mcllhenny
1935). Vocalizations are varied in character,
frequency shift, and pulse rate shift (Herzog
1974; Herzog and Burghardt 1977; Meyer 1977).
I see little indication that parental behavior is
stereotyped.

Territoriality for food seems unlikely at first
glance, since low energy requirements would
not seem to require feeding territories at to-
day’s population densities. However, densities
are artificially low now, and the concept should
be re-examined. Spacing and group occurrence
of alligators outside of reproduction are sug-
gested by Meyer (1977; in preparation) and
spacing of equal-sized estuarine crocodiles with
tolerance of individuals in certain smaller size
classes, by Messel et al. (1981).

Renewing an Ancient Shape

To inflict such terrible injuries on the armor plating
of another crocodile, those jaws must be among the
strongest in nature.

(Myers 1972:151)

[ propose combat and its avoidance select for
the classic shapes and construction of broad-
nosed crocodilians. Combat and dispersal are
common to three processes: predation between
species, cannibalism, and sexual battle.

Combat would select for sturdy construction
of the head and torso and for amphibious
shapes offering concealment at the water’s sur-
face. Avoiding battle by hiding at a moment’s
notice would again select for amphibious head
shapes. Avoidance by travel to isolated sites
where large crocodilians are uncommon places
a premium on walking overland and swimming
long distances. The limbs and tail necessary for
such dispersal are less ruggedly made than the
head and torso, and are often severely injured
in battle. The resulting compromise is the an-
cient design of broad-nosed crocodilians.

Based on data from five continents, the three
processes suggested above could be more con-
sistent in time and space than predator/prey re-
lations. The data indicating that each conflict is
a significant source of mortality are outlined in
the relevant sections above. Other explanations



are outlined in the following section. For the
sake of brevity, these processes are called con-
flicts within crocodilians—competition seems
too vague a word when competing individuals
are torn limb from limb.

I outline below how habitat shift and dis-
persal join the three conflicts, the evolutionary
consequences of each conflict, the evolutionary
result if a deme gives up cannibalism and sexual
combat, and why these conflicts preserve shape
in crocodilians more effectively than in some
predatory mammals.

Habitat shift and dispersal intensify conflict
in broad-nosed crocodilians. The most numer-
ous dispersing groups are the subadults and
voung adults of large species, fleeing cannibal-
ism and sexual competition. Habitat change and
dispersal overland and by water cause each spe-
cies to spread quickly in one drainage system.
and to cross from one stream system to the
next. This brings every broad-nosed species
into prolonged conflict with other crocodilians
in a large region.

Predation between species causes the habitat
boundaries between species to be sharp, and
sympatry to be low (a maximum of 4 species)
(Medem 1971, discussed in Diversity above).
Medem found that the larger species eat the
smaller. The result inferred here is that any spe-
cies or deme not fit for combat, e.g., having
weak heads and teeth, will be eliminated from
every habitat in which it cannot evade typical
crocodilians.

The evolutionary consequences of predation
and of habitat shifts can be predicted to be
strong for small species. Even if they live in
habitats guite different from those of adults of
large species, they will be exposed to an influx
of subadults and voung adults of large species.
Adults of smaller species would need to be bet-
~=¥tprotected in battle and better equipped for
avoidance of battle. They should be more ro-
bust, more terrestrial, or more agile than larger
species, or they should be physiologically spe-
cialized for difficult environments avoided by
larger species.

I believe this explains why several small liv-
ing and fossil species have such formidable ca-
nine teeth and so much bony armor. They carry
the broad-nosed morphotype almost to ex-
tremes. In performance, Medem (1958) notes
the Paleosuchus caimans are agile jumpers and

fast swimmers compared with the larger
caimans. In behavior, he notes their aggressive-
ness. In physiology, Medem (1971) notes the
unusual temperature tolerance of the dwarf
species.

Sexual combat and cannibalism may stabilize
shape if only one broad-nosed species occupies
a region. The frequency of injury and death
from sexual combat at some sites (discussed in
Behavior above), suggests that these conflicts
are not trivial, and that the forces exerted on
the skull in battle must be enormous. Busbey
(1977) describes in detail the skull structures
that resist maximum stress; Busbey (personal
communication) and I have concluded indepen-
dently that the skull design is well suited for
maximum loads from rolling with an object be-
tween the jaws. | believe that the general source
of maximum loads while rolling is another croc-
odilian, not prey, because large prey are not
taken on several continents today and may have
often been missing from local and continental
faunas in the past.

Cannibalism of subadults and young adults
may maintain skull sturdiness and dispersal
ability. Cannibalism in crocodilians occurs
when the predator is unlikely to be severely in-
jured (as mentioned under Prey and Predators).
A small increase in skull sturdiness, making a
subadult more formidable as potential prey,
would be rewarded by increased freedom from
cannibalism.

If a deme gives up cannibalism and sexual
combat to avoid injury, it can specialize in anat-
omy for a new diet. It risks losing ecological
breadth and evolutionary longevity. For exam-
ple, by evolving delicate feeding structures, a
deme could improve feeding cfficiency upon
small abundant animals, especially fishes. It
could gain in crucial aspects of life history the-
ory: increcased growth rates, clutch size, and
hatchling size: decreased time to sexual matu-
rity; and decreased feeding time with its expo-
sure to predation.

At first, such a deme may survive il out of
contact with other broad-nosed crocodilians,
including typical demes of its own species.
When contact with typical forms is resumed,
such a deme will be confined to habitats in
which it can escape being caten by typical
forms of the same body size—the fate of nar-
row-nosed crocodiles today. Confinement to
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fewer habitats may reduce variety of selective
pressures, setting the stage of further diver-
gence in anatomy and further confinement in
habitats.

Interactions among large crocodilians are dif-
ferent from those among large carnivorous
mammals for four reasons: (1) Large crocodil-
ians produce an order of magnitude more young
annually per mother (20 to 80) than do large
predatory mammals or birds. (2) Growth pat-
terns are different. The young grow very slowly
to size of first reproduction (9 to 15 yrs) in large
species and even more slowly to maximum size
(20 to 50 yrs). Hatchlings are tiny compared to
adults: their weight ratio is 1:800 to 1: 5000+
(Meyer, in preparation). Continuity of growth
and niche change (Dodson 1975) are discussed
under Diversity. (3) Almost all individuals re-
turn daily to shallow walter near land, and thus
can meel at a common setting. (4) Reptiles dif-
fer from mammals in biomass and feeding effi-
ciency in ways that increase the frequency of
encounters between individuals of  similar
shape.”

Ectothermy (being cold blooded) allows po-
tential crocodilian biomass to rise to a very high
level, while allowing great bursts of activity.
Recent reptiles and amphibians **are able to de-
vole a very large portion of their ingested en-
ergy to producing new biomass™’. Their “‘net
long-term conversion efficiencies . . are many
times greater than those of birds and mammals™
(Plough 1980:102). Ability to survive long fasts
and to fast rather than to feed actively when
food is scarce also increases potential reptile
biomass by reducing food competition at crucial
times. The result I infer is that crocodilians be-
come unurually abundant for top predators and
can encounter each other frequently in many
kinds of wet habitats. The capacities of small
reptiles for burst activity are similar to those of
small mammals, although varying with temper-
ature and species (Bennett and Ruben 1979:
Bennett 1980). High burst activity could be cru-
cial in the relations of crocodilians with mam-
mals and when crocodilians encounter each
other.

The construction of the legs, feet, and the
distal half of the tail is surprisingly light in
broad-nosed crocodilians. The limbs and tail
are often severely injured in fights (injury lists
are in Cott 1961 and Webb and Messel 1977).
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Their continued slender construction indicates
that avoidance by dispersal may be quite impor-
tant as a selective process, as indicated in Dis-
tribution in Space. After the hatchling stage,
long distance travel is useful in reaching water
and prey which vary with geography and sea-

. sonal rains, in avoiding cannibalism, interspe-

cific predation, and sexual conflict, and in find-
ing isolated mates.

The body plan of typical crocodilians may
thus be shaped primarily by combat and by
avoidance of combat. In ecological time these
processes operate to structure faunas. In geo-
logical time, these processes may produce rapid
convergence 1o basic crocodilian shapes and
rugged construction, when a large slow-growing
terrestrial predator enters the amphibious life.

e

Phyletic Constraints and
Alternate Explanations

Other explanations for preservation of an-
cient shapes are simpler. They seem at first
glance to be plausible, but are contradicted by
the natural history data. Phyletic constraints—
inability to produce major innovations—are
discussed first, with an outline of the major di-
vergent lines produced by the broad-nosed
group. Following that are brief outlines of theo-
ries of large population sizes, unchanging envi-
ronments. and the small area of the earth’s
fresh waters. These explanations have a com-
mon pattern: each is a simple, vague extension
of an idea that is valid when limited to individ-
uals or to parts of an ecosystem.

Phyletic constraints are a possible explana-
tion for stasis. For example, the embryology of
a group might be so integrated that major new
features cannot appear. Thus failure to innovate
can result from developmental constraints
rather than from selection (Gould and Lewontin
1979). To test this idea, the record can be exam-
ined to see if members of a group have moved
into entirely new ways of life, or have origi-
nated morphological oddities.

In fact, several new ways of life and odd mor-
phologies have been produced by broad-nosed
crocodilians, while the stable central shape
group has-always remained. They produced the
following divergent forms, which share one



I. Highly terrestrial crocodiles appeared in
several lineages. A lineage closely related to
the living family Crocodylidae s.l., the pristi-
champsids, survived into the Eocene in
North America and Europe. P. vorax had
flattened serrated teeth, a-high skull, and a
round tail (Langston 1975; Busbey 1977, in
preparation). The related P. geiseltalensis of
Europe (see Kuhn 1968) had hooves!
Duckbilled caimans with delicate snouts and
many slender teeth appear in the South
American Miocene (Mourasuchus, Lang-
ston 1965, 1966). They may have gathered
algae or small animals by a straining tech-
nique, or grubbed in the mud. Their remains
arc scarce in sediments having remains of
other eusuchians, suggesting habital separa-
tion from them. The giant duckbilled croco-
diles of Mid-Cretaccous Africa (Sromaro-
suchus) were “‘even more aberrant™ and
were independently derived (Langston
1963).
3. Narrow-faced crocodiles have arisen from
broad-faced groups several times. There are

(9]

—ada— two living Crocodylus of medium size with

very slender snouts, one in Australia (C.
johnstoni) and the other in Africa (C. ca-
taphractus). Each is separately derived from
typical Crocodylus (Longman [925), and
their karyotypes (in Cohen and Gans 1970)
are different. Snout eclongation occurred
over time in populations of three African
Crocodylus species but was never reversed
(Tchernov 1976). Jurassic goniopholids also
diversified into narrow-faced and broad-
faced genera (Buffetaut and Ingavat 1980).
(Habitat separations arc outlined in the next
section.)

4. Peculiar variants have appeared in body
parts even of the broad-nosed species. For
example, the keeled plates of bone that ar-
mor the backs of crocodiles and alligators
have had strange forms, including unique
spikes and blades on a Paleocene alligator
(O’Neill et al. 1981), and smooth overlapping
plates on a Paleocene crocodile (Erickson
1976). The scutes of some European Early
Cretaceous goniopholids had lateral pegs
projecting under adjacent scutes (Owen
1878). The scutes of a North American rela-

Thus predictions based on the hypothesis
that phyletic constraints did not allow diver-
gence by broad-nosed crocodilians, are contra-
dicted by the record. New work in embryology
indicates that alligator embryos d ) respond to
experimental manipulation (Ferguson 1979).
From this | infer that alligator development is
not too canilized for change in one generation,
and that phyletic constraints operating over
many generations are unlikely from a biological
point of view.

A second possible explanation is that some
modes of speciation are prevented by large pop-
ulation sizes. 1 believe that modes of change
occurring in small isolated populations can op-
erate in some crocodilians, because dwarf
caimans occur as small isolates in some arcas
(Medem 1971), and African dwarf crocodiles
can be predicted from the few field data. and
from the theory advanced here, often to live in
small isolates. They could evolve in several of
the transilience modes described by Templeton
(1981) or in the allopatric model of Mayr (1954,
1975). Chromosomal cvolution is obvious in
crocodilians (karyotypes in Cohen and Gans
1970). Thus the data do not support confine-
ment of crocodilians to a few modes of evo-
lution.

A third idea—that unchanging environments
are linked with stasis—is supportable if stated
as: The persistence of certain physical aspects
of wetlands has permitted the persistence of
conflicts stabilizing amphibious crocodilians.
The chain of logic is: Most wetlands have some
open water at some time of the year: the bor-
ders of open water with dry land and with air
have distinct physical qualities, which are age-
less as ideals but depend locally on the presence
of vegetation; at open water the amphibious
head shape of crocodilians is easily concealed,
and at banks the typical body plan allows rapid
entry and egress. The idea that selection by
combat and its avoidance favor key trails in
crocodilians rests on the occurrence of open
water and open banks for at least part of each
vear.

However, the idea that wetlands are un-
changing is incorrect if taken literally. Wetlands
change quickly; many dry up seasonally. Wel-
lands are quite diverse, and their availability



changes over time. Wooded swamp, marsh, and
river are quite different from each other in tem-
perature, tree cover, and water flow. Their rela-
tive areas change with fluctuations in sea level,
aridity, glaciation, topography, and plant evolu-
tion. The animals that live at the edges of wet-
lands—crocodilian predators and prey—also
vary with time and geography. However,
broad-nosed crocodilians on different conti-
nents (e.g., Africa/Australia) do not show major
changes of shape with proven differences in
their predators and prey. The unchanging envi-
ronment idea is also incorrect if stated as: Liv-
ing in wetlands guarantees success of amphibi-
ous groups. The fossil record shows that there
have been many extinctions and radiations of
amphibious predators, from labyrinthodont am-
phibians and phytosaurs to modern water
snakes (e.g., Natrix s.1., Nerodia), and narrow-
nosed crocodiles.

Finally, when Darwin coined the term living
fossils, he suggested that the relatively small
area of the earth’s fresh waters has reduced
rates of species origination, competition, and
extinction (1859:107). Estes (1970) outlines the
long history of many living freshwater lower
vertebrates now in southeastern North Amer-
ica. However crocodilian ecology cxtends far
beyond fresh water animals. to life and death
interactions with terrestrial mammals. Also. at
least seven Recent species including the Ameri-
can alligator occur in salt water (Mever 1973:
Messel et al. 1981 many others).

Narrow-Nosed Crocodilians

The fate of the narrow-nosecd group supports
the mechanism proposed for stasis of the broad-
nosed group. Their snouts and teeth usually but
not always lack the sturdiness needed for com-
bat with broad-nosed crocodilians of the same
body size. There are three very large species
today. One, the tomistoma, is a living fossil in
the sense that it is the last survivor of a subfam-
ily. The second species is intermediate between
narrow and broad nosed, the Orinoco croco-
dile, aptly named Crocodylus intermedins. It
may cross a threshold during growth to reach
sturdiness comnarable to that of smaller broad-
nosed species, becoming one of the dominant
crocodilians in its fauna (see Medem's 1971 fau-
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nal list). It is the last species in the New World
to approach the narrow-nosed condition. The
third large species, the gharial, is the last survi-
vor of a once widespread rather young family. -
The two species of medium size are derived
from broad-nosed Crocodylus (see above).
They seem confined to regions in which large
broad-nosed species are uncommon (my inter-
pretation of Lang, in Schmidt 1919; Messel et
al. 1981:459).

The upper jaw of a very large tomistoma or
gharial is formidable in appearance, but large
subadult heads seemed delicate in the museum
specimens of tomistoma, gharial, and Orinoco
crocodile that I examined. Ross (1974, in Whi-
taker and Rajamani 1974) observed gharial and
marsh crocodiles together in a deep pool in a
river, and cites aggression and avoidance but
not biting. This is the only described instance of
aggression without predation between any croc-
odilian species at a natural site. Gharials are
highly derived, and as Buffetaut’s (1978) family
Gavialidae, may date only from the Eocene.

The narrow-nosed group has fluctuated in di-
versity and geographic range all through its his-
tory. Many adaptive types are extinct (te-
leosaurs, metriorhynchids. and dyrosaurids;
see Buffetaut 1979, Romer 1966). Some adap-
tive types were so derived that they were not
amphibious, but aquatic, e.g.. the limbs were

paddles and the tail had a reversed heterocercal ™o

bend in metriorhynchids. Convergence and par-
allelism led to taxonomic chaos in many nar-
row-nosed taxa, especially the dyrosaurids, un-
til Buffetaut’s recent work.

The Future

Crocodilians are now intensively killed for
their skins to make vanity goods such as expen-
sive purses. Most species are now threatened or
endangered, as detailed by Honegger (1975).
Crocodile farming was planned to reduce hide
hunting in the wild, but instead it has worsened
the conservation problem in Papua New Guinea
by screening illegal killing of crocodiles in the
wild, and it has failed to reduce captive juvenile
mortality below levels in nature (Burgin 1980).
The present partial bans on trade in skins are
casily evaded—finished leather from endan-
gered species is simply passed off as from le-



annually. The threat of extinction for many spe-
cies will not abate, until international bans on
trade in skins apply uniformly to all croco-
dilians.

Public opinion often favors conservation of
crocodilians, even though they are correctly
seen as dangerous to humans and livestock un-
der some circumstances. The impact of croco-
dilians on human fisheries is beneficial in cer-
tain areas, by fertilization of low-nutrient
waters in the Amazon (Fittkau 1973}, and by
removal of predators on valuable fishes in Af-
~=%21 (Cott 1961; Campbell, personal communi-
cation). The impact of alligators on wetlands is
beneficial, because alligators dig holes that pro-
vide the last remaining water for many animal
species during drought (Kushlan 1974; Mever,
in preparation; others). In Florida, a poll found
that the American alligator is widely perceived
as ecologically important, interesting, and
sometimes hazardous to people, and respon-
dents strongly favored its conservation (Hines
and Scheaffer 1977).

Concluding Remarks

Darwin (1859) recognized that the young en-
ter a world filled with older individuals, and that
selection acts on all life stages during growth.
Crocodilians illustrate how selection on all life
stages can stabilize a group. Similar kinds of
selection may stabilize shape in other animals
and in plants when individuals encounter each
other frequently under common conditions, and
drive rapid divergence in small isolates.

Three stabilizing processes can be outlined in
terms applicable to many groups. (1) Predation
between species: Adults of dominant specics
(usually of large body size) select for survivors
among several life stages of less dominant spe-
cies. A more subtle interaction may be just as
important: Subadults of dominant species inter-
act with adults of less dominant species, and
their selection is mutual. (2) Sexual competi-
tion: Within demes, sexual competition can sta-
bilize anatomy, curtailing specializations that
allow faster growth to adult size but reduce abil-
ity to compete at the time of reproduction. (3)

mine the conditions of thewr hives. Among the
young, the older ones effectively select for sur-
vivors among the vounger, and they select for
aspects of parental treatment of the youngest.

This explanation for stability allows for varia-
tion within populations and within species of
the stable group. It is compatible with a variety
of genetic modes of evolution described by
Templeton (1981), and the allopatric model of
Mayr (1954, 1975). It does not rely on phyletic
constraints or genetic stasis. There are certainly
other causes of stability.

As a general hypothesis for conservation of
shape, the degree to which these processes sta-
bilize a species or a larger shape group is test-
able in some taxa and only inferable in others.
For example, in eagles and arboreal mammals,
it may be possible to estimate the ability of
young to escape detection and chases by adults
in ecological time, and to compare shapes and
ways of life that are stable with those that are
unstable in geological time. The inevitable gaps
in the data base could be spanned by the judg-
ment of field ecologists, and by noting differ-
ences in ecology and morphology on different
continents, as done here for crocodilians. This
theory may also account for the low diversity in
general shape of the tyrranosaurs and other
Cretaceous carnivorous dinosaurs, but lack of
many kinds of data leaves the general hypothe-
sis as but one of several possible explanations
for a phenomenon that has received too little
attention. For trees, testability is high. The ma-
jority of woody plant species in California are
15 to 50 million years™ old (Stebbins [982).
Analogous processes could be evaluated as a
means of stabilizing wood and leaf architecture
within demes, for increasing physiological dif-
ferences between species, and for founder and
divergence effects.

These processes stabilize a “‘central’ core,
often while driving innovation into side groups.
Neither stability nor innovation requires that
each genetic species lasts a long time. One or
more of the conflicts can be given up, and a
deme can then change morphology and give rise
to a specialized offshoot that lives in habitats
free of the ancestral forms. Crocodilians have
produced such specialists again and again.



Wilson (1980) describes the general origins of
structured demes and of differences between
demes.

These processes may cause divergence in
small isolates. A divergent first generation
could select Jor survivors among the next gen-
eralions—an ccological founder effect. This
could reinforce genetic mechanisms for change,

For Appendix see p. 124
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without requiring populations to remain so
small that they undergo genetic founder effects.
When the isolate again contacts the stable core
group, it may diverge further if the core group
excludes it from all but a few habitats. Thus the
processes stabilizing anatomy, ecology, and
physiology are inevitably linked to those driv-
ing divergence.



Alligatorines

RECENT

o

PLEISTOCENE
PLIOCENE

MIOCENE, MID
LOWER

OLIGOCENE: South
Dakota
Titanotherium Beds

EOCENE, UPPER

Bridger? Fm.
Wyoming

Washakie Fm.
Wyoming
Green R, Fm.

Wasatch Beds
Wyoming

PALEOCENE,
UPPER

Tongue R. Fm.

Nacimiento Fm,
Torrejonian Faunal
Zone

U Ravenscrag Fm.
Puercan Zone

Lance Fm, near Cret./
Paleocene

UPPER
CRETACEOUS
Hell Cr. Beds
North Horn Fm.

Judith R. Fm.
Alberta

Kirtland Shale

“*Greensand”
in six Fms.

Dakota Sandst.
Mowrie Sh. Fm.?
UPPER JURASSIC
All Morrison
Fm. in the
broad sense

Alligator mississippiensis |
Amer. alligator. southern U.S.
Caiman sclerops fuscus 111

Brown caiman, Mexico to Colombia

A. mississippiensis, southern U.S. ]
Alligator sp., Flonda I
A. mefferdi, Nebraska =111l
A. thomsoni, Nebraska Ix1l
A. mcgrewi, Nebraska I
A. olseni, Florida IxT1i
A. (Caimanoidea) prenasalis Ix11
Caimanoidea visheri 8]
Allognathosuchus riggi NO
Procaimanoidea utahensis 4 111
Procaimanoidea kavi U | 41
Allognathosuchus polyodon 11
Diplocynodan stuckeri 1D NO
Alligator . sp.. Wyoming Ix1l
of Grande 1980,
Allog. heterodon U 17
Allog. wartheni NO

Ceratosuchus burdoshi, Colorado 2
11
Wannaganosuchus brachymanus,
N. Dakota 11
Akanthosuchus langstoni, N. Mexico
?7NO

Allog. mooki 1111

Prodiplocynodon langi, Wyoming
HIx1V boundary

Brachychampsa montana |, 02 I

Albertochampsa langstoni I

Bottosaurus harlani, New Jersey NO

Crocodyvhnes Gontopholids: G

Amer. crocodile
Vi

Crocdvius acutus

Florida to Antilles and S. America

C. rhombifer = Cuban crocodile IV

C. moreleri, Mexico & Cent. America
v

C. rhhombifer, C. antillensis, Cuba 1V

C. moreleri subsp., Guatamala | 1V

cf. C. moreleti, Baja Calif. | v
Terrestrial
Pristichampsine

C. affinis 1V <111 P. vorax UUU
Brachyuranochampsa zangerli VIxV
2C. elliottii 1V MC. grinelli NO
C. clavis 1Vx11] P. vorax UUU
B. cversolei Vi
Leidysuchus wilsoni, Wyoming VxIII

C. acer, Utah VIx VI
Orthogenysuchus olseni uu
L. riggsi, Colorado 1 U VIXVII
L. formidabilis, N. Dakota  VIxVII

L. multidentarus, N. Mexico UVI=VII
Nauvajosuchus novomexicanus 11

L. acuridentatus, Saskatchewan Vi
L. sternbergi, Wyoming IVxIll

L. sternbergi, Montana 1VxIIl
Pinacosuchus mantiensis ?crocodile

NO

L. canadensis v

L. gilmorei v
Goniopholis kirtlandicus, G N.Mex.

\'

Deinosuchus 7 U NV I

(giant crocodiles in six stalcs)
Dakotasuchus kingi, Kansas NO
Coelosuchus reedii, Wyoming NO
Amphicotylus (G.) lucasii, G. ColoradoV
G. gilmorei, G. Wyoming VxVI
G. stovalli, G. Oklahoma VxVI
Goniopholis felix, G. Colorado VxVI
Euntretauranosuchus delfsi,

G. Colorado U



Species references: Akanthosuchus (O'Neill
et al. 1981)/Albertochampsa (Erickson 1972)/
Alligator in Pliocene and Miocene Florida (Auf-
fenberg 1967), A. mississippiensis in Pleisto-
cene Florida (Holman 1978), assignment of
Pleistocene midcontinent material uncertain to
species (Preston 1979)/A. mefferdi head shape
is closer to M. niger skull ca. 20 cm long, than
to IxIl./Alligator In. sp. is shown in oblique
view in Grande 1980. The head shape assigned
here is an approximation./Allognathosuchus
wartheni (Bartels 1980 for formation)/Botto-
saurus conten. and range (Gilmore 1911).
Caiman sclerops = Caiman crocodilus follow-
ing Medem (1955, 1971, etc.) as the acknowl-
edged best taxonomy: its range in Central
America and that of C. acuwtns (Smith and Smith
1977)/ Crocodylus: assignment of Eocene spe-
cies from North America to this genus is not
certain, and C. clavis may be a junior synonym
of C. affinis (Buffrenil and Buffetaut 1981, W.
Bartels; personal communication 1983)/C. acer
and L. wilsoni (Grande 1980 for formation)/cf.
C. moreleti in late Pliocene (Miller 1980)/C.
Jjohnstoni rather than C. johnsoni is used by cur-
rent workers on that species, (e.g.. Messel et al.
1981)/ Dakotasuchus (Vaughn 1956 for forma-
tion)/Deinosuchus treated as a genus here—the
three named species are not well distinguished
by their authors; Baird and Horner 1979 for
presence in six states: W. Langston, personal
communication that skull shape needs re-evalu-
ation; D. Baird, personal communication that
lateral profile of anterior snout is unusual/Go-
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niopholis (Mateer 1981 that perhaps North
American species should be placed in Eutre-
tawranosuchus)/ Hyposawrus (G.) natator ex-
cluded from this list because it was narrow
snouted (Troxell 1925) although included in list
of broad-snouted species in Steel 1973/Leidy-
osuchus (Baird and Horner 1979 and D. Baird.
personal communication of occurrence in the
Late Cretaceous in North Carolina and Geor-
gia)/L. canadensis and L. gilmorei (W. Lang-
ston, personal communication 1983, that desig-
nation of Judith River Fm. rather than Old Man
Fm. is correct)/L. formidabilis (Erickson 1976)/
P. vorax (Langston 1975; Busbey, in prepara-
tion)/ Wannaganosuchus (Erickson 1982).

The times and formations listed are the most
precisely known strata of good published mate-
rial. Stratigraphic names prior to 1965 follow
USGS practice in Keroher (1966) or the Lexi-
con of Geologic Names in Alberta (1954). There
arc three exceptions, where major changes in
formation names make the location of described
fossils uncertain: the Wasatch Beds, New Jer-
sey Greensand, and Plateau Valley Beds. For
all North and Central American species the pri-
mary literature was reviewed. For brevity, I re-
fer the reader to Steel (1973) and Kuhn (1936)
tfor the remaining citations, which are accurate.
The taxonomy used throughout is the best pub-
lished work. Assignments to subfamily are con-
venient but often problematical. Synonymizing
of species names in two unpublished theses is
not followed here, in accordance with Smith’s
(1981) rules of priority.

« Almost all species are restricled to one formation or time
interval.
 Each potential fauna, a horizontal group in the same state
or physiographic province, has very few species. Fauna is
used in the zoologist’s sense. (The apparent exception,
the Bridger species, is discussed in the text. The time
sequence and taxonomy ol the Upper Jurassic species are
uncertain,)
Head profiles are given in Tuble [, The unusual profiles,
marked U, are discussed in the text. Fm. = formation.
I Shape is inferred from partial material.
2 Snout has a constriction near the base deeper than in
H.

3 Shape shares traits with 1, I1, and 111.
4 Rear of skull is narrower than in llI, resembling Pa-
leosuchus trigonatus.
5 Shape is intermediate between V and III.
7 ‘This giant skull has an unusual outline in Bird’s resto-
ration, based on fragmentary material.
? Taxonomic distinctness is uncertain.
NO No skull has been figured.
1D Species not based on comparative material, but it
is distinct in its fauna.
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Juvenile: potentially still in care of an adult, ¢.g.. up to 80 cm for large species like the American alligator.
Subadult: smaller than common size of first breeding, ¢.g., up to 180 em for female American alligators, larger
for males.

Adult: of breeding size. :

Natural habitat; a working definition for crocodilians is: the site is not modified by canals, water pumping, or
other human influences on the presence of open water and of dry banks. Exotic plants are rare or absent from
the wetland, especially plants offering cover for crocodilians, and wetland forest structure has no major
alterations by logging or fires related to logging. Overland egress to other sites is not artificially restricted.
Motorboats and airboats are rarely present (less than one day each three months), and harassment of
crocodilians by humans rarely occurs.

Broad-nosed and narrow-nosed: these are equivalent to the respective terms, short-nosed (brevirostrine,
often used as synonymous with alligators or broad-nosed crocodiles) and long-nosed (longirostrine, often
used as synonymous with gharials and other narrew-nosed taxa). A glance at the head profiles in Fig. 1 shows
the ambiguity in the short-nosed/long-nosed dichotomy, when used as descriptors of major shape groups.
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