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Exam
ples

of
convergent

m
orphology

abound
in

lizard
taxa,highlighting

the
role

of
adaptive

processes
in

generating
diverse

lizard
m

orphologies
and

ecologies.
W

hethersuch
adaptive

processes
have

resulted
in

convergentm
orphology

across
lizards

in
aquatic

habitats
rem

ains
little

explored
outside

of
a

few
studies

on
Anolis

lizards.
Previous

studies
of

Gym
nophthalm

id
lizards

in
the

tribe
Cercosaurinae

have
in

passing
suggested

a
suite

of
m

orphologicaltraits
term

ed
“crocodile-like

m
orphology”

w
hich

is
thought

to
have

evolved
m

ultiple
tim

es
in

sem
iaquatic

m
em

bers
of

the
group.

Herein,
"crocodile-like

m
orphology"

is
quantified

and
explored

across
severaltaxa

ofsem
i-aquatic

Cercosaurinae
lizards

using
m

useum
specim

ens
of

both
sem

i-aquatic
and

non-aquatic
Gym

nophthalm
ids.

PCA
is

used
to

explore
w

hether
aquatic

and
non-aquatic

Gym
nophthalm

ids
group

separately
based

on
hypothesized

crocodile-like
m

orphology
traits.Random

ization
tests

are
used

to
evaluate

w
hether

each
trait

individually
differs

significantly
betw

een
aquatic

and
non-aquatic

Gym
nophthalm

ids.
Phylogenetic

effect
is

also
calculated

for
each

trait,
phylogenetic

Pearson’s
correlations

are
found

betw
een

traits,and
ancestralstate

reconstructions
are

perform
ed

for
som

e
ofthe

analyzed
traits.Gym

nophthalm
id

lizards
provide

novel
opportunities

to
investigate

factors
w

hich
drive

convergence,
causing

convergence
to

occur
in

som
e

system
s

but
not

others.
Additionally,

an
understanding

of
ecom

orphology
in

aquatic
lizards

can
help

generate
hypothesesaboutthe

ecology
ofspeciesw

hich
lack

ecologicaldata.

●
Aquatic

lizards
have

evolved
in

11
lizard

fam
ilies,

w
ith

m
ost

of
aquatic

lizard
diversity

distributed
across

the
fam

ilies
Scincidae,

Varanidae
and

Gym
nophthalm

idae,and
restricted

to
tropicalhabitats

(Bauer
and

Jackm
an

2007).
Aquatic

lizards
are

incredibly
diverse,w

ith
the

lack
of

a
suite

of
characters

found
across

aquatic
lizards

leading
(Bauer

and
Jackm

an
2007)to

argue
that

m
orphology

alone
does

not
give

insight
into

the
potential

aquatic
habitats

of
poorly

know
n

species.
M

ost
aquatic

lizards
have

laterally
com

pressed
tails,

how
ever,

and
m

any
have

keeled
scales(Bauerand

Jackm
an

2007).
●

W
ithin

the
Cercosaurinae

tribe
of

Gym
nophthalm

id
lizards,

aquatic
ecologies

are
thought

to
have

evolved
at

least
four

tim
es

(M
arques‐Souza

et
al.2018).Aquatic

ecologiesin
thisgroup

are
accom

panied
by

w
hatM

arques‐Souza
etal.(2018),Rojas-

Runjaic
et

al.(2021),
and

others
referred

to
as

Crocodile-Like
M

orphology(CLM
).

CLM
consists

of
traits

including
heterogeneous

dorsal
scalation,

caudal
crests,

stream
lined

bodies,and
laterally

com
pressed

tails(M
arques‐Souza

etal.2018).
●

W
hile

this
m

orphology
has

been
qualitatively

described
in

num
erous

studies
and

is
likely

part
ofthe

cause
ofm

uch
taxonom

ic
confusion

in
this

group,little
attention

has
been

paid
to

quantitatively
evaluating

this
hypothesis

of
convergence

and
exam

ining
variation

betw
een

taxa

●
N

ine
species

of
aquatic

and
11

species
of

non-aquatic
lizard

from
the

Gym
nophthalm

id
tribe

Cercosaurinae
and

one
non-aquatic

species
from

outside
Cercosaurinae

w
ere

chosen
for

w
hich

specim
ensw

ere
available

in
the

collectionsatthe
Am

erican
M

useum
ofN

aturalHistory
in

N
ew

York.
●

Traits
w

hich
previous

literature
suggested

com
posed

Crocodile-Like
M

orphology
w

ere
quantified

as
described

in
Table

2.Forallcharacterstoo
sm

allto
m

easure
w

ith
calipers,photosw

ere
taken

through
a

dissecting
m

icroscope
and

m
easurem

ents
w

ere
taken

using
Im

ageJ
(Schneider

et
al.

2012).
M

easurem
entsw

ere
collected

from
58

specim
ens.

●
The

package
FactoM

ineR
w

as
used

to
m

ake
a

PCA
plot.PCA

and
random

ization
tests

w
ere

perform
ed

on
data

w
ith

no
phylogenetic

corrections.Random
ization

tests
w

ere
perform

ed
on

residuals
of

each
trait

regressed
against

SVL,except
for

those
traits

w
hich

w
ere

ratios
of

different
m

easurem
ents.SVL

w
asincluded

asa
variable

in
the

PCA
plot.

●
Geneious

w
as

used
to

align
genetic

sequences
(N

D4,16S,12S,C-m
os)forallspecies

forw
hich

genetic
data

w
asavailable

on
Genbank.100

bootstrap
replicatesand

a
M

L
analysisw

ere
perform

ed
in

RAxM
L.

●
Phylogenetic effect calculations, phylogenetic Pearson’s correlations, and  ancestral state 
reconstructions w

ere perform
ed using the package phytoolsin R (Revell 2012). 

●
).

←
Fig.2:Principalcom

ponent
analysis

of
m

easured
m

orphologicaltraits.Traits
w

ere
notsize

corrected,
and

SVL
is

included
as

a
trait.

Each
point

is
a

specim
en.PC

1
accounts

for57.63%
ofthe

variance
and

PC2
17.16%

in
the

data.

Aquatic
and

non-aquatic
Gym

nophthalm
ids

form
ed

tw
o

non-overlapping
clusters

based
on

m
orphom

etric
data,indicating

the
presence

of
distinct

ecom
orphs.

W
ithin

aquatic
and

non-
aquatic

species,
there

w
as

overlap
betw

een
genera.M

em
bers

of
Echinosaura

overlap
w

ith
other

aquatic
species,butnonetheless

have
an

aquatic
m

orphology
unique

from
other

aquatic
genera.

←
Table

2:A
table

describing
the

m
orphologicaltraits

used
to

quantify
“Crocodile-like

m
orphology”,w

hether
they

w
ere

size
corrected

for
analyses,

Pagel's
λ,

and
P

values
from

random
ization

tests
of

each
trait

betw
een

aquatic
and

non-
aquatic

species.

˄Fig.3:Ancestralstate
reconstruction

of
lim

b
length

(proxim
al).

˅Fig.4: Ancestral state reconstruction of tail w
idth/height at .2*svl.

The
strength

of
phylogenetic

effect
w

as
highly

varied
betw

een
different

traits,
w

ith
only

w
idth/SVL,

tail
w

idth/height
at

.4*SVL,
and

both
m

easures
of

lim
b

length
show

ing
high

values
of

lam
bda

indicative
of

phylogenetic
effect.

Random
ization

tests
found

thatalltraits
exam

ined
w

ere
significantly

different
betw

een
aquatic

and
non-aquatic

Gym
nophthalm

ids
except

for
head

w
idth,w

idth/SVL,and
keellength.

Table
1:A

table
show

ing
Pearson

correlation
→

coefficients
and

P
values

forseveralpairsoftraits.

Pearson
correlations

w
ith

phylogenetic
data

w
ere

significant
for

all
pairs

of
traits

tested
excluding

the
test

of
correlation

betw
een

keel
height

and
eye

to
snout

length,w
hich

had
a

P
value

above
.05.

Trait values can be 
explained by tree data. 
Sim

ilar colors at tree tips 
indicate species w

ith 
sim

ilar m
orphologies.

Lim
b length show

s strong 
phylogenetic signal.

The high color variation across 
the tips of this tree indicates that 
these species have diverse 
m

orphologies for degree of tail 
com

pression. Tail com
pression 

does not show
 strong 

phylogenetic signal, indicating 
that the trait is evolutionarily 
labile and not evolutionarily 
constrained.
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●
Pastresearch

has
found

thatCLM
evolved

atleastfourtim
es

convergently,and
likely

arose
during

the
M

iocene
w

hen
Pebas

Lake
w

as
form

ing
(M

arques‐Souza
etal.2018).

Convergence
in

G
ym

nophthalm
ids

provides
another

system
in

w
hich

to
study

convergentevolutionary
processes

and
adaptive

traits,though
caution

m
ustbe

taken
in

interpreting
this

convergence
as

the
quantitative

analyses
explored

herein
reveal

that
treating

CLM
as

a
single

discrete
trait

ignores
significant

variation
betw

een
the

evolutionary
histories

ofthe
traits

thought
to

com
prise

this
convergent

m
orphology;

CLM
traits

vary
in

phylogenetic
effect

and
correlation

coefficients.N
on-phylogenetic

m
ulti

and
univariate

analyses
did

confirm
significant

differences
in

m
orphology

betw
een

aquatic
and

non-aquatic
Gym

nophthalm
ids,how

ever,indicating
thatthere

is
a

quantitative
basisto

the
previously

qualitatively
described

convergence.
●

Analyses
herein

w
ere

lim
ited

by
the

sm
allsam

ple
size,and

by
the

lack
ofgenetic

and
ecological

data.
Additionally,

the
random

ization
tests

and
the

m
ultivariate

trait
analysis

w
hich

here
w

as
perform

ed
using

PCA
w

ould
be

m
ore

inform
ative

ifthey
took

phylogenetic
relationshipsbetw

een
speciesinto

account.
●

Crocodile-Like
M

orphologicaltraits
w

ere
highly

varied
betw

een
different

species
of

Gym
nophthalm

ids,
w

ith
m

any
aquatic

species
lacking

the
supposed

aquatic
adaptations

and
m

any
non-aquatic

species
appearing

to
have

aquatic
adaptations.

This
is

possibly
due

to
selection

unrelated
to

aquatic
locom

otion;
the

Gym
nophthalm

ids
described

as
sem

i-aquatic
m

ight
m

ore
accurately

be
described

as
leaf-litter

dw
ellers

or
sem

i-arboreal
lizards

w
hich

enter
w

ater
only

occasionally.
Additionally,

due
to

the
lack

of
ecologicalknow

ledge
for

lizards
in

this
group,

it
is

possible
that

som
e

non-aquatic
species

are
actually

sem
i-aquatic;

Placosom
a

glabellum
has

been
classified

as
non-aquatic

follow
ing

other
studies

m
entioning

CLM
but

Pontes
et

al.
(2018)

reported
collecting

an
individual

on
a

rock
in

a
stream

.
Furtherm

ore,
traits

w
hich

are
thought

to
be

adaptations
for

aquatic
locom

otion
in

Gym
nophthalm

ids
and

other
taxa

(e.g.,lateraltailcom
pression)

are
associated

w
ith

other
ecological

purposes
in

other
taxa

(e.g.,
arboreal

Pythonids
and

Boids
have

laterally
com

pressed
bodies(Pizzatto

etal.2007)).

in
these

supposedly
convergenttraits.

●
Reliance

on
aquatic

features
of

the
environm

ent
is

variable
betw

een
sem

i-
aquatic

lizards,
w

ith
m

ost
of

CLM
Gym

nophthalm
ids

thought
to

rely
on

aquatic
habitats

and
supposedly

correlated
m

orphology
for

predator
evasion.

O
ther

lizard
species

are
often

found
in

close
proxim

ity
to

w
ater,

but
are

less
reliant

on
aquatic

habitats
(Bauerand

Jackm
an

2007).
●

The
abundance

of
both

ecological
and

correlated
m

orphological
diversity

w
ithin

Gym
nophthalm

idae
m

akes
it

an
idealsystem

for
studying

adaptive
trait

evolution
and

potentially
convergent

evolution.
Fig.1:Borrow

ed
from

(Rojas-Runjaic
et

al.2021)
show

ing
M

axim
um

likelihood
tree

of
Cercosaurinae

species
w

ith
species

having
CLM

show
n

in
red.
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Aquatic Species 
(blue shades)

Terrestrial Species 
(green shades)

Do aquatic and terrestrial species have different m
orphologies?

YES.

Do crocodile-like traits co-evolve across the phylogeny?
YES.

Are crocodile-like traits influenced by evolutionary history?
YES.
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