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ECOLOGICAL CORRELATESOF NUMBER OF
SUBDIGITAL LAMELLAE IN ANOLES
DANIELLE GLOSSIP AND JONATHAN B.

Losos'

Department of Biology, Campus Box 1137, Washington University,
St. Louis, MO 63130-4899, USA
ABSTRACT: We investigated whether a relationshipexists between the number of lamellae and
the height and diameter of perchesutilized by a diverse set of anoline lizards.Althoughthe number
of lamellae on both the fore- and hindfoot is related to both ecological variables,these resultsare
confounded by body size. When the effect of size is removed, the number of lamellae is related to
perch height, but not perch diameter. When the data are analyzed in a phylogenetic framework,
results are similar, but only the number of lamellae on the forefoot is related to perch height.
Consequently, although inter- and intraspecificcorrelationsexist among the number of lamellae
on different toes of the fore- and hindfeet, examining the number of lamellae on a single toe may
be insufficientfor ecomorphologicalanalyses.
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SUBDIGITAL toe-pads composed of expanded scales, termed lamellae, have
evolved independently in three lineages of
arboreal lizards: anoles, geckos, and praesinohaemidskinks(Ruibaland Ernst, 1965;
Williams and Peterson, 1982). In theory,
pads could provide increased functional
capabilities in two ways. First, in most species, pads are covered with millions of microscopic setae (Ruibal and Ernst, 1965;
Williams and Peterson, 1982) which are
thought to enhance adhesive ability on
smooth surfaces by forming intermolecular bonds with free electrons on the surface
of the substrate (Cartmill, 1975; Hiller,
1968, 1975). In support of this hypothesis,
a recent study of anoles, geckos, and skinks
indicated that species with relatively larger pads, and presumably greater numbers
of setae, have greater ability to cling to a
smooth surface (Irschicket al., 1996). Second, lamellae may enhance the flexibility
of the toe so that pads can be molded to
narrow or irregular surfaces such as twigs
(Cartmill,1985). Consequently,speciesthat
use particularly narrow or irregular surfaces might be expected to have high numbers of lamellae because of the enhanced
pad flexibility that they would provide.
However, this second hypothesis has never
been tested.
l To whom correspondence should be addressed.
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Although toe-pads clearly arose as adaptationsto arboreality(Larsonand Losos,
1996), little research has been directed to
understanding the manner in which variation in pad structure among species represents adaptation to different environmental conditions. Nonetheless, a number
of studies have reported a correlation between perch height and pad size or lamellae number in geckos (Collette, 1962;
Dixon and Huey, 1970; Huey and Dixon,
1970; Pianka, 1986; Pianka and Pianka,
1976) and anoles (Collette, 1961; Lister,
1976). However, most of these studies have
included relatively few species. In addition, these studies were conducted prior to
the realization that comparative analyses
that ignore phylogenetic information may
be statistically invalid (Felsenstein, 1985);
incorporationof such information may reveal that supportfor a relationshipis weaker than previously believed. To circumvent these difficulties, we present an analysis of the relationship between lamellae
number and substrate characteristics for
53 species of anoline lizards. Although the
phylogeny of anoles is not completely resolved, enough information is available to
permit this analysis to be conducted in a
phylogenetic framework.
In addition to investigating whether
number of lamellae correlates with the
height or diameter of perchs, the evolu-

June 1997]

HERPETOLOGICA

tionary radiationof CaribbeanAnolis provides an additional means of examining
the adaptive importance of lamellae number. On each island of the GreaterAntilles,
species have diversified into a series of ecomorphs, which differ in morphology, habitat use, and behavior (Williams, 1972,
1983). Comparison among the anole faunas of the Greater Antilles indicates that
the same set of six ecomorph classes has
evolved independently on each island,with
the exception that the "trunk"ecomorph
is absent on Puerto Rico and Jamaica and
the "grass-bush"ecomorph is absent on
Jamaica (Hass et al., 1993; Losos, 1992;
Williams, 1983). Membersof the same ecomorph class are similar not only in their
use of habitats, but also in the manner in
which they move through the environment; for example, "trunk-ground"anoles
tend to jump frequently whereas "twig"
anoles move predominantly by crawling
(Losos, 1990a; Moermond, 1979). To the
extent that differences in habitat use and
locomotorpatternsfavor differencesin toepad structure, we would expect that the
ecomorph types should vary in number of
lamellae.
MATERIALS AND METHODS

We examined 545 adult male individuals of 62 species of Caribbean anoles and
Phenacosaurus heterodermus (x = 8.7 individuals/species; range 1-34). The number of lamellae on the second and third
toes of the forelimb and the third and
fourth toes of the hindlimb were counted
by the first author using a dissecting microscope. On the fourth hindlimb toe, we
counted all lamellae underlying the third
and fourth phalanges of pedal digit IV. On
the other toes, all expanded and undivided
scales were counted. Snout-vent length
(SVL) of each specimen was measured as
part of a larger morphometric study (K.
Beuttel and J. Losos, unpublished data).
The mean of each variable was calculated
for each species.
Data for adult males were available on
mean perch height for 53 species and mean
perch diameter for 50 species (Irschickand
Losos, 1996; Losos, 1990b, 1992, unpublished); three species (Anolis longitibialis,
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A. strahmi, and Chamaelinorops barbouri) primarily use habitats (rock walls
or ground) upon which perch diameter
cannot be meaningfully recorded.All morphological and ecological variables were
ln-transformed for statistical analyses. To
remove the effects of body size, each variable was regressed against SVL and the
species means of the resulting residual values were used in subsequent analyses.
Comparativeanalyses using species values may be invalid because the values for
species may not be independent (Felsenstein, 1985). To circumvent this problem,
we used Felsenstein's (1985) independent
contrast method utilizing a phylogenetic
hypothesis (Fig. 1), which is a composite
drawn from previous works (Burnell and
Hedges, 1990; Hass et al., 1993; Hedges
and Burnell, 1990; Losos, 1992; Roughgarden and Pacala, 1989). Purvis and Garland (1993) have provided a method for
analyzing data using a phylogeny containing polytomies (see also Stampset al., 1997,
for discussionof this method). This method
involves arbitrarily resolving all polytomies into a tree composed entirely of bifurcating branches, but with the branches
between members of a polytomy set to a
length of zero. Results of an independent
contrastsanalysis are then evaluated with
both the normal number of degrees of
freedom and with the usual number minus
the number of lineages involved within
polytomies. These two interpretations,
then, represent the maximally liberal and
conservative interpretation of statistical
results given the polytomies (Purvis and
Garland, 1993).
This procedure was used in the analyses
of number of lamellae versus perch height
and diameter. Residuals were calculated
by regressing contrasts of each variable
against contrastsin SVL. Because data for
branch lengths were not available for this
phylogeny, all branches, except those involved in polytomies, were set to a length
of one, thus implying a speciational model
of character evolution (Garland et al.,
1992). All correlationsand regressionsinvolving contrastswere conducted through
the origin (Garland et al., 1992). For significant results, we report the most con-
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FIG. 1.-Phylogenetic
relationships of the taxa in
this study based on a number of studies (see text).
Island and ecomorph class indicated for all Greater
Antillean species belonging to one of the ecomorph
classes; some species do not belong in any of the
classes.

servative probabilityvalue given the number of polytomies in the phylogenetic tree;
for non-significant results, we report the
most liberal P-value. In no case was there
a qualitative difference between the most
liberal and conservative interpretation.
We also used analysis of variance to examine whether the ecomorphs of Anolis
differed in number of lamellae. To correct
for possible phylogenetic effects, we chose
only one member (the first one alphabetically) of each ecomorph class from each
of the Greater Antillean islands. This procedure reduced the data set to 18 species:
four species from Jamaica and Cuba, five
from Hispaniola and Puerto Rico; four

trunk-ground,trunk-crown,and twig anoles, three crown-giants, two grass-bush
anoles,and one trunk anole. Studiesof anole phylogeny indicate that members of the
same ecomorph on different islands are
never closely related, with the possible exception of the crown-giantsof Puerto Rico
and Hispaniola(Burnelland Hedges, 1990;
Cannatella and de Queiroz, 1989; Guyer
and Savage, 1986; Hass et al., 1993); inspection of Fig. 1 indicates that in no case
are members of the same ecomorph class
included in this analysis closely related.
Thus, phylogenetic artifacts should not
confound this analysis.
We examined intraspecificvariationfor
one species, A. carolinensis. Adult lizards
were purchased from a dealer in Schrieber, Louisiana. Lamellae were counted on
toes 2-5 on the fore- and hindfeet of 42
males and 24 females. The number of lamellae on a toe was counted by identifying
the most proximal undivided scale at least
twice as wide as surroundingplantarscales
and then counting all scales distal to that
scale. Size effects were not considered, because number of lamellae does not change
ontogenetically (Collette, 1961).
RESULTS

Interspecific Comparisons
Number of lamellae on different toes
was highly correlated among species (r2 >
0.86 for all pairwise comparisons;n = 63);
the highest correlation was between lamellae on forefoot toe 2 and forefoot toe
3 (r2 = 0.96). However, these correlations
could arise incidentally if the number of
lamellae on each toe is a function of body
size. Indeed, number of lamellae on all toes
correlatesstrongly with SVL (r2 > 0.62; P
< 0.001, n = 63). Nonetheless, number of
lamellae on all toes is still highly correlated
when the effect of size is removed through
the use of residuals(r2> 0.65, P < 0.0005).
Again, the highest correlation is between
lamellae on the forefeet (r2 = 0. 90).
Due to the high correlationsamong toes
in number of lamellae, we used only forefoot toe 3 and hindfoot toe 4 in analyses
of the relationshipbetween number of lamellae and use of microhabitats. Using
least-squares regression, height and di-
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FIG. 2. -Relationship

between residual perch height and residual number of lamellae. Residuals calculated
from regressions against snout-vent length. Circled points are Chamaelinorops barbouri.

ameter of perches are related to number
of lamellae on forefoot toe 3 (height: r2 =
0.20, P < 0.001, n = 53; diameter: r2 =
0.13, P < 0.01, n = 50) and hindfoot toe
4 (height: r2 = 0.19, P < 0.001, n = 53;
diameter: r2 = 0.10, P < 0.01, n = 50).
However, both height (r2= 0.25, P < 0.001,
n = 53) and diameter (r2= 0.17, P < 0.002,
n = 50) are related to SVL. With the effect
of size removed from height, diameter,
and number of lamellae using residuals,
neither perch height (Fig. 2: forefoot toe
3: r2 = 0. 00, P > 0.30; hindfoot toe 4: r2
= 0.00; P > 0.40) nor perch diameter (forefoot toe 3: r2 = 0. 00, P > 0.60; hindfoot
toe 4: r2 = 0. 00, P > 0.95) is related to
number of lamellae. However, in the analysis between number of lamellae and perch
height, Chamaelinorops barbouriis a conspicuous outlier (Fig. 2). Chamaelinorops
barbouri is a morphologically, ecologically, and behaviorally aberrant anoline lizard in many respects (Flores et al., 1994;
Forsgaard,1983; Jenssenand Feely, 1991);
of relevance to this study are the observations that this species is almost exclusively terrestrial (Flores et al., 1994) and
the fine structure of the subdigital setae
differs from other anoles (Peterson, 1983).
If C. barbouriis excluded from the analysis
of perch height (note that no data are
available for perch diameter because this
species is rarely observed off the ground),
a significant relationship exists between
relative perch height and relative number
of lamellae (forefoot toe 3: r2 = 0.21, P <

0.001, n = 52; hindfoot toe 4: r2 = 0.06, P
< 0.05).
In the phylogenetic analyses, many of
the results are qualitatively similar. Contrasts for lamellae number are highly correlated with each other (r2 > 0.68 for all
comparisons,n = 62, P < 0.001) and with
contrastsfor SVL (r2 > 0.03, n = 62, P <
0.05). Even with the effect of SVL removed, numbers of lamellae are still correlated (r2 > 0.68, n = 62, P

<

0.001).

Contrasts in number of lamellae are related to perch height (regressionthrough
the origin, n = 52, forefoot toe 3: r2 = 0.08,
P < 0.05; hindfoot toe 4: r2 = 0.08, P <
0.05) and diameter (n = 49, forefoot toe
3: r2 = 0.14, P < 0.01; hindfoot toe 4: r2
=

0.15, P < 0.01). With the effect of SVL

removed, no relationship exists between
number of lamellae and height or diameter when all contrasts are considered
(height: n = 52, forefoot toe 3, r2 = 0.02,
P < 0.35; hindfoot toe 4, r2 = 0.03, p <
0.25; diameter: n = 49, forefoot toe 3, r2
= 0.01, P < 0.50; hindfoot toe 4, r2 = 0.01,
P < 0.45). However, when the analysis is
conducted excluding Chamaelinorops, a
significant relationship exists between
perch height and forefoot toe 3 (r2= 0.14;
P < 0.01) but not hindfoot toe 4 (r2 =
0.002, P < 0.80).
Variation among Ecomorphs
Variation exists in number of lamellae
among the anole ecomorphs (Fig. 3; Analyses of Variance, F5 3, > 12.59, P < 0.001
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in all cases; patterns are almost identical
for forefoot toes 2 and 3 and for hindfoot
toes 3 and 4). Post-hoc comparisons using
Tukey's test indicate that crown-giants
have significantly more lamellae than other ecomorphs,except that trunk-crownand
crown-giants are in some cases not statistically distinct. Similarly, trunk-crown
anoles have more lamellae than all other
anoles, except that trunk-crownand trunk
anoles are not distinct for number of lamellae on forefeet toes 2 and 3. The other
four ecomorphs are not statisticallydistinguishable. When the data set is reduced to
one member of each ecomorph class per
island (see Materialsand Methods), significant variation is still discovered (F5,12 >
6.61, P < 0.005;n = 18).
Variation also exists among ecomorphs
when number of lamellae (forefoot toe 8
and hindfoot toe 4) is corrected for size
(Fig. 4). In both cases, the analysis of variance was significant (F5,w > 13.0, P <
0.001). Post-hocanalysesindicate that, with
the effect of size removed, trunk-crown
anoles have more lamellae on toe 3 of the
forefoot than do trunk-ground,grass-bush,
and twig anoles (with the trunk-crownversus crown-giant and trunk versus trunkground comparisons nearly significant).
With regardto hindfoottoe 4, trunk-crown,
grass-bush, and crown-giant anoles have
more lamellae than trunk-ground anoles,
and trunk-crown and grass-bush anoles
have more lamellae than twig anoles. In
the smaller data set, size-corrected hind-

foot toe 4 is marginallynon-significant(F512
=

2.77, P < 0.07), but all analyses on other

toes are significant(F512> 4.68, P < 0.025).
Intraspecific Comparison
Males of A. carolinensis have more lamellae on each toe than females of the
species (mean difference = 1.2; t-test, t >
2.74, P < 0.01 in all cases). Among males,
25 of 28 pairwise correlations between
number of lamellae on different toes are
significant (the exceptions being hindfoot
toe 2 versus hindfoot toe 4 and hindfoot
toe 5 versus hindfeet toes 3 and 4). For
females, 15 of 28 correlations are significant with no pattern of which comparisons
are significant and which are not. In separate analyses of the toes of males and
females, only two of 16 correlations with
SVL are significant (male forefoot toe 2
and hindfoot toe 2).
DISCUSSION

In agreement with previous studies, we
found that a significant relationship exists
between number of lamellae and height
and diameter of perches among a diverse
set of anoles. However, both of these relationships are confounded by body size;
larger species of anoles not only have more
lamellae, but also perch higher and on
broader supportsthan smaller species. Because of their greater mass, larger anoles
presumably need better developed toepads (Collette, 1961). Larger lizards by
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necessity must use larger diameter supports than smaller lizards. Consequently,
the relationship between number of lamellae and perch diameter may be artifactual. Indeed, with the confounding effect of body size removed, no relationship
exists between number of lamellae and
perch diameter.
Similarly, larger lizards may perch
higher for a variety of reasonsrelated, for
example, to foraging (Rummel and
Roughgarden, 1985) or thermoregulation
(O. J. Sexton, personalcommunication), in
which case the relationshipbetween number of lamellae and perch height might
also be artifactual. With the effect of size
removed, however, a relationship is still
found between number of lamellae and
perch height. When phylogenetic information is incorporated into this analysis, a
relationship exists between number of lamellae on the forefoot and perch height,
but no relationship occurs between perch
height and number of lamellae on the
hindfoot.
A relationship between number of lamellae and habitat use is also revealed by
comparison of the number of lamellae of
ecomorphs. The anole ecomorph classes,
which have evolved independently on each
island in the Greater Antilles, differ consistently in habitat use and locomotor patterns (references in Introduction).Our results indicate that variation exists among
ecomorphs in number of lamellae. In par-

ticular, the trunk-crown anoles, which
perch high, often use narrowsupports,and
often tend to move slowly and jump relatively infrequently (Irschick and Losos,
1996; Moermond, 1979), have the greatest
number of lamellae.
These results beg the question of why
species that perch higher have greater
numbers of lamellae. On one hand, biomechanical studies still need to establish
the functional consequences of lamellae
number. Recent studies have established
that lizards with relatively larger toe-pads
have greater clinging ability on smooth
surfaces (Irschick et al., 1996). However,
these studies involve the size of the pad
rather than the number of lamellae comprising it; the two measures are not necessarily correlated, because pads may be
increased in size either by increasing the
size or number of lamellae. Unless the
number of lamellae is correlated with the
size of the pad, the functional significance
of lamellae number will require further
investigation.
In addition, further researchis required
to understand why greater clinging capabilitiesare requiredby speciesthat perch
higher (Moermond, 1979). One possibility
is that the structuralhabitat changes with
perch height such that higher perches are
more difficult to cling to and thus require
greater capabilities. Alternatively, the cost
of falling may be greater from higher
points, either as a result of injury [unlikely
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for most anoles, which are too small to be
hurt by falling (e.g., Oliver, 1951)] or as a
result of the cost of climbing back up the
tree. A third possibility is that differences
in perch height are correlated with differences in the way the environment is
used in terms of activities such as foraging,
locomotion, social interactions,and escape
from predators. Differences in the demands made by such activities, then, may
be responsible for the different functional
requirements leading to differences in
number of lamellae. The ecomorphs tend
to differ in all of these activities (Hicks
and Trivers,1983;Irschickand Losos,1996;
Losos, 1990a; Moermond, 1979, 1981),
which suggeststhat this possibilityrequires
further investigation.
Our detailed investigation of one species, A. carolinensis, found that males have
slightly more lamellae than females, a
finding that has been noted for other species (e.g., Collette, 1961). Intersexualvariation in habitat use and locomotion is common in anoles (e.g., Jenssen et al., 1995;
Schoener, 1967, 1968). Investigation of
whether an intersexual relationship exists
between number of lamellae and habitat
use and/or behavior would prove interesting.
Our results indicate that both withinand among-species, the number of lamellae on different toes is highly correlated.
Nonetheless, the relationship between
number of lamellae and habitat use varies
among toes. For example, we found that
number of lamellae on the forefoot, but
not on the hindfoot, is related to perch
height. Furthermore,trunkand grass-bush
anoles have relatively many lamellae on
their hindfeet, but not on their forefeet,
relative to other ecomorphs (Fig. 4). An
interesting area for future research would
be investigation of the manner in which
the relationship between number of lamellae and habitat differs among toes. In
addition, these results indicate that future
studies should examine the number of lamellae on more than just one toe.
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