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Abstract.—The use of color (as distinct from color pattern) in comparative evolutionary studies is
important, and objective, independent characters are needed. A new method was employed to in-
vestigate geographic color variation in the small arboreal lizard Anolis trinitatis on the island of St.
Vincent. The simple delta analysis (based on the difference between eigenvector coef�cients for ad-
jacent regions of the spectrum) is aimed at increasing the objectivity with which a spectrum is cut
into independent segments and does not predetermine segment width or number. There are distinct
habitat types within this small island and distinct phylogenetic lineages (based on a kilobase of cy-
tochrome b sequence) within this species. A series of matrix correspondence (Mantel) tests indicate
that aspects of color are associated with habitat type (e.g., green dorsum in rain forest lizards), molec-
ular phylogeny, or both. Hence, both adaptation by selection and historical processes are implicated
as causes of geographic variation in color. The dewlap variation (e.g., strong ultraviolet re�ectance
in some Atlantic coastal sites) is very pronounced and, contrary to some expectations, may result in
reproductive isolation even within small Lesser Antillean islands. [Anolis; color spectrum; eigenvector
coef�cients; geographic variation; Lesser Antilles; natural selection; phylogeography.]

The colors and color patterns of organisms
are of broad interest in comparative evo-
lutionary studies because they may re�ect
phylogenetic relationships, habitat adapta-
tion, andsexual selectionand the interactions
among these factors (Endler, 1990; Fleishman
et al., 1993; Thorpe, 1996; Thorpe et al., 1996;
Andersson and Amundsen, 1997; Andersson
et al., 1998;Grill and Rush, 2000;Gübitz et al.,
2000; Malhotra and Thorpe, 2000a, 2000b;
Macedonia, 2001; Thorpe and Richard, 2001).
Moreover, being visually orientated, humans
often �nd it convenient to use color and color
pattern in systematicde�nitions and descrip-
tions, particularly at lower taxonomic levels.

There are various aspects of color and color
pattern. Human perception of color includes
brightness, chroma, and hue. Brightness is
overall intensity, chroma is saturation, that is,
how much light of other wavelengths (e.g.,
white light) is mixed with the focal color,
and hue is the focal color at a particular
wavelength range (e.g., red, green, blue) (see
Endler [1990] and Grill and Rush [2000] for a
fuller discussion). A color pattern may result
from variation in any of these factors across
the form of the organism and may, for exam-
ple, result in quantitative characteristicssuch
as the number of spots or the size of a blotch.

In a very real sense, all humans are color
blind (regarding hue) when compared with
manyvertebrates. It is thought that the ances-

tral condition of vertebrates is for the SWS1
(short wavelength sensitive type 1) pigment
to be ultraviolet (UV) sensitive (Yokoyama
and Shi, 2000).An amino acid mutationin the
SWS1 visual pigment of primates shifts the
cone sensitivity to longer wavelengths and
renders cones insensitive to UV light; hence,
human color vision is restricted to ca. 400–
700 nm (Yokoyama and Shi, 2000). Much has
been madeof the consequences of this restric-
tion on human vision for behavioral studies
of other vertebrates that have UV vision, but
to what extent is this pertinent to compara-
tive evolutionary studies using color?

Color matching or photographic techni-
ques emulating human vision are not going
to detect a difference in hue if none exists.
However, these techniques may fail to detect
a difference that does exist, such as the sex-
ual difference in blue tits in the 360–400-nm
section of the spectrum (Andersson et al.,
1998). Similarly, differences in color pattern
that can be visualized by humans, such as
blotch number, are likely to be valid even
though there is the possibility of having
missed such a pattern if the marking is en-
tirely below 400 nm. Even if the peak re-
�ectance of a marking is below 400 nm,
suf�cient re�ectance above 400 nm may
exist to enable its pattern to be established
satisfactorily. For example, in the Tenerife
lizard (Gallotia galloti) the peak re�ectance
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of the lateral markings is clearly in the UV
range (Thorpe and Richard, 2001). Neverthe-
less, humans see these markings as “blue,”
and a comparison of UV photography and
ordinary color photography gives identical
quantitative results for the pattern.

Hence, the limitations of human vision are
likely to matter most in a quantitative com-
parison of color rather than in pattern iden-
ti�cation. The objectivity and wider range
of wavelength possible with a spectrometer
(spectroradiometer) has distinct advantages
over human vision-based color matching
and description (Endler, 1990), particularly
when the color has components below the
400-nm limit of human color vision. Spec-
trometers generally represent the color of a
patch on an organism as the re�ectance at a
given nanometer value in a large number of
arbitrary wavelength points along the elec-
tromagneticspectrum (e.g., >1,000points be-
tween 330 and 710 nm). There are currently
two main approaches to using spectromet-
ric data in comparative evolutionary stud-
ies. Endler (1990) divided the spectrum into
a few (four) arbitrary, mutually exclusive ad-
jacent units of equal nanometer range (e.g.,
violet, blue, green, red) and justi�ed this ap-
proach in a visualbiological context. Alterna-
tively, the re�ectance at a given wavelength,
or small segment of the spectrum, can be
treated as a character and subjected to prin-
cipal component analysis (PCA). The vec-
tors may then be interpreted as representing
brightness, hue, chroma, and other aspects
of color variation (Endler, 1990; Grill and
Rush, 2000). These data may also be sub-
sequently input into analyses such as dis-
criminant function analysis and treated as
characters (Cuthill et al., 1999).

Problems may exist with both these ap-
proaches in comparative evolutionary stud-
ies. The basic premise adopted here is that
in comparative evolutionary studies such as
systematics, independent unitary characters
should be de�ned solely on the basis of the
attributes of the organism irrespective of the
perception of that organism by others with
which it interacts, such as conspecifers, com-
petitors, predators, or prey. Apart from the
fact that color may have a nonvisual role,
such as thermoregulation, any assumptions
about the visual role of color are dif�cult
to support. Consequently, dividing the spec-
trum into a few arbitrary, mutually exclu-
sive adjacent units of equal nanometer range

may not be optimal for many comparative
evolutionary studies. Even though PCA can
be useful for investigating the importance
of color, it is not suitable for intergroup
comparison, where re�ectances at numer-
ous wavelengths are treated as independent
“characters,” because the measurements at
adjacent or even close wavelengths are very
strongly collinear. This problem cannot sim-
ply be overcome by methods that take into
account the covariance among characters
(e.g., canonical variate analysis), because (1)
the pathological collinearity renders the (ac-
tual or implied) pooled within-group covari-
ance singular and (2) there will not be ade-
quate degrees of freedom. Cuthill et al. (1999)
dealt with this problem by using PCA scores
as input to discriminant function analysis
(canonical variate analysis). Using the out-
put from one multivariate analysis (orthog-
onal PCA scores) where among-group and
within-group covariances are confounded to
conduct another multivariate analysis, such
as discriminant or canonical analysis (and
related D2), that is speci�cally designed to
separate among-group and within-group co-
variance cannot be recommended and does
not result in the unit characters often re-
quired in comparative evolutionary studies.

Hence, current methods for analyzing
spectrometric output do not lend themselves
to large-scale quantitative comparison of
evolutionary groups. Here, I suggests proce-
dures that can be used to derive, with some
objectivity, a few relatively independent and
informative spectral segments that are free
of biological context (e.g., vision) and that
can be used as unit characters in comparative
evolutionary and systematic studies. These
segments of the spectrum are nonoverlap-
ping but may be of unequal size range, with
gaps between them. These procedures were
applied to a study of the geographic varia-
tion in hue of the St. Vincent anole (Anolis
trinitatis).

Anolis trinitatis is the smaller of the two
anoles endemic to the Lesser Antillean is-
land of St. Vincent. This species does not have
a complex color pattern (i.e., no large num-
ber of distinct spots, bars, or blotches), but
regions of the body vary markedly in color
across the island. For example, the dorsalsur-
face may be appear in human vision as bright
green (montane), green/brown (Caribbean),
orblue/green/gray (Atlantic),depending on
geographic origin.
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Lizard populations on small islands,
far from being homogeneous evolutionary
units, can and generally do show deep phy-
logenetic divisions commensurate with the
island’s age (Thorpe and Malhotra, 1996;
Pestano and Brown, 1999; Gübitz et al., 2000;
Malhotra and Thorpe, 2000a). Moreover, St.
Vincent, like other high-altitude Lesser An-
tillean Islands, has pronounced ecological
zonation (Beard, 1948), and several Lesser
Antillean anoles have color patterns and
hues that vary in relation to this ecologi-
cal zonation (Thorpe et al., 2002). Color can
vary with habitat because of both selection
for crypsis and sexual selection to optimize
signal transmission (Endler, 1993). Conse-
quently, both selection processes can be im-
plicated in this association between habitat
and color. Sexual selection is, by original def-
inition (Darwin, 1859;Futuyma, 1979), a type
of natural selection, and the latter term is

FIGURE 1. (a) Sample localities on St. Vincent. Letters C, M, and A are Caribbean xeric woodland, montane
rain forest, and Atlantic coastal habitat sites, respectively, used in the spectrometry. The geographic distribution of
lineages (thick lines) and main sublineages (thin lines) from the phylogram (b) are overlaid on the map. (b) ML
gene tree with bootstrap supports given for ML (upper value) and MP (lower value) trees when nodes are identical
and supported by bootstraps >50% for both trees. The major nodes de�ning the mapped clades are identi�ed by
italicized bootstrap values. The ML and MP topologies are identical except in the MP tree haplotype 6¤ belongs to
a poorly resolved dichotomy, basal to the other three haplotypes in the trichotomy. The locality number of each
individual is given at the terminal node. 1 D western lineage; D eastern lineage, north sublineage; " D eastern
lineage, south sublineage. Within both eastern sublineages, there is even further north–south structuring.

used hereinafter to encompass both sexual
selection and selection for crypsis. Although
it is not the purpose of this study to fo-
cus on differentiating between types of se-
lection, I have attempted to test quantitative
assessments of the geographic variation in
color against ecological zonation and phy-
logenetic lineage to elucidate broad causal
hypotheses.

METHODS

Molecular Phylogeny

Two specimens from 11 localities (Fig. 1a)
were sampled by nonintrusive removal of
tail tips (tissue preserved in 80% ethanol).
Whole genomic DNA was extracted
(Sambrook et al., 1989), and a 1,139-base
pair (bp) segment of the cytochrome b gene
was ampli�ed with modi�ed (Malhotra and
Thorpe, 2000b) primers Mt-A (Lenk and
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Wink, 1997; 50-CTCCCAGCCCCATCC
AACATCTCAGCATGATGAAACTTCG-30)
and Mt-F (Wink, 1995; 50-AGGGTGGA
GTCTTCTGTTTTTGGTTTACAAGACCAA
TG-30). Polymerase chain reactions (PCRs)
were carried out in 50-¹l volumes contain-
ing 100–150 ng template DNA. The �nal
reaction volumes consisted of 1£ reaction
buffer (50 mM KCl, 20 mM Tris-HCl, pH
8.4), 3 mM MgCl2, 400 nm Mt-A and Mt-F
primers, 400 ¹M each dNTP, and 0.04 U/¹l
Taq DNA polymerase (Gibco BRL). After an
initial denaturation step of 3 min at 94±C,
5 cycles of 30 sec denaturation at 94±C, 1 min
annealing at 45±C, and 1 min elongation at
72±C were followed by 30 cycles with the
annealing temperature increased to 51±C
and then a �nal elongation step of 5 min at
72±C. Removal of excess primers, dNTPs,
and nonspeci�c ampli�cation products was
achieved by electrophoresis through 1%
agarose gels. The gel slice containing the
desired ampli�cation product was excised
under UV illumination, and the DNA was
recovered using Concert Rapid Gel Extrac-
tion System (Gibco BRL). After increasing
the concentration of the recovered DNA by
ethanol precipitation, Big-Dye terminator
(PE Biosystems) cycle sequencing reactions
were carried out following the manufac-
turer’s protocol. The resultant reaction
products were analyzed on an ABI 377
automatic sequencer. Both strands of the
PCR product were sequenced.

Sequences were aligned by eye and
translated into amino acid sequences using
MEGA 1.02 (Kumar et al., 1993) to check
for stop codons. There were no stop codons,
insertions, or deletions, and pseudogenes
were not suspected (Sorenson and Fleischer,
1996; Zhang and Hewitt, 1996). The full
987-bp sequence was available for all sam-
ples except one A. trinitatis replicate sample,
which was excluded. In addition to 21 A.
trinitatis samples, there were 5 samples from
the same roquet species series (Underwood,
1959; Giannasi et al., 2000) (A. griseus, A.
extremus, and southern, central, and north-
ern A. roquet) and 1 outgroup (A. oculatus)
from the distant A. bimaculatus series
(Underwood, 1959). MODELTEST 3.0
(Posada and Crandall, 1998) was employed
to test for the most appropriate model of
sequence evolution. The parameters sug-
gested by MODELTEST were then used to
construct a maximum likelihood (ML) tree

using a heuristic search (specifying random
addition of sequences and tree bisection–
reconnection, with 100 replications) in
PAUP¤ 4.0b8 (Swofford, 2001). Maximum
parsimony (MP) was also used to reconstruct
the haplotype tree using a heuristic search as
above but with 5,000 replications. Using the
same procedures and program, the bootstrap
support (Felsenstein, 1985) for the nodes of
these trees was assessed using 100 replicates.
The patristic distance between a pair of ter-
minal nodes is the sum of the branch lengths
between them. The mean patristic distances
were computed among the A. trinitatis
sample localities for use in matrix correspon-
dence tests to represent their phylogenetic
relationships. Patristic distances, also called
tree distances (see Page and Holmes, 1998:
26–28), are calculated in PAUP¤ 4.0b8 under
the Describetrees option after saving the
appropriate ML and MP trees.

Spectrometry and Associated Methods

The diffuse re�ectance of a surface, as
a percentage of a white tile standard cali-
brated against Spectralon (Labsphere, UK),
was measured using an S2000 spectrome-
ter (Ocean Optics Europe, The Netherlands)
with dual deuterium and halogen light
sources and SPECTRAWIN 4.1 software(Top
Sensor Systems, The Netherlands). A stan-
dard (Ocean Optics) re�ection probe with a
50¹ receptor �ber was presented to the sur-
face at 45± with specially made matt black
head screwed to the probe. The spectra were
averaged across four independent record-
ings from each region on each lizard.

About �ve adult males were studied from
each of 10 sites (Fig. 1a). These animals in-
cluded those used for molecular analysis.
Three sites were along the Atlantic coast in
what is often originally littoral woodland
habitat on high-elevation Lesser Antillean
islands (Beard, 1948), three were along the
Caribbean coast in xeric woodland habitat,
and four were at high altitude in montane
rain forest or associatedareas. For each speci-
men, the re�ectance spectrum was measured
from seven regions of the body: dewlap, chin,
temporal area (midpoint between the ear and
eye), lighter marking above the forearm pit
(oxter), middorsal trunk, midventral trunk,
and lateral surface of the base of the tail.
In addition, spectra were recorded from the
dorsal and ventral surfaces of females from
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montane sites 1 and 3. Although the re-
�ectance of a small (2 mm) spot on a large
�at surface can be recorded using this equip-
ment con�guration, the body area of females
is too small to conveniently record several
other body zones, such as dewlap and ox-
ter. All recordings were taken at the same
temperature, andbecause anoles maydarken
under stress (metachrosis), care was taken to
avoidstressingtheanimalsduring recording.
All specimens were released unharmed at the
site of capture.

The occurrence and distribution of UV re-
�ectance on the anoles was also recorded
using high-resolution macrophotography. A
prefocused 100-mm Canon macro lens on an
EOS1 body (mounted on a tripod) was �t-
ted with a 360-nm UV pass �lter, and the
anolewas illuminated against aUV-re�ective
background by a Metz �ash modi�ed for
UV output, exposing 1,600-ASA Fuji Neopan
monochrome negative �lm. This approach
provided suf�ciently sharp resolution for in-
dividual scales to be clearly de�ned. Match-
ing Kodochrome 64 transparencies gave a
photographic record of color in the approxi-
mate human visual range.

Data Analysis

Because the shape of the spectral pro�le
tends to be far more consistent than the ab-
solute re�ectance (brightness), variability in
re�ectance can be overcome by standard-
ization. Re�ectance is standardized against
the area under the entire curve, which ef-
fectively removes this brightness element.
The re�ectance percentage for the selected
wavelength range was excised from SPEC-
TRAWIN output �les, standardized by area
under the spectral curve, averaged across the
four repeat measurements, cut into wave-
length segments as desired, grouped by lo-
cality and character, and arranged for input
into other programs by a suite of specially
written programs, OMNISPEC (by R.S.T.). A
one-way ANOVA (program 7D in BMDP Dy-
namic, release 7.0, SPSS) was run across the
male sample sites using 10-nm fractions for
each of the seven body zones, and the F ra-
tios were plotted against wavelength. This
analysis gives a measure of the strength of
intergroup or geographic variation in the
hue of a body zone at the various wave-
lengths and can be used to indicate which
regions of the spectrum can be excluded be-

cause they contain relatively little intergroup
information.

Within-group (locality) relationships
among 19 fractions (20 nm wide) of the
spectrum (330–710 nm) were investigated
by multiple group PCA (MGPCA, by R.S.T.).
The analysis was run separately for each
of the seven body zones. MGPCA extracts
eigenvectors and eigenvalues from the
pooled within-group covariance matrix
(Thorpe, 1983a, 1983b), treating each of the
19 spectrum fractions as a character and
each of the 10 localities as a group. Segments
20-nm wide were selected for this analysis as
a balance between degrees of freedom and
detail (tests showed that 10-nm segments
gave comparable results). The delta (±)
analysis procedure based on the eigenvector
coef�cient difference is introduced here as a
means to investigate the relationship among
sections of the spectrum. An eigenvector
will have a series of coef�cients, one for each
spectral fragment treated as a character. The
absolute difference between two coef�cients
adjacent on the spectrum is the eigenvector
coef�cient difference, ±. Hence, for a given
eigenvector, the difference between the �rst
and second, second and third, third and
fourth, fourth and �fth, etc., coef�cients is
computed.

Put more formally, a given eigenvalue a i
has an associated eigenvector ai of length n
(where n D the number of “characters” or
small spectral fragments in this case) such
that

ai D

0
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A derivative vector ±i of length m (where m D
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can be found from the associated eigenvec-
tor ai , where ±i, j D ja i, j ¡ a i, jC1j and j varies
from 1 to m.
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If there are sections of the spectrum un-
der common control, they should have a low
±, if under independent control, they should
have a high ±. An MGPCA run on a given
body zone with 19 small spectral segments
will yield 19 eigenvectors in this case, be-
cause there are ample individuals sampled.
Each vector describes a component that ex-
presses a progressively smaller proportion of
the total within-locality variation until 100%
of the accumulated variation is encompassed
when the �nal (19th) vector is considered.
However, most of the variation is expressed
in the �rst few vectors. The coef�cient, ±,
can be averaged across several eigenvectors;
the �rst four are chosen here because they
generally expressed approximately 99% of
the total within-locality variation for an MG-
PCA run on a given body zone. However,
the procedure did not appear sensitive to
the exact number of eigenvectors selected.
Hence, a plot of mean ± (averaged over vec-
tors) against spectrum should have peaks
and valleys relating to segments of the spec-
trum if they are independent. Peaks (if they
exist) can be used as points at which the spec-
trum can be objectively split into segments
for that body zone. If different body zones
have peaks in different but adjacent parts of
the spectrum, then the peaks will be erad-
icated by generalizing across body zones,
which is not advised. However, if it is appro-
priate to generalize these segments across the
various body zones, then a grand mean ± (av-
eraged across all body zones for selected vec-
tors) will still show peaks and valleys. Work-
ers tend to inspect eigenvector coef�cients to
detect patterns, and this approach gives this
analysis a more formal basis.

The spectrum was split into segments us-
ing this delta analysis procedure, together
with information from the F ratios indicat-
ing which sections of the spectrum do not
show geographic variation. The generalized
among-locality variation across (1) all body
zones for a given spectral segment, (2) all
spectral segments for a given body zone, and
(3) all body zones and all spectral segments
was analyzed by canonical variate analysis
andassociatedMahalanobis D2 (relative sim-
ilarity among sites). A spectral segment for a
body zone was included in these analyses if
the among-locality variation was signi�cant
using a one-way ANOVA (program 7M in
BMDP Dynamic, release 7.0, SPSS) and it was
not collinear with an included “character.”

A two-way ANOVA (program 7D in BMDP
Dynamic, release 7.0) across sites (localities
1 and 3) and sex was used to test for sex-
ual dimorphism in dorsal and ventral hue in
montane forms.

The relative similarity was computed
among sites for (1) each spectral segment of
each body zone above, (2) all body zones
for a given spectral segment, (3) all spectral
segments for a given body zone, and (4) all
body zones and all spectral segments. These
are the dependent variable matrices in the
tests for causal hypotheses. Five causal hy-
potheses were tested (independent variable
matrices).

Hypothesis 1 addresses geographic prox-
imity, as represented by the geometric dis-
tance among localities. An isolation-by-
distance model (Douglas and Endler, 1988)
leads to the prediction that spatially close
populations will have similar hues and that
spatially distant populations will have dis-
similar hues. Hence, there will be no distinct
geographic pattern.

Hypotheses 2, 3, and 4 involve adapta-
tion by natural selection to the habitat types
on the island. Hypothesis 2 is that there is
adaptation to a high-altitude montane rain
forest habitat (binary coded to contrast lo-
calities 1, 3, 7, and 10 with other locali-
ties). This hypothesis leads to the prediction
that these central montane populations will
have hues different from those of the coastal
populations in a “concentric” geographic
pattern. Hypothesis 3 is that there is adap-
tation to the coastal Caribbean xeric wood-
land habitat (binary coded to contrast locali-
ties 2, 5, and 6 with others). This hypothesis
leads to the prediction that these Caribbean
coastalpopulationson the western edge of St.
Vincent will have hues different from those
of the other populations. Hypothesis 4 is that
there is adaptation to the coastal Atlantic
habitat (binary coded to contrast localities 4,
8, and 9 with others). This hypothesis leads
to the prediction that these Atlantic coastal
populations on the eastern edge of St.
Vincent will have hues different from those
of the other populations.

Hypothesis 5 addresses phylogenetic re-
lationship, as represented by the average
patristic distance among localities, based on
the lengths along the branches of the ML
tree. This distance was replicated in a sub-
set of tests using patristic distances from MP
trees and raw genetic distances to determine
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whether they yielded results different from
the ML patristic distances. Because the re-
sults are very similar, they are excluded here
for conciseness. This hypothesis is that phy-
logenetically close populations have similar
hues and phylogenetically distant popula-
tions have dissimilar hues, which leads to
the prediction of a predominantly east–west
pattern of geographic variation, as re�ected
in the geographic distribution of the lineages
(Fig. 1a).

The (dependent) color variables were
tested against the causal hypotheses (in-
dependent variables) using pairwise and
stepped partial-regression matrix correspon-
dence (Mantel) tests employing standard-
ized regression coef�cients and 10,000 ran-
domizations (program by B. F. J. Manly,
modi�ed by R.S.T.; Manly, 1986; Daltry et al.,
1996; Thorpe et al., 1996). In a pairwise
test, the null hypothesis of no associa-
tion is rejected when P < 0:05. When both
adaptive (hypotheses 2–4) and historical
(hypothesis 5) hypotheses are signi�cant, a
pairwise test is carried out on the adap-
tive hypothesis once the historical hypoth-
esis has been regressed out a priori. Simi-
larly, a pairwise test is carried out on the
historical hypothesis once the adaptive hy-
pothesis has been regressed out a priori. This
approach is used to test the effects of nat-
ural selection irrespective of the effects of
phylogenetic relationships and vice versa.
In addition, if more than one independent
variable is signi�cant, these variables are en-
tered into a stepped partial regression matrix
correspondence test. The variable with the
highest standardized regression/correlation
is entered �rst, and subsequent variables
are entered if they have the highest partial
value after recalculation of included vari-
ables. This process is halted when a variable
is entered that results in any included vari-
able having signi�cance level below that re-
quired by a sequential Bonferroni correction
(Rice, 1989).

RESULTS

Molecular Phylogeny

Based on 987 bp, the uncorrected p dis-
tances have a maximum value of 6.2%
(groups 7 and 10) among A. trinitatis
haplotypes (GenBank accession numbers
AF493583–AF493603). There are 76 parsi-
mony informativesites within the A. trinitatis

ingroup. MODELTEST identi�ed the gen-
eral time-reversible plus gamma model for
subsequent use in ML reconstruction with
the rate matrix as [A-C] 3.317, [A-G] 11.434,
[A-T] 4.493, [C-G] 2.155, [C-T] 22.211, and
[G-T] 1.000, the ACGT base frequencies as
0.315, 0.219, 0.123, and 0.344, respectively,
and the gamma shape parameter as 0.317.
The ML and MP trees are very highly con-
gruent; all nodes except one (near termi-
nal) were identical. Consequently, only the
ML tree is illustrated (Fig. 1b), but bootstrap
support is shown for both reconstruction
methods. The major (deeper) nodes (iden-
ti�ed in Fig. 1b) have bootstrap support at
¸70% for the ML tree and ¸82% for the MP
tree. Anolis trinitatis has a primary phyloge-
netic division between western and largely
eastern lineages (Fig. 1), which overlap at
one montane locality (locality 1). The largely
eastern lineage is further divided into a sub-
lineage occupying the northern and mon-
tane area (eastern lineage–north) and a sub-
lineage occupying the southern coastal area
(eastern lineage–south) with bootstrap sup-
port. Both of these eastern sublineages have
further north–south structuring.

Spectral Segments

Actual spectra (representatives are illus-
trated in Fig. 2) show simple patterns with
usually one or at most two peaks and provide
no evidence of the need for the spectrum to be
divided into large number of �ne segments.
There are marked differences among locali-
ties. For example, locality 4 (Atlantic coastal
habitat, eastern lineage) shows high UV re-
�ectance for all �gured body zones, locality 7
(montane habitat, western lineage) has in-
tense green temporal and dorsalsurfaces and
no UV component, and locality 6 (Caribbean
xeric woodland habitat, western lineage)
has a less intense temporal and dorsal sur-
face with a relatively high red but no UV
component.

The plot (Fig. 3) of F values from the
ANOVA across localities for each character
and each 10-nm fraction of the spectrum re-
vealed (1) the extent to which segments of the
spectrum showed geographic variation and
(2) the extent to which the various regions
of the body (body zones) show geographic
variation in color. There is a clear indica-
tion (Fig. 3) that geographic variation in color
differs substantially among body zones. The
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FIGURE 2. Representative spectra for three body
zones from four localities across the center of St. Vincent:
dewlap (a), temporal region (b), and dorsal surface of the
trunk (c). From west to east (thin lines to thicker lines)
the localities are Caribbean coast (Crb, locality 6), west-
ern montane (MtW, locality 7), eastern montane (MtE,
locality 10), and Atlantic coast (Atl, locality 4). For ease
of visualization, each spectrum is standardized with the
maximum peak at 100%.

dewlap clearly has the mostpronounced geo-
graphic variation in color, the temporal, chin,
and oxter show intermediate levels of ge-
ographic variation, the dorsal surface and
tail show less geographic variation, and the
ventral surface has the least variation. It is
also evident from Figure 3 that geographic
variation in re�ectance is not consistent
across the spectrum; there are distinct peaks
and troughs. There is one very pronounced
trough, that is, none of the body zones show
much geographic variation around the 500-
nm area of the spectrum. However, all char-
acters show a peak close to this area at the
530C (520–570) nm region of the spectrum,
and some show peaks in the 360C (340–400)
and 420–460-nm regions of the spectrum.
Hence, most geographic variation occurs in
the UV, indigo/blue, and midgreen spectra,
with relatively little in the short-wavelength
green spectra (490–510 nm). The 490–510-nm
segment of the spectrum was not included
in later analyses because it showed little ge-
ographic variation.

The MGPCAs for each body zone for each
analysis yield ± plots with distinct peaks
and valleys, which indicates that the spec-
trum can be (generally) objectively divided
into segments that have common control
(covary) within them but independence be-
tween them. Moreover, these peaks and val-
leys are retained after averaging over all
body zones (Fig. 4). Consequently, the same
segmentation of the spectrum was used for
each body zone. The delta analyses indi-
cate �ve segments, 330–410, 410–490, 510–
590, 590–630, and 630–710 nm. These are re-
ferred to, respectively and arbitrarily, as UV,
blue, green, “yellor” (yellow/orange), and
red. The position of the division between the
UV and blue segments was chosenas 410nm,
but it could as well have been at the adjacent
fraction, that is, 430 nm; all other divisions in
Figure 4 are unequivocal.

Patterns and Tests

A canonical variate analysis, treating each
of the �ve spectrum segments from each of
the seven body zones as a character, ordi-
nated the 10 local samples primarily accord-
ing to habitat type and lineage after 13 of
the characters were excluded because they
showed insuf�cient among-localityvariation
(by ANOVA) or were collinear with included
characters (Fig. 5).
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FIGURE 3. Magnitude of geographic variation in color. The extent of variation is shown at each wavelength
among geographic localities for each body zone (expressed as F ratios, ANOVA). DL D dewlap; TE D temporal;
CH D chin; OX D oxter; TA D tail; DO D dorsal; VE D ventral.

FIGURE 4. Delta analysis. Objective segmentation of the spectrum using the eigenvector coef�cient difference
(±). The grand mean ± computed across the �rst four MGPCA eigenvectors for all body zones is plotted against
wavelength. Peaks separate independent segments of the spectrum. In this example, they split the spectrum un-
equivocally at 630, 590, and 510 nm and at either the 410- or 430-nm division, giving �ve segments arbitrary referred
to as ultraviolet (UV, 330–410 nm), blue (B, 410–490 nm), green (G, 510–590 nm), yellow/orange (YO, 590–630 nm),
and red (R, 630–710 nm).
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FIGURE 5. Population similarity based on general-
ized color. The canonical variate (CV) scatter diagram
is based on spectrum segments from all body zones.
Localities ordinate by habitat and lineage. Habitats are
Caribbean coast (squares), montane (circles), and At-
lantic coast (triangles). Phylogenetic lineages are west-
ern (solid symbols), eastern–north (open symbols), and
eastern–south (shaded symbols).

Matrix correspondence tests (Table 1) of
generalized character systems showed that
the hue variation is associated with both
habitat type and phylogeny. This associa-
tion was apparent in the “total” analysis
generalizing across all body zones/hues to-
gether, where both the phylogeny and an
aspect of habitat were signi�cant. Tests gen-

TABLE 1. Matrix correspondence tests generalized across hue (for each body zone) and across body zones
(for each hue) and all hues for all body zones (total). Values are signi�cant pairwise standardized regressions
(correlations) between character and hypotheses followed by the step number at which they were still signi�cant
(Bonferroni corrected) in a stepwise partial regression matrix correspondence test. The letter E following the values
indicates when an adaptive hypothesis (B–D) is still signi�cant in a pairwise test once the signi�cant historical
hypothesis (E) is regressed out a priori. Similarly, the letters B, C, and D indicate that the historical hypothesis (E) is
still signi�cant in a pairwise test once the respective signi�cant adaptive hypothesis (B–D) is regressed out a priori.

Proximity (A)a Altitude (B) Xeric (C)b Atlantic coast (D) Phylogeny (E)c

UV 0.39 0.55 (2, E) 0.52 (2, D)
Bl 0.54 (2, E) 0.35
Gr 0.48 (2, E) 0.26
Y 0.36 0.45 (2, E) 0.51 (2, D)
Dewlap 0.53
Temporal 0.41
Chin 0.39
Oxter 0.36 (2, E) 0.33 0.42 (2, B, C)
Tail 0.35 (E) 0.42 (2) 0.35 (2) 0.39 (B, C, D)
Dorsal 0.74 (2) 0.38 (2)
Ventral 0.54
Total 0.47 (2, E) 0.35 (2, B)

aGeographic proximity.
bCaribbean xeric woodland.
cPatristic distances from ML phylogeny.

eralizing hue (across body zones) and body
zones (across hue) also tended to show that
both habitat factors and phylogeny are sig-
ni�cantly associated with geographic vari-
ation in color. Principally, the analysis of
hue (across body zones) indicated that even
when phylogeny is taken into account the
Atlantic coastal habitat is associated with
low- and medium-wavelength hues, partic-
ularly high UV re�ectance. When habitat is
taken into account, phylogeny is associated
with UV and “yellor” re�ectance and with
the hue of the temporal, chin, oxter, and tail
regions.

Tests of each hue for each body zone pro-
vided a more detailed picture (Table 2). The
brilliant green dorsum of montane forms (ir-
respective of lineage) is re�ected in a signif-
icant association between dorsal green and
altitude. The duller, more reddish hue of the
lowland Caribbean xeric woodland forms
is also re�ected in these tests. However, of
the habitat types, the Atlantic coastal habi-
tat is most frequently associated with geo-
graphic variation in color and is often linked
to an association with phylogeny. Neverthe-
less, even when the phylogeny is taken into
account the Atlantic coastal habitat is asso-
ciated with low- and medium-wavelength
color variation, particularly high levels of
UV re�ectance, on the dewlap, chin, tail,
and ventral surfaces. When habitat is taken
into account, phylogeny is associated with
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TABLE 2. Matrix correspondence tests. Spectrum segments for each body zone. Values are signi�cant pairwise
standardized regressions (correlations) between character and hypotheses followed by the step number at which
they were still signi�cant (Bonferroni corrected) in a stepwise partial regression matrix correspondence test. The
letter E following the values indicates when an adaptive hypothesis (B–D) is still signi�cant in a pairwise test once
the signi�cant historical hypothesis (E) is regressed out a priori. Similarly, the letters B, C, and D indicate that the
historical hypothesis (E) is still signi�cant in a pairwise test once the respective signi�cant adaptive hypothesis
(B–D) is regressed out a priori.

Proximity (A)a Altitude (B) Xeric (C)b Atlantic coast (D) Phylogeny (E)c

Dewlap UV 0.36 0.59 0.24
Blue 0.33
Green 0.52
Yellor 0.57

Temporal UV 0.38 0.37 0.68 (2, D)
Blue 0.34
Green 0.34
Yellor 0.37

Chin UV 0.46 0.58 (3, E) 0.65 (3, D)
Blue 0.42 0.53 (2, D)
Green 0.53 (2, E) 0.39
Yellor 0.51 (E) 0.53 (D)
Red 0.42 0.39 0.64 (2, C)

Oxter UV 0.30 0.53 (2)
Tail UV 0.65 0.71 (2, E) 0.74 (2, D)

Blue 0.45 0.65 (3, E) 0.50 (2, D)
Green 0.74 (2, E) 0.35
Yellor 0.60 (2) 0.56 (2, E) 0.57 (D)
Red 0.66 0.56 (2, E) 0.42 0.79 (3, C, D)

Dorsal UV 0.30 0.48
Green 0.45
Red 0.38

Ventral UV 0.56 (2) 0.53 0.38 (D)
Blue 0.36 0.56 (2)
Yellor 0.49 0.66 (2)
Red 0.35 0.43 (2)

aGeographic proximity.
bCaribbean xeric woodland.
cPatristic distances from ML phylogeny.

low- and medium-wavelength temporal
hues, low-wavelength chin, dorsal, and ox-
ter hues, and low- and high-wavelength tail
hues.

The results of the two-way ANOVA on
montane forms showed that males are sig-
ni�cantly greener than females on both the
dorsal (P < 0:005, df 1,10) and ventral (P <
0:005, df 1,10) surfaces.

DISCUSSION

Analysis of Spectra

In many comparative evolutionary stud-
ies, there is often a requirement to use unit
characters with minimal collinearity and
minimum assumptions as to the role of the
character. This requirement extends to the
use of color, and the delta analysis proce-
dure was useful in segmenting the spectra,
with some objectivity, to provide these in-
dependent unit characters. The delta anal-

ysis showed that the segments were rela-
tively few in number and were not neces-
sarily of equal size or of a predetermined
number. Almost all the variation was ex-
pressed in the four vectors used to com-
pute the mean ±, but the technique does
not appear to be particularly sensitive to the
exact number of eigenvectors used. Extract-
ing the eigenvectors from the pooled within-
group covariance matrix (MGPCA) would
appear to be the preferred method to opti-
mize the assessment of ±, but similar results
were obtained from PCA. Even though stan-
dardization by area deletes the information
on “brightness,” this approach has consider-
able practical utility for comparing spectra
where absolute brightness has poor repeata-
bility, aswith squamateskin with its irregular
surface.

The delta analysis procedure is not abso-
lutely objective, and there are alternatives.
When the ± plots show a high level of
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independence across a section of adjacent
spectra (e.g., ± plots are rounded rather than
sharp, as in the lower wavelengths in this
study), judgement is required on the exact
border of the segments. Similarly, when there
are segments of the spectrum with low infor-
mation level (as shown by ANOVA, Fig. 3),
judgment is required on the exact extent
of the wavelength range to be excluded.
With regard to alternatives, one could
employ a related method and use the cor-
relation between adjacent segments of the
spectrum, where 1 ¡ r would give a plot
comparable to ±. Although a rigorous com-
parison is beyond the scope of this study,
these two approaches gave quite similar re-
sults with this data set. However, the delta
analysis is preferred and employed in this
study because (1) the eigenvectors on which
± is based are derived from a full set of corre-
lations/covariances in a matrix of n2=(2 C n)
values (where n is the number of spectral
fragments) whereas the correlations are only
between adjacent fragments (i.e., only n ¡ 1
values) and (2) preliminary comparisons us-
ing this data set suggest that the delta anal-
ysis is better than the correlation analysis at
retaining the detail of separate peaks when
averaged across body zones. However, I sug-
gest that what matters is to employ an ob-
jective method that divides the spectra into
informative, independent segments free of
assumptions about biological context rather
than to worry about the precise details of the
procedure.

Phylogeography

The kilobase of cytochrome b sequence
used here appears to be particularly suit-
able for phylogenetic reconstruction because
it results in very high congruence among
reconstruction methods and in bootstrap
support for the major nodes. The distinct
phylogeographic structure within A. trini-
tatis is compatiblewith that observed in other
such studies of lizard populations on small
islands (Thorpe and Malhotra, 1996) in the
Canaries (Thorpe et al., 1996; Pestano and
Brown, 1999; Gübitz et al., 2000) and Lesser
Antilles (Malhotra and Thorpe, 2000a) and
probably re�ects the relatively low vagility
of lizards. Although molecular clock cali-
brations are fraught with dif�culty (Rand,
1994; Nunn and Stanley, 1998), similar island
lizard models suggest a rate of at least 1% of

the bases per million years (bpmy) (Gübitz
et al., 2000) to 1.4% bpmy (Malhotra and
Thorpe, 2000a). The uncorrected maximum
pairwise divergence of approximately 6.2%
in this species suggests a divergence time of
approximately 4–6 million years, compatible
with the suggested Pliocene volcanic origin
of the island (Martin-Kaye, 1969; Sigurdsson
and Carey, 1990).

Distinct phylogeographic structure on
these small islands may be associated with
subsequent coalescence of separate ancient
islands joined by later volcanic activity, such
as Tenerife (Thorpe et al., 1996; Gübitz
et al., 2000) or with vicariance induced by
lava �ows within unitary islands, e.g., Gran
Canaria (Pestano and Brown, 1999) and
Dominica (Malhotra and Thorpe, 2000a).
Here, I raise a third possibility to explain the
east–west lineages of the St. Vincent anole.
St. Vincent is entirely volcanic and latitudi-
nally elongate, with a central ridge of moun-
tains. From weathering of currently exposed
rocks, the south appears to be older than the
north (Martin-Kaye, 1960), and the far north
is still volcanically active, with signi�cant ac-
tivity in 1979 (Sigursson and Carey, 1990).
However, one northern center is old, with
early Pliocene lavas (Sigursson and Carey,
1990). Whatever the direction, a series of vol-
canic centers have elongated the island. This
process may have provided an opportunity
for the development of separate eastern and
western coastal lineages on either side of an
uninhabitable active volcanic center. These
haplotypes lineages mayhave expanded sep-
arately along the respective sides of the is-
land as the island developed. The moun-
tain area could have been colonized from the
lower elevations to the east and west. Ongo-
ing volcanic activity may have created nu-
merous bottlenecks and temporary disper-
sal barriers, modifying the basic pattern of
divergence. Certainly in the east there are
well-supported secondary and tertiary splits
that tend to have a north–south component.
The existence of a sympatric species may
have had an impact on this divergence if
the distribution of the smaller A. trinitatis
were largely restricted to lower elevations
by the larger A. griseus (Roughgarden, 1995).
However, we do not know whether the tim-
ing and sequence of colonization was such
that A. trinitatis and A. griseus were sym-
patric at the time of the phylogeographic di-
vergence within A. trinitatis, and currently
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these species do not have mutually exclusive
distributions.

Geographic Variation in Color

Because there are distinct lineages within
the island and distinct habitat types, ge-
ographic variation in color could re�ect
past historical relationships and thus be
associated with the phylogeny and/or it
could be responding to current selection
pressures associated with the distinct cli-
matic/vegetation biotopes. The lineages are
not entirely independent of biotope, as both
have an east–west component, but appro-
priate statistical procedures, including re-
gressing out the effects of selection or phy-
logenetic relationships a priori, may allow
one to distinguish between these factors (but
see Manly, 1997). Nevertheless, the descrip-
tion of biotope is based on simple vegeta-
tion zones rather than a detailed and ex-
haustive analysis of the habitats, and aspects
of the environmental variation may have
been missed, thus underestimating the role
of habitat. Notwithstanding these considera-
tions, both history and habitat appear to play
a role in determining the geographic varia-
tion in the color of this anole.

Although color may have a nonvisual role
(e.g., thermoregulation), vision is important
in anole communication (males have large
dewlaps, which they extend for conspeci�c
communication), and vision may play an
important role in interactions with both
predators and prey (Macedonia, 2001, and
references therein). Attempts to predict the
relative importance of all potential predators
and prey and their color visionmaybe doom-
ed to failure, but for conspeci�c communicat-
ion anoles can use UVA wavelengths and
higher, having four cones with absorbance
peaks at approximately 365, 450/460,
495/500, and 562/565 nm (Fleishman et al.,
1993, 1997; Macedonia, 1999, 2001). Con-
sequently, these anoles should be able to
detect color across most, if not all, of the
spectra illustrated in Figure 2, although
there will be a decline in sensitivity at higher
wavelengths (Fleishman et al., 1997).

The life of a maturemale anole may largely
be a balance between crypsis to avoid preda-
tion and the need to signal to conspeci�cs
to maintain a territory and attract a mate
(Malhotra and Thorpe, 2000a; Macedonia,
2001). However, the dewlap color is likely

to optimize signaling rather than crypsis be-
cause it is kept folded away when not em-
ployed in signaling. In Greater Antillean
anole communities, dewlap color can dif-
fer markedly among species and is thought
to be important in maintaining species in-
tegrity and may be important in speciation
(Losos, 2002). However, evidence from com-
parison of dewlap color using color match-
ing in the human visual range has previously
led to the view that dewlap color shows lit-
tle intraspeci�c variation within a Lesser An-
tillean island, even when there is marked
geographic variation in other characteristics
(Thorpeet al., 2002).This evidence supported
the view that the situationwas different in the
Lesser Antillean anoles and that the dewlap
was unlikely to be important for potential
speciation within these small islands. How-
ever, the results here clearly show that the
dewlap color varies greatly among habitat
types and therefore may have the poten-
tial to facilitate differentiation. Studies of the
extent of molecular gene �ow among habitat
types associated with different dewlap col-
oration may elucidate the actual extent to
which dewlap coloration genetically isolates
populations. In recent study of sexually ma-
ture male lizards (Gallotia galloti) from the Ca-
nary Islands (Thorpe and Richard, 2001), UV
markings used in conspeci�c signaling were
suggested to be more in�uential than his-
torical separation in determining gene �ow.
The most striking aspect of geographic varia-
tion in dewlap color is the high re�ectance in
lower wavelengths, particularly UV, in At-
lantic coastal habitat populations irrespec-
tive of phylogeny. The Atlantic coast of high-
elevation Lesser Antillean islands tend to
have greater cloud cover than the Caribbean
coast (Beard, 1948) and hence will be sub-
ject to relatively higher UV levels in the am-
bient light of the woodland shade (Endler,
1993, pers. comm.). Consequently, on the At-
lantic coast the high UV re�ectance of the
dewlap may be selected for because it allows
a brighter signal in UV-rich ambient light.
However, this hypothesis is very tentative
and more needs to be done to test this link,
such as establishing parallel trends on in-
dependent islands with similar environmen-
tal zonation (Brown et al., 1991; Thorpe and
Malhotra, 1996; Thorpe et al., 2002).

Unlike the dewlap, surfaces such as the
trunk dorsum are exposed all the time and
so may be expected to be more in�uenced
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than the dewlap by the requirements of cryp-
sis. Anole dorsal surfaces may show par-
allel patterns of geographic variation, sug-
gesting natural selection. For example, on
LesserAntillean islandsmontaneanoles tend
to be greener, which may be interpreted as
selection for crypsis (Thorpe et al., 2002).
However, even here the surface may play an
important role in signaling. Several lines
of evidence support this idea (see also
Macedonia, 2001). First, in other species of
Lesser Antillean anoles there can be strong
sexual dimorphism in the dorsal color pat-
tern, such as the presence of black blotches
only in males (Malhotra and Thorpe, 1999).
Second, in this species there is signi�cant sex-
ual dimorphism in the extent of greenness
of the dorsal and ventral surfaces in mon-
tane anoles, with sexually mature males hav-
ing more intense green than females. In con-
trast, females anoles have less emphasis on
display (Jenssen et al., 2000) and a greater
emphasis on crypsis (Macedonia, 2001) and
in this species have signi�cantly less green
and more red on these surfaces, giving a less
intense green coloration. Third, the peak re-
�ectance of the montane anole dorsum (lo-
cality 7, Fig. 2) matches the peak irradiance
of the ambient light in montane forest and
hence would maximize the brightness of the
signal (Endler, 1993). I am not suggesting
that there is no cryptic component to dor-
sal coloration in adult male anoles. Although
a bright green male anole may be conspicu-
ous against the bark of a tree trunk, it will
more closely match the color of leaves and
be cryptic when hiding among them. More-
over, anoles may darken, which will sub-
stantially in�uence their conspicuousness.
Male A. trinitatis may be seen in the early
evening perched on a dark trunk display-
ing a bright dewlap, with their other sur-
faces darkened (pers. obs.). Under these con-
ditions, the dewlap is very conspicuous but
the rest of the body is not (at least to a
human).

Many of the other surfaces may also have
a role to play in signaling. Many anterior sur-
faces such as the chin, temporal region, and
oxter may be clearly visible to conspeci�cs.
The temporal region may have irregular
patches of skin with high UV re�ectance in
someAtlantic populations (e.g., 4 and 9) from
one lineage. Similarly the chin, which grades
into the anterior dewlap, would be readily

seen by a facing conspeci�c and also has high
UV re�ectance in some Atlantic populations
(e.g., 4 and 9) from one lineage. A similar sit-
uation exists with the oxter marking. Once
again, the relatively high levels of UV light
in cloudy Atlantic coast conditions may opti-
mize the brightness of these marks if used for
signaling. However, the analysis of the cur-
rent data show that (except for the chin) there
is not a stronglink to habitat type irrespective
of phylogeny.

The phylogeographic analysis suggests
that there may have been separate coastallin-
eages that subsequently expanded up into
the mountains. The question then becomes
why some surfaces, but not the dewlap, of
montane forms resemble those of the respec-
tive lowland forms from which the montane
forms may have arisen. For example, the
temporal surface of eastern and western
montane forms resembles that of their re-
spective coastal forms. This resemblance is
re�ected in a signi�cant and predominant as-
sociationwithphylogeny rather thanhabitat.
However, the dewlap of the eastern mon-
tane form more closely resembles that of
the western montane form rather than that
of the phylogenetically related coastal form
(Fig. 2), and this pattern is re�ected in a sig-
ni�cant and predominant association with
habitat. Why does the hue of one surface
(e.g., temporal) still re�ect its phylogenetic
past while the hue of another surface (e.g.,
dewlap) does not? It may be that the dewlap,
being the primary signaling surface (Jenssen,
1970; Echelle et al., 1971) is subject to much
greater selection pressure and therefore has
more rapidly (Malhotra and Thorpe, 1991)
evolved away from its ancestral state. How-
ever, this situation is opposite that observed
in A. conspersus by Macedonia (2001), who
concluded that dewlap color has not kept
pace with body color evolution as the species
has colonized new habitats.
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