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Abstract—Even though, from Darwin onwards, interisland evolution has been a cornerstone of evolutionary theory
it has not been possible to determine to what extent this geographic variation reflects the phylogeny (e.g., pattern of
island colonization) or ecogenetic adaptation to different ecological conditions on each island. Using the morphology
of western Canary Island lacertids (Gallotia galloti) as an example, a procedure is explored that gives a preliminary
answer to this problem when there are a limited number of islands. The phylogenetic component (represented by
patristic distances derived from 1005 mitochondrial DNA [mtDNA] base pairs) can be separated from two potential
ecogenetic factors (environmental richness and climate) by partial Mantel tests. This reveals that, although these
components interact, some characters are correlated primarily to biodiversity/paucity (e.g., size), others are correlated
to wet and lush environments (e.g., dorsal pattern), and others are correlated primarily to the phylogeny (e.g., sexual
leg markings). The former two correlations may be due to ecogenetic adaptation to current ecological conditions,

wheras the latter reflects historical processes.
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In spite of the substantial literature on interisland evolution
in morphology since Darwin’s (1859) Galdpagos studies, and
its influence on evolutionary theory (Mayr 1963; Berry
1992), there has been little rigorous attempt to determine the
relative importance of the historical, phylogenetically inher-
ited effect (e.g., the influence of the sequence of island col-
onization) and the effect of natural selection for current eco-
logical conditions on different islands. This is all the more
notable in light of the development of the ‘‘comparative
method” to establish adaptation in traits by taking into ac-
count the phylogenetic relationships among species (Felsen-
stein 1985; Cheverud et al. 1985; Brooks and McLennan
1991; Harvey and Pagel 1991; Gittleman and Luh 1992; Lo-
sos 1990: Garland et al. 1991).

The ‘“‘comparative method” has been applied primarily to
comparisons among species (Richman and Price 1992),
whereas interisland evolution is often studied at the level of
intraspecific geographic variation. Although spatial (Cliff and
Ord 1981) and “‘comparative’ (Cheverud et al. 1985; Git-
tleman and Kot 1990) autoregression methods are related,
intra- and interspecific traditions of data analysis have de-
veloped largely independently. Consequently, whereas in-
dependent contrasts (Felsenstein 1985) are important in in-
terspecific studies, Mantel tests and their extensions, partial
Mantel tests, are one of the main hypothesis testing tech-
niques in geographic variation analysis (Manly 1991; Brown
et al. 1991; Sokal et al. 1991; Smouse and Long 1992 and
references therein; Thorpe 1991; Thorpe et al. 1994a and
references therein; Waddle 1994).

Mantel tests are used to test one or more hypotheses (in-
dependent variables represented as matrices) against an ob-
served pattern (dependant matrix) using (partial) regression
or correlation. In geographic variation studies, a pattern of
relative dissimilarities in morphology may be tested against
one or more putative causal factors such as geographic vari-
ation in environmental conditions and or the opportunity for
gene flow (Brown et al. 1991). They may also be used to test

historical hypotheses derived from morphological data
(Thorpe et al. 1994a; Waddle 1994) or from DNA phylogenies
(Daltry et al. 1996; Thorpe et al. 1995). An example of the
latter was given in Thorpe et al. (1995) where the DNA
phylogeny (represented as a matrix of patristic distances
among localities) of numerous lizard populations on a single
island is tested against patterns generated from alternative
historical hypotheses. This suggested that the single island
currently occupied by the lizard was once composed of two
separate precursor islands with preexisting lizard popula-
tions, which met once the precursors were joined into a single
island by intervening volcanic activity.

Moreover, in intraspecific studies, molecular phylogenetic
relationships may be incorporated into a partial Mantel test
to test whether features are significantly associated with eco-
logical factors (implying ecogenetic adaptation by natural
selection) free of phylogenetic effects. Thorpe et al. (1995)
gave two examples of this. The first example is an extension
of the above island lizard study; a partial Mantel test was
used to test observed color-pattern variation simultaneously
against geographic proximity, patristic distances from the
molecular phylogeny and a pattern generated by hypothesized
ecogenetic adaptation to climatic/vegetational biotopes. This
allowed the association between color pattern and biotopes
to be established with the phylogeny partialed out. The results
were supported by separate Mantel tests, of color pattern
against biotopes and proximity, within each phylogenetic lin-
eage (Thorpe at al. 1995; Thorpe et al., in press). The second
intraspecific example (Thorpe et al. 1995; Daltry et al. 1996)
used a partial Mantel test to establish an association between
venom variation and diet, with phylogenetic effects partialed
out, by simultaneously testing venom against diet, patristic
distances from molecular phylogeny, and geographic prox-
imity. The association between venom and diet free of phy-
logeny was confirmed by independent contrasts (Daltry et al.
1996).

Although it was possible to use independent contrasts after
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appropriate manipulation of venom and diet data, Mantel tests
have clear advantages with these intraspecific examples.
When dealing with intraspecific geographic variation adja-
cent populations may be able to exchange genes, and there
may be unspecified geographic effects, so it is useful to con-
sider gene flow/geographic proximity in two-dimensional
space, and this is essentially matrix in form. This matrix form
can be input directly into a Mantel tests but is inappropriate
for independent contrasts. It is also useful to test ‘“general-
ized”” data sets combining several characters into a single
matrix. In the above examples (Thorpe et al. 1995) gener-
alized diet, generalized venom, and generalized color pattern
are all matrices representing several characters. Vectors (prin-
cipal components/coordinates) may be extracted to give a
continuous variable representing these sets for input into in-
dependent contrasts, but information is lost in this process.

At the intraspecific level, it is quite usual for some pairs
of populations not to be phylogenetically different, even
though they differ in other dependent variables (e.g., ecology)
and in the dependent variables (e.g., morphology), and hence
should be included in the analysis (Thorpe et al. 1995). These
data present no difficulty for Mantel tests but is inappropriate
for independent contrasts. Nonnormal data are also accept-
able for Mantel tests that are based on randomization.

In studies of geographic variation, it can be important to
consider simultaneously several causative factors. This is
done automatically in partial Mantel tests but cannot be
achieved by independent contrast analysis on its own (re-
quiring input of contrast traits into an additional analysis).
Finally, independent contrasts do not consider variation
among individuals, although this can be pertinent in studies
of geographic variation where both descriptive methods such
as principal-component analysis and canonical analysis
(Thorpe 1983) and hypothesis testing methods such as Mantel
tests (Excoffier and Smouse 1994; Peakall et al. 1995; Thorpe
et al. 1994a; Waddle 1993, 1994) can consider individual
variation.

This paper describes a preliminary partial Mantel test pro-
cedure for investigating the relationships between observed
morphological variation and a set of factors (both ecological
and historical) when there are adequate individuals, but few
groups (islands). It is not proposed as a definitive procedure,
but as a procedure that will give an indication of whether it
is likely to be cost-effective to invest substantial effort in
sampling and studying numerous populations per island, or
region as in Thorpe et al. (1995).

The subject of this study, the western Canary island lac-
ertid, Gallotia galloti, is a medium-sized diurnal herbivore
found on Tenerife (and associated islets), La Palma, El Hierro,
and La Gomera (Fig. 1). Numerous morphological characters
from the scalation, color pattern, and body dimensions vary
substantially among islands and within Tenerife. For exam-
ple, the mature males on El Hierro tend to be small and
blackish with blue spots on the legs and relatively robust
heads whereas in north Tenerife they tend to be large with
bright yellow dorsal cross bars, blue cheeks, and reiatively
gracile heads. The ecological conditions differ among islands
(Garcia et al. 1990; Huetz de Lemps 1969), and molecular
analyses (Thorpe et al. 1993a,b, 1994b) indicate that there
is a distinct intraspecific phylogeny with northern and south-
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ern lineages. Consequently, this morphological variation
could reflect the intraspecific phylogeny (Thorpe 1984;
Thorpe et al. 1993a,b, 1994b) and/or natural selection for the
different ecological conditions (Brown et al. 1991; Malhotra
and Thorpe 1991a,b; Thorpe 1991; Thorpe and Brown 1989)
among islands.

To test the extent to which the phylogeny and ecogenetic
factors are correlated to the geographic variation in a given
morphological character, one needs to be able to represent
the phylogenetic relationships largely independent of any
ecogenetic (natural selection) effects. Although one can at-
tempt to reconstruct a phylogeny based on morphology for
these populations, (Thorpe et al. 1985), it is not possible to
use this to test hypotheses free of circularity as much, or even
all, of the variation may be due to ecogenetic adaptation to
current conditions. The least selectively influenced infor-
mation that is readily available for constructing phylogenetic
relationships at this level is mitochonarnal DNA (mtDNA)
nucleotide sequence.

In this study relatively neutral DNA information (Miya-
moto and Cracraft 1992) is used to construct phylogenetic
relationships among populations, and this is used in com-
bination with recently developed partial Mantel tests that
allow several interacting hypotheses to be tested simulta-
neously (Manly 1991; Thorpe 1991; Brown et al. 1991; Sokal
et al. 1991). This enables the relative importance of historical
and ecogenetic effects to be tested. It is particularly important
to be able to test as many factors as is necessary simulta-
neously because they can be intercorrelated. This procedure
is useful in this, and other, intraspecific interisland studies
where both historical factors and a range of ecological factors
can play an important role in determining morphological evo-
lution.

MATERIALS AND METHODS

Morphological features that were readily standardized and
readily recordable from every appropriate individual, and
which represent a range of character systems, were selected
for an earlier study of the intraspecific and interspecific mor-
phology of Gallotia species (Thorpe et al. 1985). For this
intraspecific study, 10 body measurements, 10 scalation char-
acters, and 10 color-pattern characters (sexually mature
males) are appropriate and are presented in (Table 1). These
were recorded from specimens from north Tenerife (17),
south Tenerife (11), El Hierro (11), La Palma (13), and La
Gomera (13). Body-dimension characters were adjusted for
size independence by a pooled within-group regression
against snout—vent length.

Mantel procedures can test for an association between two
matrices using randomization (Manly 1986a,b). The param-
eter (such as a correlation or regression coefficient) is com-
pared with the distribution obtained when the matrix is re-
peatedly randomized. The null hypothesis of no association
is rejected when the parameter value is exceeded in the ran-
domizations at a given probability level. The reliability of
the probability depends on the number of randomizations
(Jackson and Somer 1989) so in this study 10,000 are em-
ployed. The association between an observed pattern of vari-
ation between individual cases (Excoffier and Smouse 1994,



526

29°

28°

29°

28°

29°

28°

ROGER S. THORPE

LA PALMA

18° 16°

NORTH
TENERIFE

=
SOUTH TENERIFE

100 km

18° 16°

LA PALMA

~” NORTH
TENERIFE

100 km

18° 16°




MOLECULAR AND MORPHOLOGICAL EVOLUTION 527

TaBLE 1. Partial Mantel tests. The null hypothesis probabilities for the standardized absolute partial regression for each of the three
factors are given with P < 0.0167 (Bonferroni corrected by 0.05/3 hypotheses) and marked with an asterisk to indicate that they have
reached significance according to the sequential Bonferroni correction considering all 90 probabilities (0.05/3 hypotheses X 30 characters).
Characters 2 through 10 are body dimensions adjusted by pooled within-group regression for size independence, characters 11 through
20 are scalation characters, and characters 21 through 30 are color-pattern characters, which, together with character 1, are based on
sexually mature males. Island codes are NT (north Tenerife), ST (south Tenerife), LP (La Palma), GM (La Gomera), and HI (El Hierro).

Probabilities for hypotheses Means for islands/regions

Character Phylog Biodiv Climate NT ST LP GM HI
1 SV length 0.0018 0.0001* — 11.5 11.3 9.8 8.6 8.3
2 Head length — — 0.0163 21.2 21.0 20.0 21.8 21.1
3 Head width — — 0.0005* 9.7 10.0 9.4 10.2 9.9
4 Prefrontal length — — 0.0001* 1.4 1.7 1.0 1.6 1.4
5 Frontonasal width 0.0028 0.0000* — 3.6 3.6 32 33 32
6 Mouth-ear distance 0.0128 — — 3.1 2.9 2.8 34 3.1
7 Eye-mouth distance — — 0.0001* 4.6 5.2 4.3 49 4.7
8 Eye-ear distance — — 0.0000* 5.6 6.1 55 6.1 5.7
9 Ear height 0.0030 0.0040 0.0014 42 4.7 4.0 43 4.3
10 Head depth — — 0.0000* 9.0 9.4 8.7 9.4 9.3
11 Pectoral no. 0.0005* — 0.0144 6.6 6.1 7.4 6.4 7.6
12 TS ventral no. 0.0104 0.0003* 0.0037 12.5 13.6 11.1 11.9 10.6
13 TS dorsal no. 0.0063 — — 94.8 85.8 92.6 89.2 96.3
14 Collar no. — 0.0000* — 11.7 12.2 11.6 9.7 9.2
15 Crenulated collar 0.0001* 0.0001* — 0.1 0.4 0.5 1.0 1.0
16 Femoral pores 0.0000* 0.0135 0.0044 27.9 252 28.4 26.1 29.6
17 Postoc. temporal no. 0.0095 0.0003* — 2.8 2.6 22 1.3 2.0
18 Labial temporal no. — — 0.0017 3.2 2.8 2.2 33 2.3
19 Frontonasal shape — 0.0148 — 0.7 0.5 1.0 0.7 1.0
20 Single chinshield 0.0006* 0.0001* 0.0006* 1.0 0.4 0.2 0.2 0.0
21 Blue cheek — — 0.0000* 1.0 0.0 1.0 0.0 0.0
22 Blue massateric — — 0.0008* 0.3 0.0 0.5 0.0 0.0
23 Height blue cheek — — 0.0000* 42 0.0 2.3 0.0 0.0
24 Length blue cheek — — 0.0000* 5.8 0.0 9.0 0.0 0.0
25 Blue lateral no. 0.0000* 0.0076 0.0040 4.2 6.6 6.8 2.3 2.1
26 Light lateral no. 0.0000* — — 7.2 6.9 7.8 4.7 2.1
27 Blue trunk no. 0.0000* — 0.0073 32 5.6 53 1.3 1.1
28 Blue foreleg spot no. 0.0001* — — 0.0 0.0 0.0 1.2 0.7
29 Blue hindleg spot no. 0.0000* — — 0.0 0.0 0.2 2.9 1.8
30 Yellow bar no. 0.0042 0.0045 0.0000* 10.0 0.3 3.2 0.3 0.0

Peakall et al. 1995; Thorpe et al. 1994a; Waddle 1993, 1994),
or geographic sample means (Thorpe et al. 1995), or species,
represented as a similarity matrix (dependent variable), and
a pattern of variation derived from a given causal hypothesis,
or factor, also represented as a matrix (independent variable),
can be tested in this way. This procedure allows one to reject
a causal hypothesis on the evidence provided. This may pro-
vide a basis for more detailed investigation into the mech-
anisms of causation for hypotheses that cannot be rejected.
The observed pattern of variation (dependent matrix) may be
very detailed, whereas a causal hypothesis may generate a
simple pattern. For example, Legendre and Fortin (1989),
tested the association between an environmental matrix be-
tween individual cases and a simple binary model matrix

between cases. They consider this procedure to resemble a
nonparametric ‘‘discriminant function.”

One’s ability to reject hypotheses is enhanced by consid-
ering several hypotheses simultaneously, because these hy-
potheses may produce intercorrelated patterns, and in fact
more than one factor could be contributing to the pattern of
geographic variation. Partial Mantel tests that consider nu-
merous factors simultaneously (Manly 1991) are therefore a
considerable advance over simple Mantel tests. The observed
pattern of variation is treated as the dependent variable with
each hypothesized pattern treated as one of several indepen-
dent variables, which are considered simultaneously to pro-
duce as partial regression (or correlation).

In this study, partial Mantel tests (Manly 1991) were per-

e
FiG. 1.

(A) Phylogenesis. Schematic representation of evolution in the western Canary Island Lacertid, Gallotia galloti. The arrows

indicate the rigorously hypothesized colonization sequence (Thorpe et al. 1994b) of the two lineages westward (northern lineage, empty
arrows; southern lineage, shaded arrows). The blue spots on the foreleg (ch. 28) and hindleg (ch. 29), thought to be for conspecific
sexual communication, are present in the southern lineage (Gomera and Hierro) and absent in the northern lineage (north Tenerife, south
Tenerife, and La Palma) and outgroups, irrespective of ecological conditions. (B) Ecogenesis. Irrespective of phylogenetic lineage, sexually
mature males are large in biodiverse areas (Tenerife), progressively smaller in more depauperate areas (La Palma), and smallest in the
most depauperate areas (Gomera and Hierro). (C) Ecogenesis. Irrespective of phylogenetic lineage, wet, lush areas (north Tenerife and
La Palma) have disruptive dorsal yellow bars, blue cheeks for conspecific communication, and gracile heads.
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formed with the variation in each individual morphological
character, represented as a taxonomic distance matrix be-
tween individuals, as the dependent variable. The patterns
generated from the various ecological (biotic and physical)
hypotheses and the phylogeny were considered simultaneous-
ly as independent variables. All these matrices were trans-
formed to normalized vectors (zero mean, unit variance) be-
fore being input into the partial Mantel test so that the mea-
sure of association between the morphological character (de-
pendent variable) and an independent variable is given as the
absolute standardized partial regression. The partial Mantel
program was supplied by Manly, with associated program-
ming by Thorpe.

FACTORS

The factors under consideration that may have determined
the pattern of variation are the phylogenetic relationships
among populations, the biotic environment, and the physical
environment. The phylogeny may determine the pattern of
variation in the sense that the variation reflects the historical
phylogenetic process to which the species has been subject,
whereas the latter two factors may be regarded as being caus-
ative agents based on natural selection for current ecological
conditions. The null hypothesis of no association between
the observed pattern and each of the three factors is tabulated
when the probability is less than 0.0167 (Bonferroni corrected
0.05/3) but is rejected only when the probability is less than
the more demanding sequential Bonferroni correction (Rice
1989) taken across all 90 values (0.05/3 hypotheses X 30
characters).

Phylogeny—The phylogenetic relationships used in this
study are based on sequence comparisons across 1005
mtDNA base pairs (bp) (291 bp cytochrome b; 465 bp cy-
tochrome oxidase I; 249 bp 12s ribosomal RNA [rRNA]).
The materials and methods for obtaining the mtDNA se-
quence divergence, together with the actual 1005 bp sequence
are given in Thorpe et al. (1994b). A range of phylogenetic
trees, Fitch-Margoliash (without and without the assumption
of a molecular clock), Wagner parsimony, and maximum like-
lihood, were produced from this mtDNA sequence data
(Thorpe et al. 1994b). The ttees were outgroup rooted by the
two congeners, G. atlantica and Gallotia stehlini, as well as
the mainland lacertid Psammodromus hispanicus. The phy-
logenetic relationships of the G. galloti populations are con-
gruent among these trees and trees based on RFLP and RAPD
nuclear DNA data (Thorpe et al. 1993a,b; Thorpe et al.
1994b). These trees show two very distinct lineages for G.
galloti: a southern lineage (on La Gomera and El Hierro) and
a northern lineage (on La Palma, north and south Tenerife).
An interpretation of the phylogeny in terms of interisland
colonization sequence, given in Thorpe et al. (1994b), shows
two separate westward colonizations (with the DNA times
being compatible in detail with island age at each stage) from
older eastern islands to younger western islands (Thorpe et
al. 1994b) (Fig 1A). In the north, L.a Palma is colonized from
north Tenerife, and in the south Gomera is colonized from
south Tenerife, with Hierro finally being colonized from Go-
mera.

Historical hypotheses, or relationships, can be expressed
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in a variety of ways. In this study, they could be represented
by a matrix of genetic distances based on sequence similarity,
by patristic distances in a phylogenetic tree, by subspecies
based on lineages from molecular phylogenetic analysis
(Thorpe et al. 1993b), or by the deduced colonization pathway
(Thorpe et al. 1994b). Here, the patristic distances of a Fitch-
Margoliash tree without the assumption of a molecular clock
(Fitch and Margoliash 1967; Fitch 1971) (1005 bp sequence
data), are used. This tree is presented in Thorpe et al. (1994b).

Biotic Factor: Biodiversity.—This variable attempts to ex-
press how rich or depauperate the biotic environment is. The
islands differ in altitude and area and the environmental com-
plexity and productivity they offer. Tenerife is a large, high-
altitude island with high plant and animal biodiversity. In
contrast, the western islands (La Palma, La Gomera, and El
Hierro) tend to be smaller and depauperate with much lower
biodiversity. This factor is based on Humphries’ (1979) es-
timate of plant diversity and Baez’s (1992) estimate of land-
bird diversity. A taxonomic distance matrix computed across
normalized plant and land-bird diversity represents this fac-
tor.

Physical Factor: Climate—There are noticeable differ-
ences in climate and consequent vegetation (Garcia et al.
1990; Huetz de Lemps 1969) within, and among, the islands
of the Canarian archipelago. Climatic differences within in-
dividual islands have been shown to influence morphological
differentiation of all three types of lizards present (Thorpe
et al. 1991), that is, lacertids (Thorpe 1991; Thorpe and
Brown 1989; Thorpe and Baez 1987; Thorpe et al. 1994a),
geckos (Thorpe 1991), and skinks (Brown and Thorpe
1991a,b; Brown et al. 1991). Northern Tenerife and La Palma
tend to be wet with lush vegetation whereas south Tenerife
and the sampled lowland areas of La Gomera and El Hierro
tend to be arid and barren. This hypothesis is represented by
a taxonomic distance matrix computed from the total annual
rainfall (Heutz de Lemps 1969; Garcia et al. 1990) at, or
close to, sample sites.

RESULTS AND CONCLUSIONS

In a partial Mantel test, matrices representing these three
factors (independent variables) are considered simultaneous-
ly against each morphological character (dependent variable)
in turn. Most characters from the three morphological char-
acter systems (adjusted body dimensions, scalation, and color
pattern), show a significant relationship with one or more
factors (Table 1). Body-dimension variation is most usually
associated with climatic conditions, or (to a lesser extent)
biodiversity; color-pattern variation is associated with the
phylogeny, or climatic conditions; whereas scalation varia-
tion is associated primarily with biodiversity, or phylogeny.

Morphological variation can be associated with the phy-
logeny irrespective of its association with current ecological
conditions. An example of morphological traits strongly as-
sociated with the phylogeny are the blue leg marks (characters
28 and 29), which are present in the southern lineage and
absent in the northern lineage and all outgroups (Fig. 1A).
Other characters are also clearly associated with the phylog-
eny; the southern lineage animals tend to have a crenulated
collar fringe (character 15) and few light/blue body spots
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(characters 25, 26, and 27) (Table 1). Phylogeny is also as-
sociated with variation in scalation characters 11 and 20.

Irrespective of phylogeny and climate, sexually mature
males tend to be smaller (character 1) on depauperate, low
biodiversity, islands (Fig. 1B). Specimens from these islands
also tend to have narrow frontonasals (characters 5), fewer,
more frequently crenulated collar scales (characters 14 and
15), fewer temporals (characters 17) and ventrals (12), and
a double chin shield (character 20) (Table 1).

Irrespective of phylogeny and biodiversity, specimens
from wet lush areas (north Tenerife and La Palma) tend to
have gracile heads (characters 3, 4, 7, 8, and 10) and blue
cheeks (characters 21, 22, 23, and 24) and yellow dorsal bars
(characters 30) (Fig. 1C). Climate also appears to be asso-
ciated with scalation character 20.

When the more extreme Bonferroni correction is used most
characters are associated with only a single factor, but char-
acters 15 is associated with two factors and character 20 with
all three factors.

DiscussiON

The phylogenetic relationships of the populations obvi-
ously play an important role in determining the morphology
of the island forms as 9 of the 30 morphological characters
are significantly associated with the DNA phylogeny. Some
characters are closely associated with the DNA phylogeny,
for example, the blue leg spots. These leg spots are present
only in the southern lineage, being absent in the northern
lineage, both congeneric outgroups and the lacertid outgroup.
Hence, they appear to be synapomorphic for the southern
lineage of G. gallori.

The blue markings (whether on the legs, trunk or neck)
are thought to have a role in conspecific signalling (Thorpe
and Brown 1989). This study, and studies within individual
islands (Thorpe and Brown 1989), indicate that the blue
markings on the trunk and neck may be strongly influenced
by ecogenesis. Studies of color-pattern variation of sexually
mature males within Tenerife suggest that blue cheek/trunk
markings may be for conspecific communication and yellow
dorsal bars for disruptive crypsis (Thorpe and Brown 1989)
in these agonistic and highly predated lizards. Thorpe and
Brown’s (1989) study suggested a balance between natural
selection and crypsis, such that in wet, lush areas disruptive
dorsal bars prevail with blue sexual marking developing on
the cheek rather than trunk, whereas in south Tenerife the
balance is in favor of pronounced blue marks on the trunk
(Thorpe and Brown 1989). This interisland study is com-
patible with Thorpe and Brown’s (1989) and Thorpe et al.’s
(1994a) within-island study, in that the tested partial regres-
sions do not provide evidence to reject the hypothesis that
the blue cheeks and yellow dorsal bars in males are an eco-
genetic adaptation to a wetter climate. Head robustness is
also correlated to wet climates with lush vegetation and this
may be due to ecogenetic adaptation. This may involve con-
specific agonism as sexually mature males are aggressive and
have larger heads than the females. Also, there may be a
dietary effects on the head robustness of these vegetarian
lizards as the climatic differences result in different vege-
tation types (Thorpe and Brown 1989).

529

Although body size varies greatly among species (Thorpe
1985) and substantially among island forms of the same spe-
cies, it varies only slightly in correlation to climatic/altitu-
dinal factors within single islands (Thorpe and Brown 1991,
pers. obs.). It is therefore not surprising to find that it is not
associated with climate although is does correlate with bio-
diversity. The smaller body size may be an ecogenetic ad-
aptation to a narrower, less consistently available, food source
on depauperate islands. In any event, there is no evidence of
it being entirely due to direct environmental induction as
specimens from different islands raised under standard lab-
oratory conditions still show these differences in body size
(pers. obs.).

Although the results of this interisland study are generally
compatible with the previous series of within-island studies
this is not the case with all characters. Within-island studies
of lizards (Malhotra and Thorpe 1991b; Thorpe and Baez
1987; Thorpe 1991), and other studies of lizards (Horton
1972; Soule 1966; Soule and Kerfoot 1972), consistently
imply that dorsal scalation is determined by ecogeneti¢ ad-
aptation, whereas this study does not support this interpre-
tation for interisland variation.

Some of applications of Mantel tests at the supraspecific
level have used classification to represent historical relation-
ships (Douglas and Matthews 1992). As a rule, conventional
subspecies should not be used for this purpose as detailed
studies of geographic variation reveal that they generally re-
flect no consistently recognizable biological unit, let alone
phylogenetic lineage (Thorpe 1987). Moreover, at the intra-
specific level it is possible for the variation in morphological
characters to be predominantly determined by adaptation for
current ecological conditions and for the phylogenetic com-
ponent to be minimal. Consequently, it is generally inappro-
priate to attempt to use a tree based on morphology in order
to investigate phylogenetic and ecogenetic components of
intraspecific variation in morphological characters. A tree
based on independent data that has the greatest chance of
selective neutrality, for example one based on mtDNA se-
quence, has to be preferred for this purpose.

When there are few groups it is possible to get a prelim-
inary indication of association between characters and alter-
native explanatory factors by using individuals, although it
may be considered to be too easy to reject the null hypothesis
under these circumstances. Whether individual variation or
locality means (Thorpe et al. 1995) are used, this procedure
should be of general utility for investigating both ecological
and phylogenetic correlates of population evolution in both
morphological (e.g., size, shape, color, and scalation) and
biochemical (e.g., venom) characters (Thorpe et al. 1995),
and is particularly useful in areas such as interisland evo-
lution, where it can be difficult to distinguish among various
factors. If, for example, one addresses the question posed
above as to why the specimens from north Tenerife and El
Hierro differ in body size, color pattern and head size one
can now see that the best answer currently available is that
one they differ in leg markings due to phylogeny, they differ
in body size in correlation with environmental depaupera-
teness/richness, and in head robustness, cheek color and dor-
sal yellow markings primarily in correlation with climatic
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differences. The mechanism causing the latter two correla-
tions is presumably ecogenetic adaptation.

ACKNOWLEDGMENTS

This research was funded by Natural Environment Re-
search Council (NERC) (GR3/6943), Science and Engineer-
ing Research Council (SERC) (GR/F/19968), Carnegie and
Royal Society. I would like to thank T. Garland, J. Losos, D.
Bauwens, M. Baez, R. P. Brown, K. Watt, A. Malhotra, A.
Cumming, D. McGregor, W. Jordan, and P. E. Smouse for
assisting in various ways.

L1TERATURE CITED

BAez, M. 1992. Zoogeography and evolution of the avifauna of
the Canary Islands. Pp. 424—-431 in K. E. Campbell, ed. Papers
in avian paleontology. Natural History Museum of Los Angeles
County, Los Angeles.

BERRY, R. J. 1992. The significance of island biotas. Biol. J. Linn.
Soc. 4:3-12.

Brooks, D. R., aND D. A. McLENNAN. 1991. Phylogeny, ecology,
and behavior. University of Chicago Press, Chicago.

BrowN, R. P, aAND R. S. THORPE. 1991a. Within-island microgeo-
graphic variation in the color pattern of the skink, Chalcides
sexlineatus: Pattern and cause. J. Evol. Biol. 4:557-574.

. 1991b. Description of within-island microgeographic vari-
ation in the body dimensions and scalation of the Gran Canarian
skink, Chalcides sexlineatus, with testing of causal hypotheses.
Biol. J. Linn. Soc. 44:47-64.

Brown, R. P, R. S. THoRrPE, AND M. Bagz. 1991. Lizards on
neighbouring islands show parallel within-island micro-evolu-
tion. Nature 352:60-62.

CHEVERUD, J. M., M. M. Dow, AND W. LEUTENEGGER. 1985. The
quantitative assessment of phylogenetic constraints in compar-
ative analyses: Sexual dimorphism in body weight among pri-
mates. Evolution. 39:1335-1351.

CLIFF, A. D, AND J. K. OrD. 1981. Spatial processes: Models and
applications. Pion, London.

DALTRY, J. W. WUSTER, AND R. S. THORPE. 1996. Diet and snake
venom evolution. Nature 379:537-560.

DarwiN, C. 1859. On the origin of species by means of natural
selection. John Murray, London.

DougLas, M. E., AND W. J. MATTHEWS. 1992. Does morphology
predict ecology? Hypothesis testing within a freshwater stream
fish assemblage. Oikos 65:213-224.

EXCOFFIER, L., AND P. E. SMoUSE. 1994. Using allele frequencies
and geographic subdivision to reconstruct gene trees within a
species: Molecular variance parsimony. Genetics 136:343-359.

FELSENSTEIN, J. 1985. Phylogenies and the comparative method.
Am. Nat. 125:1-15.

FitcH, W. M. 1971. Toward defining the course of evolution: Min-
imal change for a specific tree topology. Syst. Zool. 20:406—
417.

FrrcH, W. M., AND E. MARGoLIASH. 1967. Construction of phy-
logenetic trees. Science 155:279-284.

GARCIA, J. L., J. HERNANDEZ, L. G. CABRERA, A. Diaz, AND L.
AFONsO. 1990. Atlas Interinsular de Canarias. Editorial Inter-
insular Canaria, S.A. Tenerife, Spain.

GARLAND, T., Jr., R. B. HUEY, AND A. E BENNETT. 1991. Phylogeny
and Thermal physiology in lizards: A reanalysis. Evolution 45:
1969-1975.

GITTLEMAN, J. L., AND M. KoTt. 1990. Adaptation: Statistics and
a null model for estimating phylogenetic effects. Syst. Zool. 39:
227-241.

GITTLEMAN, J. L., AND H-K. LUH. 1992. On comparing comparative
methods. Ann. Rev. Ecol. Syst. 23:383-404.

HARVEY, P, AND M. PAGEL. 1991. The comparative method in
evolutionary biology. Oxford University Press, Oxford.

HorTtoN, D. R. 1972. Lizard scale size and adaptation. Syst. Zool.
21:441-443.

THORPE

HuEetz DE LEMPS, A. 1969. Le Climat des Iles Canarias. Publ. Fac.
Lett. Sci. Hum. Tome 55, Sorbonne, Paris.

HumpHRIES, C. J. 1979. Endemism and evolution in Macaronesia.
Pp. 171-199 in D. Bramwell, ed. Plants and islands. Academic
Press, London.

Jackson, D. A, aND K. M. SoMER. 1989. Are probability estimates
from the permutation model of Mantel’s test stable? Can. J. Zool.
67:766-769.

LEGENDRE, P, aND M. J. FORTIN. 1989. Spatial pattern and eco-
logical analysis. Vegatatio 80:107-138.

Losos, J. 1990. Ecomorphology, performance capability, and scal-
ing of West Indian Anolis lizards: An evolutionary analysis.
Ecol. Monogr. 60:369-388.

MALHOTRA, A., AND R. S. THORPE. 1991a. Experimental detection
of rapid evolutionary response in natural lizard populations. Na-
ture 353:347-348.

. 1991b. Microgeographic variation in Anolis oculatus on
the island of Dominica, West Indies. J. Evol. Biol. 4:321-335

ManLy, B. E J. 1986a. Multivariate statistical methods: A primer.
Chapman and Hall, London.

. 1986b. Randomization and regression methods for testing

associations with geographical, environmental and biological

distances between populations. Res. Popul. Ecol. (Kyoto) 28:

201-218.

. 1991. Randomization and Monte Carlo methods in biology.
Chapman and Hall, London.

MaAYRr, E. 1963. Animal species and evolution. Belknap, Harvard,
MA.

MivamMoro, M. M., AND J. CRACRAFT. 1992. Phylogenetic analysis
of DNA sequences. Oxford University Press, Oxford.

PEAKALL, R. R., P. E. SMOUSE, AND D. R. Hufrr. 1995. Evolutionary
implications of allozyme and RAPD variation in diploid popu-
lations of the diocious buffalograss Buchloe dactyloides. Mol.
Ecol. 4:135-147

RIce, W. R. 1989. Analyzing tables of statistical tests. Evolution
43:223-225.

RicuMAN, A. D., anD T. PrRICE. 1992. evolution of ecological dif-
ferences in the old world leaf warblers. Nature 355:817-821.
SMoUsE, P. E., anD J. C. LonG. 1992. Matrix correlation analysis
in anthropology and genetics. Year B Phys. Anthropol. 35:187—

213.

SokaL, R. R., N. L. OpeN, AND C. WILSON. 1991. Genetic evidence
for the spread of agriculture in Europe by demic diffusion. Na-
ture 351:143-145.

SoULE, M. 1966. Trends in the insular radiation of a lizard. Am.
Nat. 100:47-64.

SouLE, M., aND W. C. KerrooT. 1972. On the climatic determi-
nation of scale size in a lizard. Syst. Zool. 21:97-105.

THORPE, R. S. 1983. A review of the methods of recognising and
analysing racial variation. Pp. 404—423 in J. Felsensteine, ed.
Numerical taxonomy: Proceedings of a NATO advanced study
institute. NATO Advanced Study Institute Series G (Ecological
Sciences), No.1, ed. Springer, Berlin.

. 1984. Primary and secondary transition zones in speciation

and population differentiation: A phylogenetic analysis of range

expansion. Evolution 38:233-243,

. 1985. Body size, island size and variability in the Canary

Island lizards of the genus Gallotia. Bonn. Zool. Beitr. 36:481—

487.

. 1987. Geographic variation: A synthesis of cause, data,

pattern and congruence in relation to subspecies, multivariate

analysis and phylogenesis. Boll. Zool. 54:3-11.

. 1991. Clines and cause: Microgeographic variation in the
Tenerife gecko Tarentola delalandii. Syst. Zool. 40:172-187.
THORFE, R. S., AND M. BAEz. 1987. Geographic variation within
an island: Univariate and multivariate contouring of scalation,
size and shape of the lizard Gallotia galloti. Evolution. 41:256—

268.

THOREE, R. S., AND R. P. BRowN. 1989. Microgeographic variation
in the colour pattern of the lizard Gallotia galloti within the
island of Tenerife: Distribution, pattern and hypothesis testing.
Biol. J. Linn. Soc. 38:303-322.

. 1991. Microgeographic clines in the size of mature male




MOLECULAR AND MORPHOLOGICAL EVOLUTION

Gallotia galloti (Squamata: Lacertidae) on Tenerife: Causal hy-
potheses. Herpetologica 47:28-37

THOREFE, R. S., K. WATT, AND M. BAEZ. 1985. Some interrelation-
ships of the Canary Island lizards of the genus Gallotia. Bonn.
zool. Beitr. 36:577-584.

THoreg, R. S., R. P. BROWN, A. MALHOTRA, AND W. WUSTER. 1991.
Geographic variation and population systematics: Distinguishing
between ecogenetics and phylogenetics. Boll. Zool. 58:329-335.

THORPE, R. §., D. P MCGREGOR, AND A. M. CuMMING. 1993a.
Population evolution of Western Canary Island lizards (Gallotia
galloti): 4-base endonuclease restriction fragment length poly-
morphisms of mitochondrial DNA. Biol. J. Linn. Soc. 49:219—
227.

. 1993b. Molecular phylogeny of the Canary Island lacertids
(Gallotia): Mitochondrial DNA restriction fragment divergence
in relation to sequence divergence and geological time. J. Evol.
Biol. 6:725-735.

THorpPE, R. S., R. P. BROwWN, A. MALHOTRA, M. L. Day, D. P.
MCGREGOR, AND W. WUSTER. 1994a. Testing ecological and
phylogenetic hypotheses in microevolutionary studies. Pp. 189—

531

206 in P. J. Eggleton and R. Vane-Wright, eds. Phylogeny and
ecology. Academic Press, London.

THORPE, R. S., D. P. MCGREGOR, A. M. CUMMING, AND W. C. JOR-
DAN. 1994b. DNA evolution and colonization sequence of island
lizards in relation to geological history: mtDNA RFLP, cyto-
chrome b, cytochrome oxidase, 12s rRNA sequence, and RAPD
nuclear analysis. Evolution 48:230-240.

THORPE, R. S., A. MALHOTRA, H. BLACK, J. C. DALTRY, AND W.
WUsTER. 1995. Relating geographic pattern to phylogenetic
process. Philos. Trans. R. Soc., Lond. B. Biol. Sci. 349:61-68.

THorPE, R. S., H. BLACK, AND A. MALHOTRA. In press. Matrix
correspondence tests on the DNA phylogeny of the Tenerife
lacertid elucidate both historical causes and morphological ad-
aptation. Syst. Biol.

WADDLE, D. M. 1993. The evolution of modern humans: Testing
models of modern human origins using matrix correlation meth-
ods. Ph.D. thesis. State University of New York, Stony Brook.

. 1994, Matrix correlation tests support a single origin for

modern humans. Nature 368:452-454.

Corresponding Editor: R. Holt




