Biological Journal of the Linnean Society (1987) 31: 75 88. With 6 figures

Complex clines: the predictivity of
complicated patterns of geographic variation
portrayed by multivariate analysis

R. S. THORPE

Department of Joology, Universily of Aberdeen, Aberdeen AB9 2T N

Received 28 October 1986, accepied for publication 26 January 1987

The stability of complex patterns of geographic variation was investigated by assessing the
congruence between multivariate ordinations derived from randomly chosen real characters. Two
series of populations were analysed representing two situations with complex patterns of geographic
variation. The first, a ‘Eurasian’ series of populations, showed a strongly structured hierarchical
pattern, the sccond, an ‘castern’ series of populations, showed a more subtle complex pattern of
smooth clines and steps. The characters were selected from a total of 81 (Eurasian) or 61 (castern)
within-population independent characters from six different systems. The congruence between
ordinations of the geographical populations was measured by the rotational fit statistic, R?. Three
procedures were used to compare ordinations based on from two to up to 80 characters randomly
chosen to give: A, completely independent character scts; B, subsets compared to the total set; and
C, potentially overlapping sets. All three procedures showed that congruence between the
ordinations was asymptotic in relation to character number. This relationship was described by one
of two mathematical modcls (procedure B did not result in a hyperbolic model as found with simple
patterns of geographic variation). Generally speaking, once a sufficient number of characters arc
used, the complex patterns of geographic variation are stable, reliable and predictive and not
substantially influenced by character choice. The strongly structured hicrarchical pattern required
15 or so characters to achieve reliability whilst the more subtle patterns required 20 or so
characters. However, the addition of further characters does improve reliability in both cases. The
greater percentage of variance portrayed by three-dimensional ordinations compared to two-
dimensional ordinations is achieved at the cost of lower congruence when a sufficient number of
characters arc used. If casc studics of geographic variation were to adopt these procedures
(preferably using completely independent character sets; procedure A) the reliability of their results
would be indicated).
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Appendix . . ... .0 a8
INTRODUCTION

Many studies of geographic variation implicitly aim to determine general or
predictive patterns of variation. Since each independent character may have a
somewhat different pattern of geographic variation, multivariate ordination
analysis is widely used to portray general trends (Garrison, 1976; Rightmire,
1976; Schmidly & Hendricks, 1976; Eger, 1977; Iverson, 1977; Birks, 1978;
Havera & Nixon, 1978; Jackson, 1978; Matson & Friesen, 1978; Thorpe &
McCarthy, 1978; Williams & Genoways, 1978, 1980; Dowler & Genoways,
1979; Parkinson, 1979; Prentice, 1979; Schmidly & Brown, 1979; Smith, 1979;
Thorpe, 1979, 1980, 1984a, b, 1986; Crome et al.,, 1980; Duncan, 1980;
Hartmann, 1980; Diersing, 1981; Diersing & Hoftmeister, 1981; Rogers &
Schmidly, 1981; Thorpe, Corti & Capanna, 1985; Thorpe, Watt & Baez, 1985).

Previous studies of the relationship between the reliability of patterns of
geographic variation portrayed by multivariate analysis and the number of
characters employed have been based on a simple pattern, i.e. a smooth cline or
a sharp step (categorical variation). These studies (Thorpe, 1985a, b, ¢), using
data from the grass snake, N. natrix, show that thesec simple patterns of
geographic variation may be reliably portrayed by multivariate analysis when
only a few randomly selected characters are chosen. In these cases the cause of
the variation was phylogenesis influencing a wide range of independent features.

These studies were a necessary starting point. However, in nature one rarely
finds such simple patterns in isolation. In practice the patterns of geographic
variation may turn out to be far more complicated, i.e. various smooth clines
and sharp steps in different geographic directions and character dimensions. Are
these complex patterns ‘stable’ and if so how many characters are needed for
their reliable portrayal? If the pattern of geographic variation is complicated
should it be portrayed by a two or a three dimensional ordination? This paper
attempts to contribute towards a more general answer to these questions by
determining the specific answers for the complex geographic variation in two
serics of populations of the grass snake, N. natrix.

The mainland Eurasian populations of V. natrix are primarily divided into
two distinct parapatric semispecies, N. n. natrix in the cast and N. natrix helvetica
in the west (Thorpe, 1979). Within the castern and western forms there is still
substantial geographic variation encompassing several traditional subspecies
which I do not recognise. In the west there is a sharp step in the Pyrenees
between the Iberian populations and those to the north together with a smooth
cline from the low countrics through to southern Italy (Thorpe, 1984a). The
eastern form has a greater range and has an even more complex pattern of
geographic variation. There are several lines of divergence from the south-
central populations of Greece and Turkey. In the south-east the populations of
Syria and south-eastern Turkey diverge; in the north-east the populations
diverge clinally from the Caucasus to Siberia; and in the north the populations
of central Europe diverge. There is a sharp step between these northern
populations and the south-central populations where they meet in the Balkans
and north-western Turkey (Thorpe, 1984b).
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An analysis of the gcographic variation in the mainland Eurasian populations
should indicate a clear east-west division irrespective of the substantial variation
within the eastern and western forms if the pattern is to be predictive. This
strong hierarchical variation is one of the complex patterns to be analysed in
relation to character number. The various clines and steps within the eastern
form are more subtle and this provides a less strongly structured complex
pattern that can be analysed in relation to character number.

The random subsampling and comparison procedure developed in Thorpe
(1985a, b, c) and employed in this paper to evaluate the relationship between
congruence and character number can be related to the more generally used
re-sampling procedures that have gained prominence over the last decade with
the availability of inexpensive computation. These re-sampling procedures such
as the bootstrap (Efron, 1979) jackknife (Quenouille, 1956; Bissell & Ferguson,
1975; Tukey, 1958), cross-validation (Geisser, 1975; Stone, 1974), repeated
replication (McCarthy, 1966) and balanced subsampling (Hartigan, 1969)
differ to one another in some respects. They are reviewed by Diaconis & Efron
(1983), Efron (1982), Efron & Gong (1983) and Miller (1974). These
procedures are not widely used in systematic studies although Gibson, Baker &
Moeed (1984) give an example of the use of the jackknife in morphometrics and
Felsenstein  (1985) the bootstrap in phylogenetic reconstruction. These
procedures are generally employed to resample the specimens (cases) to
establish the confidence of an estimator with an unknown distribution (although
see Felsenstein, 1985). However, in Thorpe (1985a, b, ¢) and the present paper
the cases (group means) are kept constant and the characters are randomly
subsampled. Moreover, my procedure involves the direct comparison of random
subsets to derive a statistic (congruence) rather than cstimating a statistic for
each set, and its error or confidence across several scts.

METHOD
Populations

As indicated in the introduction two series of mainland populations were
used, i.e. Eurasian and eastern. The Eurasian series is composed of 26
populations representing both eastern and western forms and the geographic
variation within them. The populations, figured in Thorpe (1979), are 1, 3 13,
15, 16, 20-26, 30, 32, 33, 35 and 42. The eastern series is composed of 17
populations representing the variation within this semispecies, i.e. populations
9-13, 20-26, 30, 32, 33, 35 and 42 (also figured in Thorpe, 1979). Every

analysis was run for both the Eurasian and eastern series using male specimens.

Characters

The basic set of characters was composed of independent characters (a low
within-population correlation) from six character systems, i.c. colour pattern,
scalation, internal morphology dentition, dermal sense organs and body
proportions adjusted against snout-vent length. Eighty-eight could be recorded
from the populations considered in this study. When tested by a one-way
analysis of variance significant between group (geographic) variation was found
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for 81 characters in the Eurasian populations and 61 characters in the eastern
populations. These characters are listed in Appendix 1.

Multivariale analysis and congruence coefficients

The pattern of affinities between populations is summarized by principal
component/coordinate analysis on normalized group means. This gives very
similar results to canonical variate analysis with this data set because of the very
low within-population correlation between characters.

When a simple pattern of geographic variation is analysed the pattern can be
portrayed in a one-dimensional ordination (Thorpe, 1985a, b, ¢) using the “first’
coordinate, i.e. the one associated with the largest eigen value. When the
pattern is more complex more dimensions are generally required. For complex
patterns two dimensional ordinations are frequently used (Garrison, 1976; Eger,
1977; Birks, 1978; Havera & Nixon, 1978; Jackson, 1978; Matson & Friesen,
1978; Thorpe & McCarthy, 1978; Parkinson, 1979; Prentice, 1979; Schmidly &
Brown, 1979; Smith, 1979; Crome, Carpenter & Frith, 1980; Thorpe, 1980,
1984a, b; Dicrsing, 1981; Diersing & Hoflmeister, 1981; Thorpe, Watt & Baez,
1985; Thorpe, 1986) but three dimensional projections are also useful (Schmidly
& Hendricks, 1976; Iverson, 1977; Gould & Woodruff, 1978; Williams &
Genoways, 1978, 1980; Dowler & Genoways, 1979; Thorpe, 1979; Duncan,
1980; Rogers & Schmidly, 1981; Thorpe, Corti & Capanna, 1982). Three
dimensions are the most that can be conveniently illustrated, although there
have been attempts at illustrating four or more coordinates as for example in
Birks (1978). For a given analysis, increasing the number of dimensions
(ordination axes) increases the percentage of the total variation that is
represented. However, the reliability of the patterns portrayed in these could
increasc or decrease with a greater number of dimensions. Consequently, every
analysis is run with both two and three dimensional ordinations, i.e. the first two
or first three principal coordinates.

Simple patterns, portrayed by single principal coordinates, can be compared
by a product-moment correlation coefficient (Thorpe, 1985a, b, c) but the two-
and three-dimensional ordinations used in this study arc best compared using
Gower’s (1971) rotational fit, R? as in Davies (1981), Davies & Boratynski
(1979) and Quartau & Davies (1985). The ordinations are scaled, rotated,
translated and reflected to minimize the squared distance between correspond-
ing populations. Maximum congruence, that is, identical ordinations, results in
an R? of zero, and increasing values of R? represent decreasing congruence
between the geographic variation as portrayed by the ordinations.

Procedure for the selection of characler sels and their comparison

Two procedures, referred to as A and B, have previously been used to
investigate the relationship between character number and the congruence of
simple patterns of geographic variation (Thorpe, 1985a, b, c). Procedure A is
based on the random sclection and subsequent comparison (comparison of
character sets refers to computing the congruence between the principal
coordinate ordinations derived from these character sets) of completely
independent character sets of equal size whilst procedure B is based on the
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comparison of the total character set to a randomly selected subset of characters.
The mathematical relationship between these procedures is discussed in Thorpe
(1985b). In this study a third procedure, C, is also employed with minimal
additional computation. In procedure C, equal size character sets are randomly
selected from the total set without the constraint of independence and their
ordinations compared. Conscquently, in this procedure, when the number of
characters, n, is low the sets will tend to be independent but as n is increased
the sets will tend to progressively overlap until the probability of complete
overlap equals unity when n equals N (i.e. the total number of characters).
Therefore in procedure C the congruence must be absolute (R? = 0) when n
(the sub-sample size) equals N (the total number of characters).

When different researchers study the geographic variation in an organism the
character sets they choose need not be completely independent and if there is a
limited number of readily recordable characters the probability of overlap in
their character sets will increase with the number of characters employed.
Procedure € will tend to reflect this.

Procedure A: Comparison of independent character sets

This procedure compares the ordinations derived from completely
independent character sets in the following way.

(1) The number of characters, n, is a defined set.

(2) 2n characters are randomly selected from the total set of significant
characters (i.e. 81 for the Eurasian populations and 61 for the eastern
populations).

(3) The 2n set of characters is divided into two mutually exclusive sets with »
characters each.

(4) Principal component/coordinate analyses are run on these two sets of n
characters.

(5) The congruence in the pattern of geographic variation is computed as
Gower’s rotational fit, R?, between these principal coordinate ordinations based
on both the first two and first three principal coordinates.

(6) Steps 2-5 are repeated 10 times for a given level of n.

(7) The mean congrucnce (mean R?) is computed for a given level of n
across the ten cycles.

(8) Steps 2-7 are repeated with the number of characters, n, varied: 2, 3, 4,
3,6, 8,10, 12, 15, 20, 20, and 30 for the eastern and Eurasian populations and
in addition 35 and 40 for just the Eurasian populations. The maximum number
of characters that can be used in this procedure is the integer of half the number
of total characters, i.e. 30 for the eastern populations and 40 for the Eurasian
populations.

Procedure B: Comparison of a subset to the total set of characlers

In B the same general procedure as above is followed except that in step 5 the
principal coordinates produced from the character subsets are not compared to
one another but to the principal coordinates produced from the total set of
characters. For the ten cycles in step 6 this gives 20 comparisons to the total
analysis. Since procedure A stops at half the number of characters this is
extended (ten cycles at a time) for 35, 40, 50 and 60 characters for the eastern
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populations and extended for 50, 60, 70 and 80 characters for the Eurasian
populations.

Procedure C: Comparison of potentially overlapping characier sels

This follows the same general procedure as above except at step 5 potentially
overlapping character sets of the same character number arc compared. For the
eastern populations this gives 180 comparisons from two to 30 characters and 45
comparisons from 35 to 60 characters. For the Eurasian populations this gives
180 comparisons for two to 40 characters and 45 comparisons from 50 to 80
characters.

The mean rotational fit is plotted against the number of characters. A curve is
fitted to this scatter according to a given mathematical model by a least squares
fit, weighted by the reciprocal of the variance of R? for a given number of
characters. The full scatter and fitted curve is presented for the two dimensional
analyses and just the fitted curve for the three dimensional analyses.

There are essentially three facets to the methodology: first, there are two series
of groups, an Eurasian series and an ecastern series; sccond, there are three
procedures for comparing ordinations derived from randomly selected character
sets of varying size, i.e. procedure A, independent sets, procedure B, subset to
total set, and procedure C, potentially overlapping sets; and third, the
ordination may be based on either the first two or first three principal
coordinates. This result is 12 congruence x character number, plots, to which
curves are fitted.

RESULTS

Eurasian series: procedure A: independent sels

The congruence between patterns of geographic variation based on entirely
independent character sets has an asymptotic relationship to the number of
characters in the set. The curvilinear relationship between congruence (R?) and
character number (n) conforms to the asymptotic formula

R2 = a+b(e™™). (1)

In the two dimensional analysis (Fig. 1) the congruence is poor (R? ~ 1.0)

0.0

I I | I | I I L
6 8 1012 15 20 25 30 35 40

Figure 1. Plots of congrucnce (Gower’s rotational fit, R?) against character number (n) for
procedure A, Kurasian populations; congruence between ordinations derived from completely
independent random character scts. @, Mean R? for the two dimensional ordinations;
curvilinear fit for the mean R? of the two-dimensional ordinations; — — — —, curvilincar fit for lh(
mean R? of the three-dimensional ordinations. See text for interpretation of R2.
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Table 1. Estimated values of parameters for the curvilinear fits of congruence
(R?) against character number for the two dimensional ordinations

Parameters for Parameters for
‘Eurasian’ set ‘Eastern’ set
Procedure Formula Fig. a b c Fig. a b c
A 1 t 0.156 0.971 0.096 4 0.242 1.136 3.095
B 2 2 —0.030 2.685 0.333 5 —0.108 3.348 0.301
C 2 3 —0.098 4.084 0.300 6 —0.436 5.443 0.226

when the number of characters is low but it improves steadily so that at 15
characters the congruence is fair (R? < 0.4) and it finally reaches an asymptote
of 0.156 (Table 1). The congruence when three dimensions are considered is
generally poorer than for two dimensions (when n =15, R? >0.5), and has a
poorer asymptote (a = .203).

Eurasian series: procedure B: subsel to lotal set
The curvilinear relationship between mean congruence and character
number is asymptotic (Fig. 2) conforming to the formula

R? = a+be" ' (2)

In the two-dimensional analysis the R? is greater than 0.6 when the number
of characters is low but it improves to R?~0.2 when n = 15, to R?~0.1 when
n =25 and to R? = 0.05 when half the total number and characters arc used
and it finally reaches an asymptote of —0.030 (Table 1). The curve for the
three-dimensional analysis rises less steeply so that at n = 15, R?~0.25, at
n =25, R* = 0.15, and at half the total number of characters R? ~0.08.

Eurastan series: procedure C: potentially overlapping sels

As expected with low numbers of characters the mean congruence for two
dimensions is similar to procedure A, ie. R?~ 1.0 and with maximum
characters the congruence is absolute, R* ~ 0.0 as with procedure B (Fig. 3).
The mean congruence for two dimensions is asymptotic in relation to character
number and improves to R?~0.35 when n= 15, to R?*~0.2 when n = 25,

1 | i L
50 60 70 80

Figure 2. Plots of congruence (R?) against character number (n) for procedure B, Eurasian
populations; congruence between ordinations derived from the total set and a random subset of
characters. Sce Fig. | for explanation of symbols.
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Figure 3. Plots of congruence (R?) against character number (1) for procedure C, Eurasian
populations; congruence between ordinations derived from  potentially overlapping random
character sets. See Fig. 1 for explanation of symbols.

and to R? ~ 0.1 when half the total number of characters are used and finally
reaches an asymptote of —0.098 (Table 1). The curve is fitted by Formula 2.
The congruence rises less steeply for the three-dimensional analysis such that
when n =15 R?>0.4, when n=25 R*>0.25 and when half the total
number of characters are used R? >~ 0.15.

Eastern series: procedure A: independent sels

Once again the relationship between mean congruence and character number
is asymptotic (Fig. 4) and the curve is fitted by Formula 1. The congruence is
poor, R? > 1.0, when the number of characters is low but improves steadily
when the numbers of characters is increased to R?~0.55 when n =15 and to
R?~0.35 when n = 25, and finally reaches an asymptote of 0.242 (Table 1).
The three-dimensional congruence is broadly similar to that for two dimensions

0.2

0.6

R2

0.8+

| R | | | 1 |
2 4 6 8 10 12 15 20 25 30
n

Figure 4. Plots of congruence (R?) against character number (r) for procedure A, eastern
populations; congruence between ordinations derived from completely independent random
character sets. See Fig. 1 for explanation of symbols.
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Figure 5. Plots of congruence (R*) against character number (n) for procedure B, eastern
populations; congruence between ordinations derived from the total set and a random subset of
characters. See Fig. | for explanation ol symbols.

until » = 15, but as the number of characters increases the congruence is poorer
than that for two dimensions, i.c. the asymptote is 0.461.

Eastern series: procedure B: subset to tolal sel

The curvilinear relationship between mean congruence and character
number is asymptotic (Fig. 5) and is fitted by Formula 2. In the two-
dimensional analysis the congruence rises from R? ~ 0.8 when the number of
characters is low to R?~0.25 when n =15, to R?~0.12 when n =25 and
R? = 0.10 when half the characters are used and finally reaches an asymptote of
—0.108 (Tabte 1). The congruence rises less steeply in the three-dimensional
analysis so that R? ~ 0.15 when half the characters are used.

Eastern series: procedure C: polentially overlapping sels

The relationship between mean congruence and character number is
asymptotic (Fig. 6) and is fitted by Formula 2. In the two-dimensional analysis
the congruence is poor (R > 1.0) when the number of characters is low and
improves to R? ~ 0.20 when half the total number of characters are used and

o.o[ ___________
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0.41- =
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i

|
2 4

Il

Figure 6. Plots of congruence (R?) against character number (n) for procedure C, castern
populations; congruence between ordinations derived from potentially overlapping random
character sets. Sce Fig. 1 for explanation of symbols.
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finally reaches an asymptote of —0.436 (Table 1). The congruence for the
three-dimensional analysis is generally poorer, reaching R? ~ 0.25 when half the
total number of characters are used.

DISCUSSION
Two-dimensional ordinations

The complex patterns of geographic variation within both the strongly
structured Eurasian series and more subtly structured eastern series appear to be
broadly stable and predictive insofar as the congruence between patterns is
asymptotic in relation to character number. That is, there is consistently good
mean congruence between patterns of geographic variation portrayed when a
sufficient number of characters are used. The comparison of ordinations based
on completely independent character sets (procedure A) provides the most
rigorous evidence for this. The asymptotic congruence values from procedure A
were better for the strongly structured patterns in the Eurasian series than the
more subtle pattern of the eastern series, but in both cases the ultimate
congruence levels indicated that there was a very small residual element of the
pattern that was not stable or predictive but was dependent on the choice of
character.

These conclusions are supported by the comparison of subset to total set (B)
and of potentially overlapping sets (C). In both cases the congruence must be
absolute when the number of characters is maximum. If the congruence
increases in a straight line, or only a shallow curve such that the congruence is
still improving substantially as the number of characters approaches maximum,
then one cannot assume that the pattern of geographic variation would remain
the same if characters were added beyond the maximum available in the study.
If, on the other hand, the congruence improves very steeply in a sharp
hyperbola to give good congruence whilst the number of characters is still low
then it is reasonable to assume that the pattern portrayed by the maximum
number of characters is stable and is unlikely to substantially alter with the
addition of further characters.

In no case for procedures B and C was the curve a sharp hyperbola as was
found with the simple patterns of geographic variation (Thorpe, 1985a, b).
However, in the strongly structured Eurasian series the curve is quite steep so
that at half the total characters the congruence is not very far from absolute. In
the eastern series, with its more subtle pattern of variation, the curve is less
steep. These results confirm those of procedure A, that is, the patterns are
broadly stable (more so in the Eurasian than eastern species) but with a residual
element that is dependent on choice of character.

How many characters are needed to portray these complex patterns of
geographic variation? One can see from the comparison of the ordinations from
independent character sets that beyond 15 characters for the strongly structured
Eurasian series and twenty for the subtly structured eastern series the
improvement in congruence slows down with the addition of further characters.
This is confirmed by the comparison of ordinations in procedures B and C.
Consequently one can conclude that complex patterns of geographic variation
need between 15 and 20 characters before they are portrayed with reasonable
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confidence and that the number of characters required depends on whether the
patterns are subtle or strong and hierarchical. However, the addition of further
characters is not a waste of time as they do result in improved congruence.

Two- or three-dimensional ordinations

With complex patterns of geographic variation one can generally either
represent the population affinities in a two- or three-dimensional ordination
where the dimensions are the principal coordinates associated with largest eigen
values. In an ordination analysis such as principal coordinate analysis the more
coordinates that are used the greater the proportion of the total variation that is
expressed.

However, it is apparent from all the analyses (Figs 1-6) that when a sufficient
number of characters are employed (i.e. ¢. 15 20) the three-dimensional
ordinations are less congruent than the corresponding two-dimensional
ordinations. Consequently, the desirable increase in information in three-
dimensional ordinations has to be balanced against the undesirable decrease in
their predictivity or stability. This loss of predictivity (poorer congruence) is
probably due to more subtle elements of the geographic variation being revealed
by the ordination axes which represent a lower proportion of the total variation.
This lower congruence between subtle patterns is also reflected by the lower
congruence between ordinations of the subtle geographic patterns of the eastern
series compared to the strong geographic patterns of the Eurasian series. In the
supraspecific studies of Davies and his co-workers (Davies, 1981; Davies &
Boratynski, 1979) there is no general trend for congruence to deteriorate with an
increase of ordination axes for either random or specially selected character sets.

It should be borne in mind that with strongly structured hierarchical data,
such as the Eurasian series, it is generally not possible to get a good ordination
of the more subtle elements of the pattern by plotting the coordinates assocated
with progressively smaller cigen values. For cxample, the Eurasian serics is
primarily divided into strongly diflerentiated eastern and western forms. If onc
requires an optimal ordination within the western or within the castern forms
this is not available by looking at the minor coordinates of an ordination of the
entire Eurasian series as they will be a compromise of the within-eastern and
within-western variation. Instead, once one has established the existence of two
discrete eastern and western forms one must analyse the variation within them
separately. This ‘resolution’ effect is discussed in Thorpe (1976).

In brief, the complex patterns of geographic variation in N. natrix are largely
stable, ‘overall’ patterns that can be predicted by ¢. 15-20 characters. Some of
the subtle details are not predictable, i.e. not part of a stable, overall pattern.
Whilst the pattern of geographic variation in N. natrix is predominantly
phylogenetically determined (Thorpe, 1984c) the more subtle details may be
influenced by random sampling of characters or individuals or natural selection
influencing specific characters. Consequently, one cannot expect a wide range of
characters to be influenced by these factors and consequently one cannot expect
the fine details of a pattern to be predictable. The subtle eastern pattern is less
predictable than the strongly structured Eurasian pattern and the three-
dimensional ordinations tend to be less predictable than the two-dimensional
ordinations because they encompass more subtle elements of the pattern.
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Are phylogenetically determined patterns of geographic variation more stable
than those caused by natural selection for specific current factors? As a
generalization (Thorpe, in press) phylogenetic causation should result in a wide
range of independent characters sharing a common, and therefore stable and
predictive, pattern of geographic variation whilst characters adapted to different
current selection factors should result in lower congruence. The phylogenetically
caused geographic variation in the grass snake results in congruent, stable
patterns and conforms to the above expectation but studies across a range of
species are needed to reinforce this. Moreover, if these procedures, based on
independent characters, were applied to case studies of geographic variation one
could assess how reliable the results are, something one is unable to do at
present. This is particularly important in studies of geographic variation where
predictivity is stated or implied, e.g. studies where taxonomic conclusions are
drawn.

The re-sampling procedures are pertinent to the general problem of
taxonomic congruence. This and previous studies (Thorpe, 1985a, b, ¢) show, in
clear abrogation of Mickevich & Johnson (1976), that multivariate analysis can
give very reliable predictive results. On the other hand, Felsenstein’s (1985)
bootstrap study of phylogenetic reconstruction revealed considerable uncer-
tainty. Intraspecific phylogenetic reconstruction can be extremely useful in some
circumstances (e.g. Thorpe, 1984c) but in any event, because the pattern of
geographic variation may or may not be phylogenetically caused, one needs a
portrayal of the pattern independent of cause and multivariate analysis can
supply this.
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APPENDIX

Abbreviations: No., number; VS, ventral scale; SS, subcaudal scale; Pos., position; Post., posterior; Ant.,
anterior; DSR, dorsal scale rows; Red., reduction; Rt., right; Lt., lefi; RATL, regressed against trunk length.

Eastern series

The 61 characters used for the eastern series of populations were: No. VS; No. SS; Pos. of Red. from 23-21,
21-19, 19-17, 4-2 DSR; lower DSR lost at 21-19, 19-17 and 8-6 Red.; Size of neck scales RATL; extent of
contact between temporal and lower postocular scales; No. sub-labial, Post. temporal and gular scales; extent
of eye, supra-labial, sub-labial strcaks and longitudinal stripes, No., sizc, upper and lower Pos. of lateral
blotches, size and upper Pos. of dorsal blotches; No. ventro-lateral blotches; extent of temporal occipital
marking; separation of lunar marking and its encroachment onto the posterior upper labial scales; size,
separation, length, streaking, separation from parietal and lower curvature of nuchal marking; VS position of
the thyroid, left lung, systemic junction, pancreas, Post. tip of right lung, Ant. and Post. tip of liver, Ant. and
Post. tip of Rt. and Lt. testes and kidneys; No. of renal arteries; difference in No. renal arteries between Rt.
and Lt. kidneys; SS Pos. of hemipenes muscle insertion; No. of maxillary, palative, pterygoid and dentary
teeth; head depth and length RATL, body width RATL; No. of temporal and postocular pits.

Eurasian series

The 81 characters used for the Eurasian scries of populations were as above but excludes the difference in
No. of renal arteries between Rt and Lt. kidneys and includes lower DSR lost at 14--12, 12-10 Red.; Pos. of
Red. from 12-10, 10-8, 8-6, 6-4 DSR; extent of contact between sub-labial and Ant. chin shields and
between temporal and upper Post. ocular scales; extent of white edges to DSR, No. of dispersed lateral
blotches; lower Pos. of dorsal blotch; size of ventro-latcral blotches; extent of occipital line and parictal
occipital marking; occurrence of lunar marking; lower curvature of nuchal marking; VS Pos. of heart; VS
length of cystic duct; size of cloacal gland and hemipenes; head width RATL.



