
A second point requiring emphasis is
that theM statistic uses the ratio of each

3.0 measurement divided by the sum of all
measurements of the individual speci-
men. This procedure can significantly al-

2.0 ter the correlation structure of the data
(10). One can conclude that Cherry et al.
may have induced a complex change in

0 \\\\1\( \t / the existing correlation structure of their
data and then selected a measure of mor-
phological divergence that fails to ac-
count the correlations between charac-
ters.

°0\ An accepted distance statistic for con-
tinuous, intercorrelated variables is the
generalized Mahalanobis distance (3).

-0.8 -0.4 0 0.4 0.8 This statistic was introduced in 1936 as a
r response to Pearson's coefficient of ra-

The effect of intercharacter correlation c l w l t M s
the Mahalanobis distance (DM2) for val-
franging from 0.1 to 3.0. All curves are does not correct for correlated charac-
d with d,2 = d, = 1.0. The value of DM2 ters. The Mahalanobis distance is widely
r = 0 is also the Pythagorean distance used and is a by-product of many comput-
Io correlation while values to the left and
)f zero for each curve demonstrate the erprga for dscriMantlanalysis.of correlated characters. Reference to the use of Mahalanobis dis-

tance is found in most modern textbooks
on multivariate statistics (11).

is to cause very high or very low WILLIAM R. ATCHLEY
s of the coefficient to occur more Department ofEntomology,
ently by chance than they should. University of Wisconsin, Madison 53706

This effect increases rapidly, both for
statistical and anatomical reasons, as the
number of different measurements used
is increased." Talbot and Mulhall (7, p.
82) conclude that ignoring the existence
of intercorrelated characters alters the
magnitude of the distance significantly
and can result in invalid conclusions
being drawn regarding taxa affinity.
Blackith and Reyment (8, pp. 36-38),
studying sexual dimorphism in wasps,
examined the effect of character correla-
tion and concluded that "the main influ-
ence of the correlation has been greatly
to exaggerate the distances between
groups which are already well separated
(that is, queens and workers) . .. where-
as those between males and workers are
uniformly reduced." These conclusions,
together with the results from Fig. 1, in-
dicate that ignoring intercorrelations
may have the effect of exaggerating both
taxa affinity and divergence.

I have been unable to obtain a copy of
their data from Cherry et al. for further
analysis. However, Wilson (9) provided
me with both theM statistic and Mahala-
nobis distance for three separate pair-
wise examples from their data. In all
three instances, there is a disparity be-
tween numerical values for the M sta-
tistic and the Mahalanobis distance and
the relative distances between taxa are
greater based on M rather than the
Mahalanobis distance. Such deviations
would be expected when the character-
intercorrelations are ignored.
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Atchley (1) may be correct in suggest-
ing that the Mahalanobis method (2) is
superior, in theory, to the method of
Cherry et al. (3) for the study of anatomi-
cal evolution (4). In practice, however,
the Mahalanobis method has a major
shortcoming in that it provides a stable
estimate of morphological distance only
if one examines a large number of indi-
viduals in each population.

Table 1. The instability of metric values based
on covariance. The relative lengths of the nine
morphological traits described by Cherry et
al. (3) were used to compute Mahalanobis D
and the M statistic for two pairs of species.
The primate species, 1 and 2, were humans
(N = 16) and chimpanzees (N = 13), respec-
tively. The frog species, 1 and 2, were Rana
boylei (N = 14) and Rana muscosa (N = 23),
respectively. For the rows labeled species 1,
the distance between species 1 and 2 was cal-
culated from the variances (and covariances
in the case ofD) for species 1 alone. An anal-
ogous procedure was used for the rows la-
beled species 2. For the rows labeled both
species, the variances (and covariances) were
calculated in the standard way, that is, by
pooling the variances and covariances for
both species.

Distance between

Met- Variability species
ric calculated Frogs Primates

from 1 ver- 1 ver-
sus 2 sus 2

D Species 1 11.2 39.3
Species 2 5.0 23.5
Both species 4.6 23.5

M Species 1 0.85 4.8
Species 2 0.87 4.5
Both species 0.83 4.4

The requirement for a large sample
size stems from the fact that the Mahala-
nobis method is designed to correct for
correlations between traits. To do that,
one must obtain an accurate estimate, r,
of the actual correlation, p, between
traits. The difficulty of this task can be
gauged by looking at the graph of the
confidence limits of r in an elementary
statistical text (5). Sample sizes greater
than 50 are needed before r begins to be-
have consistently, especially when p is
zero. The problem of accurate estima-
tion of p is compounded when the covar-

iance structures of the two populations
being compared differ greatly (6).
As a consequence of these consid-

erations about covariance, the Mahala-
nobis generalized distance D would be
expected to be unstable when small num-
bers of individuals per population are

used. This same criticism does not apply
to the M statistic of Cherry et al. (3, 7),
which takes variance but not covariance
into account. Empirical examples dem-
onstrating the instability of Mahalanobis
D are given in Table 1. For each pair of
species compared, the values ofD span a

wide range (about twofold) while those
for M span a narrow range (about 1.1-
fold).
The simple metric, M, used by Cherry

et al. (3) does not correct for covariance
mathematically. If two traits are corre-

lated and both contribute to differences
between populations, the double dose of
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difference is accepted by M. The prob-
lem of correlation of traits has not been
ignored, however. Rather, it has been
minimized by working with a small num-
ber of traits (8) and ensuring that they
represent all major parts ofthe body. Be-
cause the M statistic eschews correction
for covariance, it facilitates the study of
those many species for which few speci-
mens are available in museum collec-
tions (9).
Responding to Atchley's comment on

ratios, we recognize that the use of ratios
alters the correlation structure of the
data. As our goal was to compare the
shapes of organisms, it was essential to
remove trait correlations due to variation
in body size. The ratio method achieves
this. According to the criteria of Ander-
son and Lydic, our use of ratios is war-
ranted (10).

WhileM may not be a perfect distance
metric, it seems more valuable in prac-
tice than Mahalanobis D for broad com-
parative studies of evolution at the orga-
nismal level. This impression is rein-
forced by the observation that M is cor-
related more highly with rank in the
taxonomic hierarchy than is D (11). We
assume that rank in the hierarchy sum-
marizes, judgments made by earlier gen-
erations of taxonomists about the degree
of anatomical difference between orga-
nisms. The weaker correlation ofD with
taxonomic rank is ascribed to the insta-
bility of D values calculated from com-
parisons involving small numbers of indi-
viduals per population.
Although we consider Mahalanobis D

to be less useful than the M statistic for
our type of research, the Mahalanobis
distance between humans and chim-
panzees (Table 1) is large compared to
that between species of frogs. The con-
clusion reached by use of theM statistic
(3) is thus bolstered by the results ob-
tained with the Mahalanobis method.
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Anomalous Water in the Deep Ocean Suggests
Lateral Advection-Stirring

Although the report of Amos and Ge-
rard (1) is tantalizing, the temperature
and density data are incorrectly inter-
preted. These investigators state that
bottom water at 40°26.2'N, 56055.8'W
(station Lynch 47-186) in 5200 m of water
has the properties of water found about
1000 m higher up in the same water col-
umn and suggests turbidity current activ-
ity. Their figure 2b (1) of near-bottom
vertical profiles includes a break in the
depth scale to show how the values of
salinity 5, temperature T, density o't, and
dissolved 02 content at the ocean bottom
are also found from 4000 to 4300 m. The
problem with this interpretation is that
neither T nor crt are conservative proper-
ties in the deep ocean (2, chap. 3, p.
1087).
The adiabatic gradient is indicated in

their figure 2b for the deepest level; the
value shown (0.096°C per kilometer) is,
however, incorrect (2, p. 63; 3). In fact,
the adiabatic temperature change associ-
ated with the downslope advection advo-
cated for the 2.32°C water found at
' 4200 m amounts to a warming of
0.13°C. A problem associated with using
the nonconservative density function at
in the deep ocean is that proffles of att ap-
pear unstable. This is also illustrated in
their figure 2b; apparently less dense wa-
ter is found beneath denser water. This
artifact of the equation of state of sea-
water can be circumvented if one uses a
conservative density function referenced
to a nearby pressure surface; usaly the
4000-dbar surface is used as a reference
for the density function, o4 (4). If poten-
tial temperature 0 and a properly refer-

GEOSECS station 28-1 up
15 September 1972
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matter content at GEOSECS station 28 (6).
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