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ABSTRACT  With a view to estimating the effect of altitude on body dimen-
sions vis-d-vis ethnicity-religion. geographical distance, and occupation, a com-
prehensive multivariate statistical analysis was performed on data pertaining
to 16 anthropometric characters collected from 1,103 individuals (643 males
and 460 females) belonging to two ethnic groups—Sherpa and Lepcha. Samples
were drawn from several locations in the eastern Himalayan region—Darjeel-
ing and Kalimpong in West Bengal (India). and Nepal, situated at low (1,000~
2,000 meters) and high (above 3,500 meters) altitudes. The individuals sampled
practice different occupations and follow different religions. Significant age
and sex effects were observed. The data were age-adjusted, and sexes were
treated separately. A test of equality of mean vectors indicated heterogeneity
among population groups. Almost all characters were found to contribute
significantly to the ability to discriminate between the groups. The overall
probability of correctly classifying an individual based on body dimensions
into the group in which she or he actually belongs was high (between 0.64 and
0.77). Shape and size factors could be identified that explained about 50% of
the total variance and yielded a reasonable separation of the groups. Results
of four different types of multivariate statistical analyses were in agreement,

and showed that altitude is most highly associated with body dimensions.

It is a common observation that striking
differences exist between high and low alti-
tude human populations with respect to var-
ious biomedical traits. Although no uni-
versally accepted cutoff point exists, in hu-
man biological studies, populations perma-
nently living at altitudes above 3,000 meters
are generally designated as “high-altitude
populations (Baker, 1978). Profound, though
not always consistent, physiological, demo-
graphic, and anthropometric differences have
been observed between high- and low-alti-
tude populations (Baker and Little, 1976;
Baker, 1978). These differences have some-
times been attributed to altitude related en-
vironmental stresses such as hypoxia, cold,
etc. (Hurtado, 1964) or to sociocultural ones
(Clegg et al., 1970; Weitz, 1984). There have
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been very few studies (Rothhammer and
Spielman, 1972; Haas, 1976; Mueller et al.,
1978) of the effects of microcultural factors
on body dimensions at high altitudes, and
even these studies did not reveal consistent
patterns. Furthermore, some workers in this
field (e.g., Cruz-Coke, 1968) believe that the
genetic backgrounds of populations are not
significant factors in their biological adapta-
tion to high altitude.

A multidisciplinary study of the nature and
extent of adaptation of human populations to
various environmental stresses was initiated
under the general title of Human Adaptabil-

Recelved Seplombar 17. 1884; revision accepled February 3,
1988.
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ity Program in the Indian Statistical Insti-
tute in early 1976. The short-term objective
of the program was to identify and measure
the impacts of three sets of factors, e.g., phys-
ical environment, socioculture, and ethnic-
ity, on health, as well as of human activity
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world (Frisancho, 1976, 1978) except Ethio-
pia (Clegg et al., 1970).

3. In concordance with other studies, the
rate of physical growth among children at
high altitudes is slower and more protracted
than among children at low altitudes, but
the itudes of differences are smaller

on environment. following r dations
of the IBP/HA panel (Weiner, 1969) and
UNESCO/MAB program (UNESCO, 1973);
the long-term objective was to determine the
limits to human adaptation.

Since stresses, particularly those related to
altitude, seem to have important, although
sometimes inconsistent, effects on human bi-
ology and health and since there are no com-
prehensive data from the eastern Himalayan
populations, studies were undertaken in this
region. These studies were designed to cir-
cumvent some of the methodological weak-
nesses that were present in many earlier
studies of similar nature. For instance, in
many earlier studies, genetically different

populations living in d)ﬂ‘erem, altitudes were

. C y. the ible effects
of altitude could not be ‘isolated from those
owing to genetic differences between such
populations. This problem of confounding of
causal factors of variation was avoided in the
present study in the following manner:

1. by comparing subgroups of the aame eth-
nic group (a) living at different altitudes, (b)
living at similar altitudes but practicing dif-
ferent occupations, (¢) living at similar alti-
tudes and practicing similar occupations but
located geographically apart;

2. by comparing different ethnic groups liv-
ing at similar altitudes and practicing simi-
lar occupations;

8. by comparing the same ethnic group liv-
ing at similar altitudes, practicing similar
occupations, located geographically close but
having different microcultural characteris-
tics, e.g., religion.

Univariate statistical analyses of the data
collected by us thus far have revealed the
following major differences between low- and
high-altitude populations (Gupta, 1981):

1. There is a significant reduction in fertil-
ity among high-altitude populations com-
pared to low-altitude populations; no such
difference exista in respect of mortality.

2. The adult body dimensions are greater
in high-altitude populations, which is in dis-
cordance with reports from other parts of the

than those observed in other populations. The
“growth-spurt” is also absent among high-
altitude children.

4. As expected for populations living under
hypoxic stress, values of hemnwloglcal pa-
ri ters (e.g., d cell
bin concentration, total red-cell count) are
higher among high-altitude populations than
among low-altitude ones.

Much of the data pertaining to adult body
dimensions considered in previous papers
have been analyzed by means of univariate
statistical methods (Gupta, 1981; Gupta and
Basu, 1981). We have, so far, not conducted
any analysis considering all the variables
jointly by means of multivariate statistical
techniques. The purpose of the present paper
is, therefore, to study the pattern of anthro-

metric variation as a whole (i.e., consider-
ing all the anthropometric variables together)
by performing a comprehensive multivariate
statistical analysis of the data, designed spe-
cifically to identify differences in body di-
mensions that are due to altitude in the
context of differing occupational and ethnic-
religious backgrounds as well as geographi-
cal distance.

MATERIALS AND METHODS

The geographical area covered in the pres-
ent study is the eastern Himalayan moun-
tainous terrain, specifically northeastern
Nepal and northern West Bengal in India.
The entire study area lies between 27°45' N
and 26°51° N latitudes and between 86°40"
E and 88°53' E longitudes. Figure 1 shows
the regional location and the study area in
Nepal and India. As mentioned in the open-
ing section, the population groups and loca-
tions were chosen to enable us to study the
effects of the major possible causal factors
leading to biological variation in isolation,
that is, to ensure by the sampling design that
the effect of the causal factor of interest could
be estimated in isolation from the effects of
other causal factors. The causal factors con-
sidered here are altitude, ethnicity-religion,

tion, and geographical distance.




EASTERN HIMALAYAN ADULT ANTHROPOMETRY

379

LOCATION OF STUDY AREAS
1 wayngy
1 sowv
) oasxEuma

Psruor antas

o n w

0,

""v-«'?-\.-,
& XALINPONG PNEPAL

ry - s
‘ v a3
CHINA (TIBET) -~ 2
- 4 b -J
~ STy Ie -~
I ol !
v BHUTAN - /.-— AR
&:\N.Y,_._.»‘ ~
™, INDIA )
.

Fig. 1.

‘Two ethnic groups have been studied: Sher-
pas and Lepchas. At present, the Sherpas are
distributed mainly in the Khumbu, Pharak,
and Solu regions in Nepal, Western Sikkim,
and the three hill subdivisions, namely, Dar-
jeeling Sadar, Kurseong, and Kalimpong, in
West Bengal, India. The Sherpas of Khumbu
are an offshoot of the larger Tibetan popula-
tion that migrated from eastern Tibet around
1533 A.D. (Haimendorf, 1964; Oppitz, 1974).
Subsequently, through different waves of mi-
gration, the Khumbu Sherpas moved to the
other locations that they presently occupy.
The Sherpas of Khumbu live at altitudes be-
tween 3,600 and 4,050 meters, while the

Map locations showing study areas.

Sherpas of Solu (in Nepal) and Darjeeling
Sadar and Kalimpong (both in West Bengal,
India) live at altitudes between 1,000 and
2,000 meters. We have studied the Sherpas
at all four of these locations. (Data on Sher-
pas of Solu were gathered by A.W.S,; the rest
were gathered by the Indian Statistical Insti-
tute team.) The Sherpas hold uniform reli-
gious beliefs; and while in Khumbu and Solu
the Sherpas generally practice agriculture,
in Darjeeling some practice agriculture,
while others are plantation laborers. In Kal-
impong they are divided into three occupa-
tional clusters—agriculturists, plantation
laborers, and those engaged in forest-based
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activities such as wood-cutting and timber-
selling (Gupta, 1981).

The Lepchas are ethnically distinct from
the Sherpas, and are widely believed to be
the autochthones of the Sikkim-Darjeeling
area of India. The religious beliefs of the
Lepchas may be classified into three cate-
gories: Animism, Buddhiam, and Christian-
ity (Das, 1978). We have studied only the
Buddhist and the Christian Lepchas living
in the vicinity of Kalimpong, at low alti-
tudes. Both the Lepcha subgroups studied
are agriculturists. Religion was taken to be
& broad indicator of socioeconomic status; for
instance, Christian Lepchas were generally
economically better off and had higher edu-
cational status. .

Despite certain differences in specific die-
tary patterns, the Sherpas and Lepchas stud-
ied thrive on & cereal-dominated diet (Gupta,
1981). Similarly, although there are some mi-
por differences in disease patterns, the com-
mon ailments in both the populations are
influenza, gastrointestinal and upper respi-
ratory tract diseases, tuberculosis, and lep-
rosy (Gupta, 1981).

The choice of population groups and study
locations, as mentioned above, obviously per-
mits study of the effects of the various possi-
ble causal factors in isolation. We shall,
however, not investigate the effects of the
possible causal factors through pair-wise
comparisons, but shall, by the use of multi-
variate statistical techniques, study the rel-
ative contributions of the causal factors in
determining adult body dimensions.

Each individual included in this study was
an adult (defined as being aged 20 years or
older at the time of survey). Because of ob-
vious difficulties in the field, the individuals
studied could not be chosen by any rigorous
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all the populations under ideration, fol-
lows a 12-year cycle with 1-year periods (each
pamed after a specific animal, natural phe-
nomenon, etc.) within the cycles, so that the
error in estimating an individual’s true age
is lesa than 1 year.

Measurements pertaining to 16 anthropo-
metric characters were taken on each se
lected individual. The characters chosen are
those included in the IBP basic list of recom-
mended measurements and were measured
following standard techniques (Weiner and
Lourie, 1969). The names and codes of the
characters chosen are listed in Table 1.

Brief descriptions, codes, and sample sizes
of each of the population groups have been
presented in Table 2. In all, 1,103 individuals
comprising 643 males and 460 females from
nine population groups were measured.

RESULTS
Sex and age effects

The basic descriptive statistics (minimum,
maximum, mean, and standard deviation
values) of each character were computed,
separately for males and females, for each of
the nine population groups. These statistics
are not presented herein, but tables present-
ing these statistics may be obtained by writ-
ing to the authors.

The mean values for most anthropometric
characters, as e: , were significantly
different for the two sexes—females gener-
ally had lower mean values except for skin-
fold thicknesses. This indicates that the data
for the two sexes within each population need

TABLE 1. List of codes for anthropometric variables

sampling procedure, so that the
prises those adults who were cooperative.
However, the adults included in the study
comprised about 80% of the adults resident
in each of the selected villages. Some difficul-
ties were encountered in the assessment of
age as there is no wandatory registration (or
other written documentation) of births. Age
was, therefore, estimated with the help of the
traditional calendars (Tibetan animal ele-
ment calendars), or by reference to important
local events, or to the ages of individuals for
whom reliable records existed, and cross-
checked from a number of elderly individuals
and on subsequent visits. The Tibetan ani-
mal element calendar, which is followed by

Serial Variable
B No. Variable name code
ple com-
1 Height HT
2 Sitting height SH
3 Biacromial diameter BAD
4 Biiliac diameter BID
5 Woeight WwT
8 Biceps girth BG
7 Calf girth CG
8 Hend length HL
9 Head breadth HB
10 Bizygomatic breadth BB
11 Bicondylar femur diamoter BFD
12 Morphological facial height MFH
13 Noae height NH
14 Nose breadth NB
16 Tnceps akinfold thickneas TST
(lelt)
16 Subscapular skinfald thickneas SST
(left)
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TABLE 2 Disonsptions, contes. sl sumple sizex of popishation grops

D naptinn
“nnl Pupulution - Fihnie Populntion _ . Samplesie
No.  Ahilude! Lecation Kroup Ocenpatinn ode  Tolal  Mnle  Femmle
1 Low Kulimpong  Sherpa Agrienlture LKASHA 72 26 8
2 law Kalumpong  Sherps Plantutinn LKASHP 164 100 64
3 law Kulmpang  Sherpa Foremry LKASHF 153 8 58
« law Kulunpung Lo hn Agriculture  1L.KALRA 136 64 72
Mudhilhiaty
5 law Kalimpong lapcha Agriculture LKALCA 257 133 124
{Chrixtinn)
5 low Nupal Sherpn Agiicullure  LNSSHA 8 76 [}
1Salu)
7 Low Dorjecling  Sherps Agrienlture  LDASHA 81 48 33
8 low Dorjevling  Sherpa Plantation  LDASIP 59 35 %
9 Migh Nepal Sheopa Agriculture  HINKSHA 108 67 38
A Khumbu) — - - S —
‘lLaw, 1,000-2,000in; Migh, > 3,500m.

to be considered separately and cannot be

Although all sampled individuals are
adults (aged 20 years or older), it was consid-
cred necessary 1o cheek whether there are
any significant age effects. For this, a linear
regression line, of the form X —« a + BA
(where X denotes the valuc of a character for
an individual of age A), was fitled for cach
character within each populution separately
for cach sex. ‘Tests of significance were per.
formed to check whether 8 = 0. For many
characters, especially CG, BAD, and NH (sce
Table 1), the null-hypothesis 8 = 0 was re-
jected at the 5% level in many populations,
implying significant age cffects. However, a
carcful examination of the cstimated values
of 8 showed that in almost all cascs the nu-
merical magnitudes of B are very small
(<0.1), implying a small age effect. Further-
more, most B valucs are nogative indicating
a declining, albeit slight, trend of anthropo-
metric measurements with advancing age.
In order to determine whether a single
regression line could be used Lo adjust for the
effect of age on the values of a character, we
performed tests to determine whether the
regression cocfficients are cqual in all the
population groups. The values of the Fstatis-
Lic for testing this hypothesis were all signif-
icant at the 5% level, indicating that the
effect of age on the charncters are signifi-
cantly different in the various population
groups. The lincar cffect of age was, there-
lore, removed from the datn by using the
population group-specific and ~ sex-spevific
regression line. The remnining analysis per-

Lains to residval values of the characters
afler adjusting for the linear age effect, i.e.,
in the remaining analysis the value used of
the i-th character for the j-th individunl be-
longing to the k-th population group (treat-
ing the males and fenales separately) is Xijx
= Xy - (e + B Agk) where X is the
aclus‘\ll measured value, and A is the age of
the individual under consideration. As ex-
pected, even after adjusting for the lincar nge
effect, mean values for the two sexes were
significantly different for many charncters in
most populations. (Nute: Nonlincar regres-
sions on age were not performed, because
visual examination of the secatter diagrams
did not indicate any nonlinecar effect.)

The sexes within cach population group,
have, therefore, been treated separately, and
will be denoted, for example, as LKASIHHA-M
and LKASHA-F for males and females, re
spectively, of population group LKASHA. Of
the nine population groups, there were
no female samples from the population
LLNSSHA. Some results that we present per-
tain to differences among populations within
the males (nine population groups) and
within the females (eight population groups),
while some portain to differences between
the sexes by considering all the 17 groups
together.

Equality of mean vectors

To find out whether the populntion groups
are dislinguishable on the hasis of anthropo-
metric measurements, we perfurmed a test of

the null hypothesis Ho: joy = pg = g = ...
= py7, where p, denotes the menan vector (of
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order 16 X 1) of the i-th populntion group (i

1 refers (o LKASHAM, i = 2 refirs o
LKASHAF, ele.). ‘The value of the Wilks' A-
statistic for testing Hy 0.0045, and the
value of the approximate Fustalistic for st
ing the significance of thix A-valuc (Rno,
1973, p. 472) wax 28.995, which is significant
at the 5% level with 256 and 12214.1 deyrees
of freedom. The null hypothesis was, there-
fore, rejected, which implies that the pupula-
tions ure distinguishable on the basis of the
16 anthropometric measurements consid-
cred. Within each sex, tests of the null hy-
potheses of equality of mean vectors (nine
vectors for males and cight veclors for fe-
males) yielded the following results: (1) for
males, the Wilks' A.value was 0.0204, and
the corresponding approximate F-statistic
value was 25.041 with 128 and 4,476.39 de-
grees of freedom; and (2) for females, the
Wilks' A-value was 0.0289, and the F-statis-
tic value was 18.481 with 112 and 2,834.98
degrees of frecdom. Both the F-values are
significant at the 5% level, showing thercby
that even within each sex the populations
are distinguishable.

Relationships among the populution groups

Since the populations are distinguishable
on the basis of the anthrupometric charac-
ters, it was of interest to know Lhe relation-
ships among them. For this purpose, we
considered all of the 17 groups together,
without separating the populations within
cach sex, in order to examine relationships

3 »
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nmongz population pronps nof anly within sex,
bat also between the sexes, We computed the
alwbis’ D7 values between all pairs of
populations, and tested the equality of all
pairs of mean vectors by using n trimsforma-
tion of the D%statistic, which follows an F-
distribution (Rao, 1973, p. 480). These values
have been presented in Table 3. 1t is seen
from this table that with the exception of the
females of LKALCA and LKALBA, the hy-
pothesis of cquality of mcan veclors wus re-
jected for all pairs of population gruups. The
relationships amony the populution groups
have been presented in the forn of a dendro-
gram in Figure 2, which was constructed by
puerforming a single linkage clusler analysis
on the matrix of D%values. An examination
of this figure reveals that the high-altitude
groups are clearly different from the low-
allitude groups. Also, irrespeclive of the eth-
nic-religious, Jocation, and occupa\ional fac-
tors, the Lwo sexes are markedly different.
The sociocultural and other factors, such as
ethnicity-religion, location, and occupation,
seem to play a small role in the differentia-
tion of anthropomelric characters because,
for example, groups practicing the same oc-
cupation do not cluster together.

The principal components: Relationships
among pupulation groups and size and shupe
factors

Another method of studying relationships
among the population groups with a view to
identifying variables impuirtant in explain-

MM — - —— .

e

Fig. 2. Dendrogram depleting relationshipe ansang the poputation groups.
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ing differences in body dimensions is princi-

component analysis. In this analysis, one
examines whether a few linear combinations
of the variables of the form

16
Li= T LV,
j=-

where V;'s are the anthropometric variables,
and I’ are the associated coefficients

16
().‘.]l?,'=l;i=l,2..“.16)
ie

can explain a large proportion of the total
variance. If a few such linear combinations
of the original variables can indeed be ob-
tained, then one can use a smaller set of
linear combinations of some of the original
variables for purposes of examining relation-
ships among the population groups. More-
over, by examining the magnitudes of the
coefficients attached to the variables, these
linear combinations can be described as size
or shape factors, identifiable with morpho-
logical size and shape. For example, if for a
particular principal component, L;, lij's are
near zero for all variables except WT, TST,
and SST, then this principal component may
be called a size factor, since the component
variables (weight and skinfold thicknesses)
determine the body volume. We used the
technique of principal component analysis to
examine whether it is possible to obtain a
reduction in dimensionality and identify size

383

The results of this analysis showed that
three principal components explain about
60% of the total variance, and each of the
remaining thirteen principal componenta ex-
plain only about 3-5% of the total variance.
The coefficients attached to the variables in
the first three principal components and the
percentages of the total variance explained
by each of these have been presented in Ta-
ble 4. An examination of the magnitudes of
the first two principal components reveal in-
teresting features. In the first principal com-
ponent, except for skinfold thicknesa
variables the coefficients attached to all the
variables are positive in sign and large in
magnitude (mostly greater than 0.5). In the
second principal component, the coefficients
attached to the skinfold thickness variables
are positive in sign and also large in magni-
tude compared to the coefficients attached to
the remaining variables, a majority of which
are small in magnitude, and many of which
have a negative sign. We may, therefore,
identify the first and second principal com-
ponents with morphological shape and size,
respectively. In order to discover how well
the population groups can be separated in
two dimensions, we plotted the values of the
firat two principal components computed at
the mean values of the variables for each
population group; this has been presented in
Figure 3. This figure reveals relationships
concordant with those depicted in Figure 2,
and shows that the relationships of altitude
and sex with body dimensions are strong,
and the relationships of the other factors—
ethnicity-religion, occupation, and location/

and shape factors. geographical distance—are weaker.
10
I LDASHP-F  jontsnaF
pob 1 3
8
I PRt
: 10 LRASHAF
% . ASHEF
S |roaswkar
i L} e EMALBA M .
¢ LKALCA-M HNKSHA N
g * easare . “LNSSHA-M
Z LOASHP M wadupm
s
i “LXASHA-M
] “LOASHA M
s n s 38 ns m
—— PRINCIPAL COMPONENT-1{SHAPK FACIOR) ——v
Fig. 3. Bivariate plot of the population groups on the basia of the first two principal
componsnta.
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TABLE 4. The first three principal components

Eatimates of coefTicients for

principal
Variable 1 2 3
HT 0.827 -0.207 ~0.043
SH 0.821 ~0.134 0.061
BAD 0.748 -0.094 -0.241
BID 0.335 0.418 -0.331
wT 0.763 0.364 -0.293
BG 0.5656 0.472 0.045
CG 0.454 0.319 -0.436
HL 0.633 -0.249 —-0.098
HB 0.587 0.077 0.315
BB 0.438 0.199 0.714
BFD 0.526 0.108 0.585
MFH 0.712 -0.108 -0.223
NH 0.639 -0.193 -0.061
NB 0.522 -0.080 0.261
TST ~0.141 0.843 0.049
SST ~-0.119 0.881 0.032
Percentage of total 34.72 14.88 9.60
variance explained

Relative effects of causal/classificatory
variables

The qualitative results of cluster and prin-
cipal component anlayses indicate that the
relative effects of altitude and sex are higher
than the other causal/classificatory vari-
ables. To study the relative effects in a more
quantitative manner, we have performed a
canonical correlation analysis, by treating
the five causal/classificatory variables—sex,
altitude, ethnicity-religion, location/geo-
graphical distance, and occupation as one set,
and the 16 anthropometric variables as the
other set. Since there are five causal/classifi-
catory variables, five canonical variates could
be constructed. The canonical correlations
turned out to be 0.875, 0.833, 0.552, 0.442,
and 0.370. It is clear that in the present case,
only the first two canonical variates are of

practical significance, since the difference be-
tween the second and the third canonical
correlations is rather large. Because we are
interested in studying the relative effects of
causal/classificatory variables, we shall only
consider the coefficients attached to the can-
onical variates for the first set of variables.
These coefficients are presented in columns
2 and 3 of Table 5. The first canonical variate
represents the effect of sex, and the second
canonical variate represents the effect of al-
titude. This is because the coefficients at-
tached to sex in the first and to altitude in
the second canonical variate are much higher
in comparison with those attached to the
other variables. Compared to these two van-.
ables, the remaining variables do not seem
to have much effect on body dimensions, (It
should, however, be pointed out that results
of canonical correlation anlaysis are not in-

TABLE 6. Standardised coefficients attached to l variates for the set of causal/
i y variables
C | variate
Both sexes
bined Male Female
Variable Variate-1 Variate-2 Variate-1 Variate-1
Bex 0.889 0.458 - -
Altitude -0.295 0818 0.840 0.824
Ethnicity-religion 0.128 ~0.}01 0.373 0.388
3 Location/geographic distanco -0.107 0.443 -0.198 -0.139
Occupation 0.010 0.267 0.223 0.195
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dependent of the numerical codes used for
discrete variables. In the results presented
here. the codes used for the classificatory
variables were 1, 2, 3, etc. For example, male
= 1, female = 2 for sex; Sherpa = 1, Lepcha-
Buddhist = 2, Lepcha-Christian = 3 for eth-
nicity-religion, etc. We have also analyzed
the data with two other sets ol codes; the
results were qualitatively similar.)

Since, in the pooled dats, sex differences in
body dimensions were found to be strong, it
was considered logical to analyze the data
separately for each sex in order to check
whether the ranking of the relative effects of
the other four classificatory variables re-
mained unaltered. This was done by consid-
ering separately the nine population groups
for males and the eight population groups for
females, with respect to the remaining four
classificatory variables—altitude, location/
geographical distance, ethnicity-religion, and
occupation. The four eananical correlations
for males were 0.860, 0.633, 0.590, and 0.476,
and for females these were 0.857, 0.613,
0.670, and 0.396. It appears that for both
sexes, only one canonical variate is of practi-
cal significance. The standardised coefTi-
cients attached to the first canonical variates
have been presented in columns 4 and 5 of
Table 5 for males and females, respectively.
These coefficients indicate that even within
each sex, altitude has the strongest effect on
body dimensions.

Are all the anthropometric characters
significant discriminators?

The fact that when all the anthropometric
characters were considered jointly the popu-
lation groups showed significant differences
among themselves is not unexpected. It was
of interest to find out whether and how well
the population groups could be distinguished
on the basis of a fewer number of variables.
Such an attempt is useful, especially in view
of the fact that significant correlationa were
noted between many of the characters. It may
well be that once a subset of the 16 variablea
is congidered, the remaining variables do not
contribute significantly to the discriminat-
ing ability because these variables are highly
correlated with the variables already consid-
ered. A reduction of dimensionality n_nd !.he
identification of important discriminating
varisbles is useful both for purposes of data
collection and analysis, since one will then
need to collect and handle data on & smaller

number of variables to reach the same con-
clusions regarding the population groups.
Furthermore, such an identification will also
yield insights into the processes of biological
adaptation at high altitudes. Since the con-
sideration of all possible subsets of variables
is enormously time consuming, we resorted
to a stepwise procedure (see, e.g., Roy and
Majumder, 1984). This analysis was also done
by combining the two sexes (that is, resulting
in 17 groups) and separately for each sex.
The results of the stepwise discriminant
analysis for the combined data have been
presented in columns 2 and 3 of Table 6.
These results showed that the values of the
Wiltks' A-statistic were significant (as judged
by the approximate F-statistic) at the 5%
level at all steps of the procedure until the
final step when all the 16 variables were
introduced in the discriminant Functions.
This indicates that all the variables consid-
ered provide significant discrimination
among the population groups when sex is
also taken into consideration. Of the 18 vari-
ables, the most important discriminator vari-
able is sitting height (SH), and the least
important is head breadth (HB). One may
also consider the problem of discriminating
among the population groups within each
sex. In this case, data were analyzed sepa-
rately for males and females. Among males,
as the figures in columns 4 and 5 of Table 6
show, only 14 variables were significant for
purposes of discrimination. The same num-
ber of variables discriminated among fe-
males (see columns 6 and 7 of Table 6). While
among males head length (HL) and height
(HT) were not found to be useful for discrim-
ination, among females the variables ex-
cluded as significant discriminators were the
two head mcasurements HL and HB. It may
be pointed out that even when both sexes are
considered together, HL, and HB turned out
to be the least important discriminating vari-
ables. Another striking difference between
the sexes is that except for the most impor-
tant discriminating variable (bizygomatic
breadth [BB]), the order of entry of the other
variables in the discriminant functions was
generally reversed in females compared to
the males.
The ability to discriminate among the
population groups

Having found that all the variables are
significant discrimipatora when sex is taken
into ideration, the qi ion that arises is
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TABLE 6. Resulls of step-wise discriminant analysis'
Both soxes Malo Femala
Step Variable Variable Variable
No. ontersd Wi A entered Wilks' A entered Wilks' A
1 8H 0.4272 BB 0.4447 BB 0.6211
BB 0.2088 BAD 0.2451 BID 0.3403

3 88T 0.1134 S8ST 0.1738 SH 0.2507
4 BAD 0.0682 wT 0.1228 MFH 0.1801
& BFD 0.0477 BFD 0.0912 NB 0.1493
(] WT 0.0343 BG 0.0703 NH 0.1198
7 NB 0.0248 NB 0.0555 CG 0.0881
8 BG 0.0182 CG 0.0463 BFD 0.0812
9 MFH 0.0146 TST 0.0400 HT 0.0898
10 TST 00117 SH 0.0364 TST 0.0698
1 NH 0.0096 NH 0.0309 wT 0.0501
12 BID 0.0080 MFH 0.0277 BG 0.0422
13 cG 0.0067 BID 0.0248 SST 0.0368
14 HT 0.0058 HB 0.0224 BAD 0.0317
16 HL 0.0051 - - - -
18 HB 0.0045 - — - -
YAl values of Wilks' A are significant st the 5% Jevel.

this: How well can we discriminate among
the populations using these variables? Judg-
ment on this question ia made by the proba-
bility of correct classification, which is com.
puted on the basis of the estimated linear
classification functions. The classification
rule is to classify an individual into that pop-
ulation group for which the value of the clas-
sification function (obtained by entering the
measurements of the individual in question)
i8 the maximum. To examine how well the
classification functions perform, the stan-
dard practice is to classify the sampled indi-
viduals using the estimated classification
functions. Since it is known that the inclu-
sion of the data on the individual to be class-
ified, while estimating the parameters, re-
sults ip an overestimation of the probability
of correct classification, we resorted to a jack-
knife approach in which estimation of pa-
rameters is done after eliminating the data
on the individual to be classified. The results
have been presented in Table 7, which show
that the overall probability of correct classi-
fication is 0.71. Thia table also shows that
only a negligible proportion of individuals
actually belonging to the low-altitude popu-
lation groups is misclassified as belonging to
the high-altitude groups, and vice versa.
Therefore, the classification functions per-
form very well in discriminating between
high- and low-altitude groups. Within the
low-gltitude groups, however, the perfor-
mances of the claasification functions were in
some cases very good (e.g., for LDASHA)

while in some cases fairly poor (e.g., for
LKALBA-F, LKALCA-F). This again is in-
dicative of the relatively strong association
with altitude in comparison with the other
factors (e.g.,, occupation, geographical dis-
tance, etc.). It may be noted that in the above
exercise of classification, an individual was
classified only on the basis of the anthropo-
metric measurements without any knowl-
edge of the sex of the individual. It may be
pertinent to repeat this exercise and find out
how well an individual with known sex sta-
tus can be classified into one of the popula-
tion groups (nine for males and eight for
females) on the basis of his/her anthropome-
tric measurements. The results have been
presented in Tablea 8 and 9, respectively, for
males and females. It is seen that the proba-
bilities of correct classification are 0.77 and
0.64, respectively, for males and females. In
corroboration of the results of previous anal-
yees, it is seen from Tables 8 and 9 that even
within each sex the probability of misclassi-
fication of a low-altitude resident to a high-
altitude group, or the vice versa, is very
small, while within the low-altitude groups
this probability is much higher. It may also
be pointed out that separate sex-specific clas-
sification functions do not increase tha abil-
ity of correct classification.

DISCUSSION

We begin with a few general remarks. An
inspection of the mean values of the anthre-
pometric characters revealed that, by and
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large, the Sherpas and Lepchas are shorter
and heavier than most other Indian popula-
tions (Basu et al., 1980). The fact that there
were significant sex differences and that the
males had significantly larger body dimen-
sions than females is in concordance with
many earlier studies. Furthermore, the find-
ing that females had a larger accumulation
of subcutaneous (at—as measured by skin-
fold thicknesses—than males has been ob-
served in many other populations (Eveleth
and Tanner, 1976). The small but significant
decrease in adult body dimensions with ad-
vancing age has also been reported earlier
for the Andean Quechua (Frisancho, 1976).

The population groups studied belong to
different ethnic categories and different
physical environmental and sociocultural
niches. It is, therefore, not at all unexpected
that these groups revealed significant differ-
ences in respect of body dimensions. What
was interesting, however, was that despite
the characters being significantly correlated,
none could be discarded for purposes of dis-
crimination when both males and females
were considered together.

The overall probability of misclassification
was low—about 0.3. In fact, considering alti-
tude alone, the probability of misclassifying
an individual actually belonging to a high-
altitude population to a low-altitude popula-
tion was only 0.083, and, the probability of
misclassification of the converse kind was
also very small, 0.003 (see Table 7). This in-
dicates that altitude is strongly correlated
with adult body dimensions. An examination
of the pattern of misclassification among the
low-altitude populations did not, however, re-
veal any of the other factors—for instance,
ethnicity-religion and occupation—to be
significant.

When allocation of individuals was done on
the basis of both anthropometric measure-
ments and knowledge of the sex status, for
both males and females only 14 of the 16
variables turned out to be significant dis-
criminators. Within each sex also, the pat-
tern of misclassification revealed that the
association of altitude with body dimensions
i8 the strongest.

It may be worth pointing out that based on
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lages or village clusters. That we have ob-
tained higher probabilities of correct clas-
sification is not, however, surprising since we
are dealing with a more disparate—geneti-
cally, socioculturally, and environmentally—
group of individuala.

These results on the relative effects of alti-
tude, ethnicity-religion, location/geographi-
cal distance and occupation on body di-
mensions were also corroborated by other
types of statistical analyses—cluster analy-
sis, canonical correlation analysis, and prin-
cipal component analysisa.

The single linkage clustering pattern (Fig.
2) showed that the high and low-altitude pop-
ulation groups are clearly separated. Among
the low-altitude populations, those of Dar-
jeeling and those sampled from Kalimpong
are also well separated. This is indicative of
a significant role played by geographical dis-
tance. However, the male Sherpas sampled
from Solu do not stand out distinctly, al-
though the geographical distance between
Solu and Darjeeling or between Solu and
Kalimpong is much greater than that be-
tween Darjeeling and Kalimpong. The role
played by geographical distance is, therefore,
not very clear. Another interesting feature
that is revealed is that the two sexes are very
clearly separated in the Kalimpong samples,
and also rather well in the Darjeeling sam-
ples. The pattern of clustering did not reveal
any significant roles of ethnicity (because
Sherpas and Lepchas did not fall in separate
clusters), religion (because Christian and
Buddhist Lepchas were not well separated),
or occupation (because groups practicing ag-
riculture, plantation, and forestry did not
form distinct clusters).

The fact that size and shape factors could
be identified is interesting, and as seen from
Figure 3, these two factors alone led to a
considerable separation of the population
groups. Despite significant differences with
the pattern of clustering depicted in Figure
2, there are considerable similarities. For ex-
ample, a comparison of Figures 2 and 3 shows
that the groups LKALBA-F, LKALCA-F,
LKASHA-F, LKASHF-F, and LKASHP-F are
in the same cluster. Differences were, of
course, expected since the first two principal

ponents only explain about 50% of the

several anthropometric ts and
genetic markers, Spielman and Smouse
(1976) and Smouse and Spielman (1977) ob-
tained much lower probabilities of correct
classification (between 0.4 and 0.6) when they
tried to classify Yanomama Indians by vil-

total variance. The most significant differ-
ence was that the high-altitude females seem
to cluster with low-altitude Darjeeling
Sherpa female plantation workers. By and
large, however, the conclusions drawn from
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the pattern of clustering depicted in Figure
38 were similar to those derived earlier. The
results of the canonical correlation analysis
also showed exactly the same features.

To conclude, the findings of this study on
the effect of altitude vis-A-vis geographical
distance, ethnicity-religion, and occupsation
on adult body dimensions are: (1) altitude has
a significant effect; (2) ethnicity-religion and
occupation have no discernible effect; 3) tl_xe
effect of geographical distance is inconsis-
tent. Our finding of the profound effect of
altitude on anthropometric variability is con-
sistent with that obtained among the Ay-
maras of Bolivia (Andes) by Roth! and

P.P. MAJUMDER ET AL.

paper, were helpful in improving the pa
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and Mr. C. Pal for help in data transcript
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to Mr. K.K. Halder and Mr. R M. Sarkar
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