
Cressie, N. A. C., Withers, R. T., and Craig, N. P. 

(1986). The statistical analysis of somatotype 

data.   Yearbook of Physical Anthropology, 29, 

197-208. 

 



YEARBOOK OF PHYSICAL ANTHROPOLOGY 29:197-208 (1986) 

The Statistical Analysis of Somatotype Data 
N.A.C. CRESSIE, R.T. WITHERS, AND N.P. CRAIG 
Department of Statistics, Iowa State University, Ames, Iowa 50011 
(N.A. C. C.); Exercise Physiology Laboratory, School of Education, 
The Flinders University of South Australia, Bedford Park, 
South Australia 5042 (R.TW!, N.I?C.) 

KEY WORDS 
altitudinal distance, Discriminant analysis, Hotelling’s T2 

Physique, Multivariate analysis of variance, Somatotype 

ABSTRACT The literature contains examples of one-way ANOVAs being 
conducted on SAD (somatotype altitudinal distance) values to determine 
whether there are statistically significant differences between group somato- 
type means. The problems with this strategy concern the premature collaps- 
ing of the three component somatotype vectors into a scalar SAD value 
together with use of the inappropriate degrees of freedom for the F-ratio. A 
theoretical rationale is presented for remedying the latter defect. However, a 
one-way MANOVA, which uses Wilks’s lambda as the test statistic, is the 
most powerful method of determining whether there are statistically signifi- 
cant differences between the somatotype means for two or more groups. Lf the 
null hypothesis is rejected, then for more than two groups, painvise compari- 
sons should be conducted by using Hotelling’s T2 with a Bonferroni adjusted 
alpha level. The one-by-one and joint contributions of the somatotype compo- 
nents to each significant painvise difference can furthermore be determined 
by univariate F-ratios, discriminant function analyses, and forward stepwise 
discriminant analyses. 

The classification of physique has been of interest since at least the time of 
Hippocrates (ca. 460-ca. 370 B.c.). One method of describing human morphology is 
that of somatotyping, in which size-dissociated shape is expressed by a three-number 
rating that represents the components of endomorphy (relative fatness), mesomor- 
phy (relative musculoskeletal development), and ectomorphy (relative linearity). 
This photoscopic technique was developed by Sheldon et al. (1940) and subsequently 
modified by others. The two most frequently used adaptations are the anthropomet- 
ric methods of Parnell(1958) and Heath and Carter (1967). While somatotyping has 
been employed extensively in evaluating the relationship between physique and 
physical performance (Carter et al., 1982; Carter, 19821, it has also been used in 
growth studies (Zuk, 1958) and by epidemiologists (Spain et al., 1955). 

Early attempts to determine whether there were statistically significant differ- 
ences between the somatotype means of athletic groups concentrated on a one-way 
analysis of variance (ANOVA) on each of the three components (Carter et al., 1973; 
de Garay et al., 1974; Hay and Watson, 1970). However, somatotype ratings primar- 
ily project a gestalt or overall impression of body type, and such a tactic was 
acknowledged to destroy the essential quality of component dominance together 
with the relationship of the three components in the individual subject. The advent 
of Duquet and Hebbelinck’s (1977) somatotype attitudinal distance (SAD), which is 
the linear distance in three-dimensional space between any pair of somatopoints, 
allowed a single-number quantification of the somatotype dissimilarity between two 
individuals: 
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where I = endomorphy, I1 = mesomorphy, I11 = ectomorphy, and A and B are the 
individuals. Carter (1980) and Carter et al. (1983) followed this up by proposing that 
differences between somatotype means could be tested by using conventional AN- 
OVA techniques. However, the problems with Carter’s strategy concern the prema- 
ture collapsing of the three-component somatotype vector into a scalar SAD value, 
together with use of inappropriate degrees of freedom for the F-ratio. The primary 
purposes of this paper are, therefore, to critically evaluate Carter’s method and to 
assess whether differences between somatotype means can be more sensitively 
probed by using one-way multivariate analysis of variance (MANOVA), and in the 
event of a statistically significant Wilks’s lambda, to identify significant pairwise 
comparisons by using Hotelling’s T2 with a Bonferroni adjusted alpha level. A 
secondary purpose is to demonstrate how the one-by-one and joint contributions of 
the somatotype components to each significant pairwise comparison can be achieved 
by univariate F-ratios, discriminant function analyses, and forward stepwise dis- 
criminant analyses. 

METHODS 

Data for 140 female Olympians from the Montreal Olympic Games Anthropologi- 
cal Project (MOGAP) (Carter, 1982) were used to compute Heath-Carter anthropo- 
metric somatotypes and SADs by using the appropriate algorithms (Carter, 1980) 
and a Texas Instruments 59 programmable calculator and printer. The endomorphy 
ratings were routinely corrected for height and all individual somatotype values 
were rounded off to the nearest tenth. Four testing methods were then implemented. 
Each attemped to determine whether there were any statistically significant differ- 
ences (P < .05) between the group somatotype means: 

(1) The SAD values were subjected to a one-way ANOVA (with 4 and 135 degrees 
of freedom) in accordance with the procedure outlined by Carter (1980). 

(2) The aforementioned procedure was adapted with the important modification 
that the degrees of freedom for the F-ratio were increased to 8 and 261, respectively 
(see Appendix A). In the event of a statistically significant F-ratio, pairwise compar- 
isons were conducted on the SADs by using the F statistic with modified degrees of 
freedom and a Bonferroni adjusted alpha level of 0.005 (Miller, 1966; Bray and 
Maxwell, 1982). 

(3) The three-dimensional vector somatotype scores (each vector comprises an 
endomorphy, mesomorphy, and ectomorphy rating) were analysed by a one-way 
MANOVA which used Wilks’s lambda as the test statistic (see Appendix B). If a 
statistically significant lambda value eventuated, painvise comparisons were con- 
ducted by using Hotelling’s T2, again with a Bonferroni adjusted alpha level of 
0.005. 

(4) The one-by-one and joint contributions of the somatotype components to each 
significant pairwise difference were determined by univariate F-ratios, discriminant 
function analyses, and forward stepwise discriminant analyses. 

RESULTS 
The descriptive statistics for the somatotypes of the female athletes in Table 1 are 

slightly different from those reported by Carter et al. (1982) on the same raw data. 
This is doubtless primarily due to the fact that they rounded off each somatotype 
rating to the nearest half unit whereas we rounded off to the nearest tenth. Also, 
they did not routinely correct the endomorphy component for height (personal 
communication). Nevertheless, the differences between the two methods did not 
vary by more than one-tenth of a unit for both the component means and standard 
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TABLE 1. Descriptiue statistics for the somatotypes of female athletes at the 
Montreal Olympic Games‘ 

Group n Endomorphy Mesomorphy Ectomorphy 
- 

Canoeing 8 X 2.8 4.0 2.9 

Gymnastics 15 X 2.2 3.9 3.4 

Rowing 51 X 3.0 3.9 2.8 

Swimming 32 X 3.2 3.8 3.1 

Track and field 34 X 2.3 3.4 3.5 

Overall 140 X 2.8 3.8 3.1 

S 0.24 0.74 0.57 

S 0.46 0.55 0.73 

S 0.78 0.82 0.77 

S 0.75 0.68 0.91 

S 0.65 1.04 1.02 

S 0.78 0.85 0.90 

- 

- 

- 

- 

- 

‘Based on data reported in Carter (1982) 

Fig. 1. Mean somatoplots of female athletes at the Montreal Olympic Games by sport. 

TABLE 2. Pairwise F-tests using the modified degrees offreedom 

Canoeing Gymnastics Rowing Swimming Track and field 

Canoeing 
Gymnastics 2.989 
Rowing 0.207 6.020* 
Swimming 1.025 6.479* 1.515 
Track and field 3.095 1.610 11.916* 8.208* 

*Significant beyond the (Bonferroni adjusted) 0.005 level. 

deviations. The somatotype group means are also plotted on the somatochart in 
Figure 1. 

The results of the four testing methods were as follows: 
(1) The one-way ANOVA on the SADs, in accordance with the procedure recom- 

mended by Carter (1980)’ yielded a significant F-ratio of 5.07 (F0,05=2.4, df=4,135). 
(2) Use of the modified (8 and 261) degrees of freedom for the preceding method 

also resulted in a statistically significant F-ratio. Subsequent painvise comparisons 
with a Bonferroni adjusted alpha level of 0.005, and again using an F-ratio with 
modified degrees of freedom, indicated that there were differences (see Table 2) 
between the following somatotype means: (a) the gymnasts and both the rowers and 
swimmers, (b) the track and field athletes and both the rowers and swimmers. 

(3) The one-way MANOVA which used Wilks’s lambda as the test statistic resulted 
in a significant lambda value of 4.69. The outcomes of the ensuing Hotelling’s T2 
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analyses using a Bonferroni adjusted alpha level of 0.005 were identical to those of 
the preceding analysis and are summarized in Table 3. 

(4) The results of the univariate F-ratios and discriminant function analyses for 
the four significant pairwise comparisons are presented in Table 4, while Table 5 
contains a summary of the forward stepwise discriminant analyses. These tests 
generally indicated that endomorphy was the major discriminator. 

DISCUSSION 
Assumptions and hypotheses 

The methods presented for testing equality or differences between group means 
all rely on multivariate normality of the data (see A.l in Appendix A). Several 
preliminary checks were performed to verify that the data followed roughly these 
assumptions. A histogram, together with a sample mean, variance, skewness, and 
kurtosis were computed for each group. While the histograms showed distributions 
which were not normal, this did not cause any problems, since they were on bounded 
support and not drastically asymmetric. The central limit theorem guarantees that, 
almost regardless of the initial distribution, averages are normal-like. How close to 
normality they are depends on skewness, kurtosis, and sample size. Cressie (1980) 
has shown that while kurtosis is not important for the t-test, skewness can have a 

TABLE 3. Probability (P) values for pairwise comparisons using Hotelling’s T2  

Canoeing Gymnastics Rowing Swimming Track and field 

Canoeing 
Gymnastics 0.023 
Rowing 0.738 o.ooo* 
Swimming 0.280 o.ooo* 0.089 
Track and field 0.273 0.016 0.001* o.ooo* 
*Significant beyond the (Bonferroni adjusted) 0.005 level 

TABLE 4. Univariate F-tests and discriminant function analyses for the four significant 
oairwise comoarisons 

Standardised Canonical 

Comparison F-test coefficient correlation 

Gymnastics and rowing 
Endomorphy 12.41* 0.459 0.763 
Mesomorphy 0.02 -1.112 0.031 

Univariate discriminant function variate 

Ectomorphy 6.53* - 1.238 -0.553 
Gymnastics and swimming 

Endomorphy 20.46* 1.002 0.874 
Mesomorphy 0.26 -0.669 -0.099 
Ectomorphy 1.17 -0.281 -0.209 

Endomorphy 16.30* -0.625 -0.902 
Mesomorphy 7.94* 0.262 -0.630 

Track and field and rowing 

Ectomorphy 13.34* 0.737 0.816 

Endomorphy 24.80* 1.041 0.988 
Mesomorphy 3.99* 0.201 0.396 

Track and field and swimming 

Ectomorphy 3.22 0.302 -0.356 

*Significant beyond the 0.05 level. 

TABLE 5. Summary of SPSS forward stepwise discriminant analyses for the four significant pairwise 
comDarisons: entries show the comDonents entered and the Fs-tc-enter are given in Darentheses 

Comparison Step 1 Step 2 Step 3 

Gymnastics and rowing Endomorphy (12.41) Ectomorphy (0.71) Mesomorphy (6.47) 
Gymnastics and swimming Endomorphy 120.46, Mesomorphy (3.63, Ectomorphy (0.58) 
Track and field and rowing Endornorphy (16.30) Ectomorphy (2.80) Mesomorphy (0.19) 
Track and field and Endomorphy (24.80) Kctomorphy 10.25) Mesornorphy (0.18) 

swimming 
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serious effect on the significance levels. The worst sample skewness of 2.045 was for 
track and field endomorphy; however, because the group size was large (n=34) it 
had little effect on the t- and F-tests. A calculation of equivalent skewness (Cressie 
and Whitford, 1986) for the worst comparison, namely with canoeists, showed a 
skewness value below 1. Therefore, confidence about the assumptions, and hence 
the validity of the tests, appear warranted. 

The initial hypothesis tested was: 

where k = 5 groups. 
This splits into k(k - 1)/2 subhypotheses: 

The strategy was, therefore, to first test the H and if it was rejected to then test the 
subhypotheses, Hem. 

Tests of the initial hypothesis (I$ 
(1) The test based on individual SAD scores (Carter, 1980) yielded the following 

result: 

= 5.07. 
38.6514 

257.091135 
F =  

The proposed degrees of freedom are k - 1 = 4 and n + . . . + n - 5 = 135, which 
yielded a purported 0.05 significant value = 2.45. Now F = 5.07 > 2.45, and hence 
the initial hypothesis H was rejected. 

(2) The preceding SAD based test should be performed with a degrees of freedom 
correction (see Appendix A). If the same F of 5.07 is used, the MANOVA output of 
the SPSS package indicated that the eigenvalues of the estimated covariance matrix 
are: 

h h A 
hl = 0.29521, A2 = 0.08123, and A3 = 0.05694. 

A A A 2 A 2  A A 
Thus (A1 + A2 + A,) /(A1 + A3 + 18) = 1.937. 

The correct look-up in the F-table should, therefore, be for 1.9737 x 4 = 8 and 1.937 
x 135 =261 degrees of freedom (see A.9 in Appendix A). This yielded a 0.05 
significance value = 1.94, which was very different from the incorrectly found value 
of 2.45 used in the first method. Although both procedures yielded significance, our 
modification ensures that the size of the test was 0.05, and showed that the P-value 
associated with F = 5.07 was much smaller than we would have thought had we 
used the degrees of freedom suggested by Carter (1980). 

(3) The preferred method of analysis is to use a Wilks’s lambda test based on 
MANOVA (see Appendix B). The MANOVA output from the SPSS package produced 
A = 0.67561, which was also significant beyond the 0.05 level. In passing, it should 
be noted that when one-way ANOVA’s were performed on each of the endomorphy, 
mesomorphy, and edomorphy variables, statistically significant differences were 
found between groups. All approaches therefore yielded the conclusion that there 
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was a difference between at  least one pair of means. It is now appropriate t o  do 
multiple comparisons to test which pairs of means are equal or unequal. 

Pairwise comparisons (Hem; 1 < P < m < 5) 
Carter (1982) used a Newman-Keuls multiple comparison procedure but found no 

significance. This should be surprising since no matter which method was used, the 
test of H yielded very small P-values. This lack of sensitivity was probably caused 
by using SADs without modifying the degrees of freedom. Furthermore, it is pres- 
ently not certain how to modify the Newman-Keuls post hoc, or for that matter 
Tukey’s studentized range, to account for using SADs. Reliance on the studentized 
range distribution is the problem, i.e., the distribution of the range of k-independent 
chi-squared variables on one degree of freedom divided by an independent estimate 
of variance based on n + n + . . . nk -k degrees of freedom. As can be seen from 
Appendix A: 

This is a weighted sum of independent chi-squared variables on one degree of 
freedom. Newman-Keuls can be applied when and only when 

hl = h2 = 0, h3 > 0. 

In general then, not even adjusted degrees of freedom can give an  approximate 
answer. 

It is appropriate, however, to apply the Bonferroni procedure (Miller, 1966; Bray 
and Maxwell, 1982) because this simple operation relies on multiple t-type tests for 
testing Hpm; 1 < k‘ < m < k. Testing k(k-1)/2 comparisons at the a/[k(k-1)/2] 
significance level yields an  approximate overall significance level of a. The Bonfer- 
roni rationale is that if 100 independent hypotheses were tested at the 0.05 signifi- 
cance level, and all hypotheses were actually true, then on the average five of the 
100 would be declared statistically false. However, by testing each hypothesis at a 
(0.05/100) level, the 100 hypotheses are jointly tested at the 0.05 level. In the present 
analyses, this involved (5 x 4)/2 = 10 comparisons; hence, each Htm: ,pf = km; 1 < P 
< m < 5, was tested at 0.05/10 = 0.005, to yield a simultaneous 0.05 level. This 
could be done by using SADs and a 0.005 F-table look-up on 1.937, 1.937 x (nl + np 
- 2) degrees of freedom. Thus, for example, nl = 34, n2 = 15 yields an F-distribution 
on approximately 2, 91 degrees of freedom with a 0.005 significance value of 5.62. 
The results of such an analysis on the MOGAP data are depicted in Table 2. 
However, the preferred analysis is a multiple comparison procedure which uses 
Hotelling’s (essentially Wilks’s lambda for the special case of comparing two 
means) as opposed to the two-sample t-type tests with SADs. The reasons are 
identical to those given in the preceding discussion of the superiority of a one-way 
MANOVA on complete somatotype scores over a one-way ANOVA on SADs. There- 
fore, the ten Hotelling’s T2 statistics were calculated and compared to the 0.005 
significance value. The results are depicted in Table 3, from which it may be 
concluded that the body types of track and field athletes and gymnasts are similar, 
that the body types of rowers and swimmers are also similar, but that the two types 
are different from each other. The canoeists occupy the middle ground, but the 
differences between them and the other groups are not large enough to be statisically 
significant. These results are identical to those reported in Table 2. Our conclusions 
are, therefore, different from those reached by Carter et al. (1982). Furthermore, 
they are not the picture given by the somatochart (Fig. l), in which the canoeists 
seem to be identified with the rower-swimmer body type. It also looks as if a test 
between canoeists and track and field athletes should yield a significant difference. 
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However, the P-value (see Table 3) of .237 highlights the weakness of the somato- 
chart, which is clearly a two-dimensional attempt to realize a three-dimensional 
structure. Any such procedure unavoidably results in a loss of information. 

It is of interest to determine the extent to which the somatotype components 
contribute to each significant pairwise difference. One-by-one ANOVAs on each 
component were performed, and the resultant F-ratios in Table 4 indicate that 
endomorphy consistently yields the largest value for each painvise comparison. 
However, endomorphy is not observed in isolation. Although the univariate F-ratios 
provide some idea as to which components are or are not important, the substantial 
correlations between components should be noted. If the correlations are not ac- 
counted for there is the possibility that some direction in the somatotype space, 
which is totally responsible for the significant painvise difference, cannot be discov- 
ered from the one-by-one contributions of each component. Discriminant analysis 
attempts to find this direction. The discriminant function (Rao, 1973, p. 567) is 
basically that linear function of the components which maximizes the ratio, (mean 
difference)2/variance. Thus, it might be thought that any component which has a 
small coefficient would have little effect on discriminating between two groups. This 
is true if there are no linear or near-linear relationships between subsets of compo- 
nents. However, it is well known in linear regression, of which discriminant analysis 
is a special case (Lachenbruch, 1975, p. 17), that should such subsets exist, no valid 
interpretation can be put on the relative size of standardised discriminant function 
coefficients (Borgen and Seling, 1978). This possibility was allowed for in the analy- 
sis by running a forward stepwise discriminant analysis, forcing it to eventually 
enter all the variables and by recording the order and strength (measured by Fs-to- 
enter) of the entered variables. The same could be done with backward stepwise 
discriminant analysis where the identical problem exists. An interesting account of 
the effect of intercorrelations on standardised discriminant function coefficients can 
be found in Bock (1975). 

Since we want to know how endomorphy, mesomorphy, and ectomorphy each 
contribute to a significant difference between two groups, it makes sense, again 
viewing discriminant analysis as a type of regression, to look at the correlation 
between predictor and dependent variable, i.e., between discriminant function and 
somatotype component. If the component is not important in discriminating between 
groups, then this calculated canonical variate correlation coefficient should be small. 
These quantities have sometimes been called a factor structure matrix (Spector, 
1977). They have been calculated for the four significant pairwise differences and 
are shown in the last column of Table 4. Note that four different discriminant 
functions were used, one for each pair. These correlations enable the components to 
be ranked according to their relative contributions to group separation, and the 
following pattern emerges when the results from all four comparisons are combined. 
Swimmers seem to be different from gymnasts and track and field athletes due to 
the endomorphy component, whereas rowers appear to be different from gymnasts 
and track and field atheletes due to both the endomorphy and ectomorphy compo- 
nents which are opposite in effect. Although the effect of mesomorphy is present, it 
seems to be of less overall importance than the two other somatotype components. It 
will be seen later that a discriminant function analysis can more accurately identify 
these combined effects. Table 4 also indicates that the rank orders of the univariate 
F-ratios and canonical variate correlations are identical for each pairwise compari- 
son. However, this only occurs for pairwise comparisons (Huberty, 1972), and is not 
generally true when more than two groups are being tested. 

A forward stepwise discriminant analysis, which begins by selecting the individual 
component that provides the greatest univariate discrimination, was performed. The 
procedure then pairs this component with each of those remaining to determine the 
couple which produces the greatest discrimination. Finally, the third component is 
added. This analysis yields F-to-enter statistics which test the additional discrimi- 
nation introduced by the somatotype component being considered after accounting 
for the discrimination achieved by the somatotype components already entered. A 
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small F indicates that a variable does not contribute much to the overall discrimi- 
nation. The results, which are summarised in Table 5, allows indentification of 
which subset of components is best for each painvise comparison. Endomorphy is 
clearly dominant since it is entered first in each case. Table 5 is resultant from 
forcing the stepwise discriminant routine to continue entering the component hav- 
ing the biggest “F-to-enter” among all those components remaining. If the routine 
is allowed to run automatically, it stops entering components when the largest F-to- 
enter is smaller than a value (2 1.0) chosen by the user. Thus, in the comparison 
between the rowers and gymnasts, endomorphy is the only component to be entered 
since the F-to-enter at step 2 for ectomorphy is 0.71 and for mesomorphy is 0.63. 
However, the large F-to-enter of 6.47 for mesomorphy at  step 3 indicates that 
ectomorphy and mesomorphy together make an important contribution, but if either 
is omitted from the analysis then the effect of the other is dissipated. Inspection of 
the Fs-to-remove after the final step confirms that this is so (Klecka, 1980). Endo- 
morphy is, therefore, the most important component, but the other two together 
should also be included in this comparison. Canonical variate correlations did not 
pick up this dual effect. In addition to the previously mentioned clear dominance of 
endomorphy in the other three pairwise comparisons, Table 5 indicates that meso- 
morphy has a small effect on discrimination between the gymnasts and swimmers, 
whereas ectomorphy has a small effect on discrimination between the track and 
field athletes and rowers. Furthermore, mesomorphy is not an  important discrimi- 
nator for track and field athletes, and ectomorphy is not an important discriminator 
for swimmers. In summary, while the stepwise discriminant analysis is recom- 
mended for its more sensitive approach, it does not yield the directions of the effects. 
The canonical variate correlations are therefore still useful for a general directional 
impression of how the various athletic groups differ. 

CONCLUSIONS 

This article attempts to demonstrate the power of multivariate statistics in analys- 
ing somatotype data. Previous work with SADs, in an ad hoc univariate approach, 
is shown to be erroneous. It is corrected, but is still criticised for its narrow 
perspective. 

It is proposed that, irrespective of which method of measurement is used, e.g., 
Sheldon et al. (19401, Parnell (19581, Heath and Carter (19671, and possibly others, 
the analysis of somatotype data should proceed as follows: 

(1) An overall MANOVA be performed by using Wilks’s lambda as the test statis- 
tic. If no significance is found, then the null hypothesis that all the groups are equal 
is accepted and the analysis ceases forthwith. 

(2) If significance is found, then painvise comparisons should be made between the 
groups by using Hotelling’s T2 with a Bonferroni adjusted alpha level. The analysis 
can stop at  this point if the investigator is only interested in which somatotype 
group means are significantly different. Subsequent recommendations are aimed at  
determining which of the three somatotype components are responsible for the 
difference. 

(3) Univariate F-tests can be performed one by one between the somatotype com- 
ponents for those pairs of groups declared significant. This will give some indication 
of the variables which underlie the difference, but has the limitation of ignoring 
intercorrelations with the result that several significant outcomes may all be tap- 
ping the same underlying factor. 
(4) While for a painvise comparison the correlations between the discriminant 

function and each somatotype component (canonical variate correlations) provide 
the same information as the univariate F-tests, forward stepwise discriminant anal- 
ysis indicates whether one, two, or all three of the somatotype components are 
needed for each significant painvise difference. 

APPENDIX A 

If multivariate normality is assumed, which is a standard and necessary assump- 
tion in the implementation of ANOVAs and MANOVAs, and is denoted by: 
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xij - - N, (+I); j = 1, . . . , ni; i = 1, . . . , k, (A.1) 

then for data analysed here, 
(i) p = 3, corresponding to the three scores: endomorphy, mesomorphy, and 

ectomorphy. 
(ii) k = 5, correspondingto the five types of sports: canoeing, gymnastics, rowing, 

swimming, and track and field athletics. 
(iii) n l  = 8, n2 = 15, n3 = 51, n4 = 32, and n5 = 34, correspondingto the number 

of individuals in each sports group. 
The assumption (A.l) states basically that individuals’ scores “fluctuate equally” 

about their group means. The standard null hypothesis tested by MANOVA is 
whether there are no differences between sports, i.e., a test of 

H :  ~1 = ~2 = .  . . = pk (A.2) 

against the alternative hypothesis that any one of these equalities breaks down. 
There is a well-known testing procedure (based on Wilks’s lambda statistic) for 
determining statistically the truth or falsehood of H; this will be developed in 
Appendix B. 

Carter’s (1980) reasoning was to reduce the three dimensional vectors to one- 
dimensional quantities which could be analysed by standard tests. However, this 
premature collapsing leads to a less powerful test than the MANOVA (see Appendix 
B), together with an  erroneous degrees-of-freedomlook-up in the F-tables. 

2. If the vector a 

= (a1 + bl, a2 + b2, a3 + b3) and zl-? + g2 

Let us consider the sim le case of k=2,  and therefore H: 1 = 

m 
= (al, a2, a3), then let Ilg f? = af + a3 + ad = a ’a. In contrast, t I! e matrix g g  ’ has 

(i,j)th element aiaj. Also let a + 
+ . . . + g m. Then, Carter’s SAD for an individual 2& in group i, is 

(A.3) 

In the simple case of k=2, Carter (1980) proposes the following as the test statistic: 

and then a look-up in the F-tables on (1, nl + n2 - 2) degrees of freedom. Carter’s 
procedure is, unfortunately, wrong in that the test does not have 0.05 probability of 
a type I error. In general, this procedure accepts the null hypothesis more often than 
it should (i.e., is conservative). Thus, it does not detect real differences as often as it 
should. It is possible to show how a small modification to the degrees of freedom can 
correct this mistake. 

An eigenvalue X and its associated eigenvector p,  of the covariance matrix C, is 
defined by C = X_P. The 3 x 3 matrix possesses three non-negative eigenvalues 0 
< X1 < A2 < X3, which are part of the output of MANOVA in the SPSS package 
(Hull and Nie, 1981). Then, by using standard matrix algebra, and multivariate 
normal theory (Rao, 19731, it can be shown that: 
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C  SAD?^ + .C  SAD^ = A~Y:. + x2yf + 
j=1 J = 1  

where Zf, Zf, and Z$ are independent chi-squares on 1 degree of freedom; Yf, Yg, 
and Yi are independent chi-squares on nl + n2 - 2 degrees of freedom and are also 
independent from Zf, Z;, and 23. 

The conclusion which can be drawn is that the t2 given by (A.4) is not, in general, 
distributed as an F-statistic. Thus, strictly speaking, an F-table look-up is inappro- 
priate. However, employing an approximation introduced by Satterthwaite (1946), it 
can be stated that t2 has an approximate F distribution with degrees of freedom 
given by: 

If (A.6) is compared to Carter’s proposed 1, nl + n2 - 2 degrees of freedom, then we 
find that Carter is correct when and only when A1 = h2 = 0, A3 > 0. This occurs 
when and only when a particular linear combination of endomorphy, mesomorphy, 
and ectomorphy completely characterises the individual’s somatotype rating. At the 
other extreme, when endomorphy, mesomorphy, and ectomorphy are independent 
and identically distributed random variables, then A1 = h2 = A3 > 0, and the F- 
table look-up should be on 3,3(nl + n2 - 2) degrees of freedom. For example, when 
nl = nz = 8, an F1,14 table look-up yields a 0.05 significance value of 4.60; however, 
an F342 table look-up yields a 0.05 significance value = 2.84. In general, the 0.05 
significance value lies somewhere in between. 

The eigenvalues XI, 12, A3 of the variance matrix C need to be estimated. This is 
achieved by computing the sample covariance matrix: 

A k ni 

A A A  
and using its eigenvalues hl, h2, A3 to obtain the multiplyingfactor: 

A A A A A A  
(A, + x, + A3)2/(X,2 + xg + xg ) . 

The MANOVA program in the SPSS package automatically computes these values 
(Hull and Nie‘, 1981). This factor should then be used in (A.6) to provide degrees of 
freedom (rounded off to the nearest integer) for the F-table look-ups to test whether 
the two somatotype groups means, 

In the more general case where% > 2 and (A.2) is to be tested, Carter (1980) 
proposes the following statistic, labeled in this article as F: 

, ,u2, are equal. 

k 



Cressie et all SOMATOTYPE DATA: STATISTICAL ANALYSIS 207 

The expression (A.8) reduces to (A.4) when k=2. Once again, it is wrong to say that 
F has an F-distribution on (k-1, n l  + n2 + . . . + nk - k) degrees of freedom. 
However, it is approximately F-distributed on 

A 
degrees of freedom. The As are estimated by the eigenvalues of C defined in (A.7). 

(SAM), 
It should also be noted that another quantity, the somatotype attitudinal mean 

“i 

 SAM^ = ( . C S A D ~ ~ ) / ~ ~ ,  (A.10) 

which has been proposed by Carter e t  al. (1983) for testing homogeneity in variation 
between groups, suffers from exactly the same distribution problems as the SAD. In 
conclusion, the SAD formula (A.8) of Carter collapses vectors into real numbers too 
early, thereby losing any information on the direction of departures from the null 
hypothesis. Thus, although a correction to degrees of freedom given by (A.9) yields a 
test whose approximate alpha level is 0.05, there are more powerful likelihood ratio 
type tests readily available in the multivariate statistical analysis literature. Appen- 
dix B gives the details. 

APPENDIX B 
The likelihood ratio approach within MANOVA is briefly described, but specific 

details can be found in either Morrison (1976) or Rao (1973). MANOVA was origi- 
nally developed by Wilks (1932) through the generalized likelihood ratio principle. 

The following two matrices can be defined: 

J=1 

This is a “between” sum-of-products matrix which is to be compared to the top line 
of (A.8). 

(ii) k n; 

This is a “within” sum-of-products matrix to be compared to the bottom line of (A.8). 
Wilks’s lambda statistic is then: 

A = U1BW-l + 11 , (B.1) 

where I A I denotes the determinant of the matrix A and I is the identity matrix. 
Comparison of the MANOVA based statistic 03.1) with Carter’s statistic (A.8, is 

interesting. In (B.l) the matrices W and B still retain “directional” information on 
the differences between somatotype scores and their group mean, and also between 
group means and the overall mean. They are combined as BW-l before being 
collapsed to a real number. However, (A.8) loses directional information in a prema- 
ture collapsing of all the differences considered in testing H, and, therefore, a test 
based on it will have “sluggish” power properties. 

The distribution of A under H is not an F, rather, it is a product of beta random 
variables. Various chi-square and F approximations are also available (see Rao, 
1973). Wilks’s lambda is a standard statistic (together with its P-value) given in the 
MANOVA section of the SPSS package (Hull and Nie, 1981). 
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