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I. INTRODUCTION

A number of papers have recently been published on vegetation types as different as
tropical forest in Brunei (Ashton 1964), tundra in Canada (Larsen 1965) and limestone
grassland in Britain (Gittins 1965a, b, ¢), in which the ordination techniques of the
Wisconsin school (Bray & Curtis 1957: Curtis 1959 Beals 1960; Maycock & Curtis 1960)
have been used. These methods are reviewed by Greig-Smith (1964) and some comments
on them can be found in the work of Dagnelie (1960), Dale (1964) and Lambert & Dale
(1964).

The Wisconsin methods provide a simple spatial representation of stands of vegetation
such that the major features of the stand relationships are apparent on inspection and
their ecological interpretation correspondingly simplified. Their success in interpretation
can be assessed from the published work where the phytosociological results are in accord
with independent environmental data.

The purpose of this paper is an evaluation of the methods used by the Wisconsin
workers, particularly the distance measure and axis construction technique introduced by
Bray & Curtis (1957). This is achieved through theoretical considerations and by com-
parison with two alternative methods including (a) the use of geometric distance and
perpendicular axes. and (b) principal components analysis of a particular similarity
coeflicient.

1. THE BRAY & CURTIS METHOD
A. The coefficient C = 2w/(a+b)

This coefficient is used by the Wisconsin workers as an expression of interstand
similarity; w is the sum of the lesser values of the species scores in the two stands

* Now at: Department of Botany, University of Western Ontario, London, Ontario, Canada.
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compared; @ and b are the sum of the species scores in each stand. The complement 1 —C
or the corrected form C,,,— C is assumed to be a Euclidean measure of distance (Bray
& Curtis 1957) and used as such in axis construction.

In the work quoted above, and in others (e.g. Beals 1960), C,,,, is the average similarity
value calculated from repeated sampling of the same stand. Mclntosh & Hurley (1964).
however, use as C,,, the highest value actually found in the set of interstand comparisons.
This definition of C,,, is adopted in the present work. Maycock & Curtis (1960), and
Ayyad & Dix (1964) apparently employ the similarity coefficient directly as a ‘“distance’.

Any measures to be used in ordinary geometric manipulations, as for instance the
construction of ordinations in Euclidean space, must be either an angle or a distance,
A definition of Euclidean distance (D;,) between two stands (j, 4) can be obtained, by
applying the Pythagorean theorem to the species scores as rectangular co-ordinates in
multidimensional space, as

. "
Dy = ,-ffl: ) (Xij_XIk)z]
N i=1

which is explained in Orloci (1966)F.

If C,,,.— C is also a Euclidean measure of distance then it ought to bear an exact linear
relationship to D. The ratio D/(C.— C) should, therefore, remain constant regardless
of the stands compared. This condition was tested in 528 paired measurements of D and
C,,..— C obtained from the comparison of thirty-three stands of dune slack vegetation
(see Part I). The values of the ratio vary between 1-1 and 2:6, a range of more
than 2309.

A direct comparison of the magnitude of C,,,,—C and D cannot be made unless they
are transformed to a common scale. Fig. 1 shows the values plotted after transformation
to zero mean and unit variance. Deviations from the 45° diagonal indicate the incidence
and degree to which C,,,— C fails to measure the actual distance (D) deviating from it in
either a positive or negative direction.

These results disqualify Cp,,— C as a Euclidean distance. Cp,— C violates the Eucli-
dean definition of distance on at least three separate counts. (1) Negative distance may
arise, e.g. when C,,, @ is determined by repeated sampling of a single stand. (2) Two
stands may have zero distance although not identical: this occurs when Cy, = e
(3) The sum of two sides of a triangle formed by three stands as points in space may be
less than the third side, indicating that the sides are not straight lines.

These anomalies have been observed in several sets of data analysed in this department.
They result from the coefficient alone and should not be confused with errors in the
positioning of stands due to errors in the estimation of the species Scores.

In order to study the effect of the ‘distance’ C,,,— C on the arrangement of stands
independently of other aspects of the ordination techniques, a comparison is made be-
tween C,,,.— C and D on the basis of stand ranks along three arbitrarily selected axes.
Each axis is defined by two reference stands (R,, R,) as in Fig. 1 of Part L.

Stand positions along the axis (R,, R;) are calculated as

2

_ D} +Di,—Dyi

* The use of Euclidean distance in taxonomy is described and discussed by Sokal & Sneath (1963).
+ This contribution is subsequently cited as Part 1.
1 An expression also used by Beals (1960).
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substituting the values of either Cy,,,—C or D in the equation. Spearman’s rank corre-
lation between stand positions obtained from the two different measures of interstand
distance is shown in Table 1.

Fic. 1. Relationship between C,,,,—C and D when expressed in standard deviation units,
(Random sample from 528 observations.)

The coefficient indicates that no significant change in rank in these directions occurs
regardless whether C,,,—C or D is used in defining stand positions, although the dis-
tances between stands do. of course, differ. The high rank correlation between positions
on these arbitrarily selected axes should not be interpreted as an indication that potent-
ially identical ordinations can be obtained from the two distance matrices. The coefficients
may result in entirely different ordinations as a consequence of different end stands being
chosen.

Table 1. Rank correlations between C,,,—C and D

Reference Spearman’s
axes r
7, 30 0977
9,22 0-941
14, 18 0974

B. Axis construction

If stands are represented as points in space whose co-ordinates are the individual
species scores, then a maximum of #— | axes may be required to account for all distances
between n stands. Efficient simplification is achieved by extraction of a limited number of
new axes positioned to account for a large portion of the interstand distances. When
stands are plotted on these new axes, the resulting scatter diagrams represent a projection
of the multidimensional point cluster into a space defined by the ordination axes. The
distortion in the placement of the stands due to projection is minimal when projection is
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into a space where the first axis coincides with the direction of maximal variation between
stands, and the subsequent axes are so positioned that each accounts for a maximal
portion of the residual variation.

The technique used by the Wisconsin workers does not achieve this orientation of the
axes. This is due to the choice of extreme stands as the reference points for the axes, which
need not lie in the direction of maximal variation, or, more precisely, the position
vectors do not coincide with this direction. In addition, their axes lie at oblique angles to
each other and when plotted as perpendiculars another type of distortion in the arrange-
ment of stands results.

1. ALTERNATIVE TECHNIQUES

A. Perpendicular axes ordination

An ordination technique based on Euclidean distance and defined perpendicular axes
removes some of the deficiencies of the Bray & Curtis method. An outline of the technique
is given in Part 1.

This technique provides an orthogonal projection of the stands as points into a three-
dimensional space (4, B, C) which the Wisconsin techniques fail to provide. However,
the loss of efficiency which results from the selection of the extreme stands as the reference
points of the ordination axes cannot be overcome by this simple procedure.

B. Principal components analysis

Application of more efficient ordination procedures requires the use of an appropriate
similarity coefficient. A coefficient which leaves the original stand relationships unaltered
and is suitable in Q-type analyses can be derived as

i

IIM=

(X.'J'_X;){Xiﬁ"fi}
1

This is the weighted similarity coefficient (WSC). The derivation of and reasons for the
use of this coefficient are discussed in Part I. The values X; represent species scores and
X, is the average score of the ith species for all stands.

Principal component analysis of a matrix of the weighted similarity coefficients pro-
vides axes which lie in the direction of maximal vegetational variation among stands. The
characteristic solutions (eigen or latent vectors, cf. Hohn 1964), after standardization in
each set so that the sum of their squares is equal to the appropriate characteristic root
(latent or eigen values), can be used as the stand co-ordinates on the principal axes.

1V. COMPARISON OF ORDINATIONS

A comparison of the three ordination techniques mentioned above was made, based on
the original frequency scores of species in stands of dune slack vegetation on
Newborough Warren (Part I). The necessity for standardization has been considered (cf.
Greig-Smith 1964; Dale 1964), but no conclusive answer to this problem has yet been
found. The original data have therefore been used to avoid the effect of incorporating
modifications incidental to the technique of ordination.

Three two-dimensional ordinations of a single set of data were made using the tech-
niques outlined previously. The Bray & Curtis ordination utilized Cy,,,— C as a “distance’
measure and the co-ordinates were calculated from Beal's (1960) formula by means of a
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specially written computer programme. The principal component analysis of the weighted
similarity coefficient was carried out by a standard computer programme for determining
the latent roots and vectors of a symmetric matrix, while the perpendicular axes ordin-
ation required a special programme. The scatter diagrams of these ordinations are shown
in Fig. 2(a—c¢).

A direct comparison of these scatter diagrams is difficult as they represent planes of
different orientation with respect to the multidimensional cluster of stands. However, the
ordination distances between stands can be compared to the original distances defined by
D. The coefficient of determination (100r?) is used to measure the proportion of the
original distances which is accounted for by the ordination distances (Table 2).

Although there is a high correlation between the original values of Cp,—C and D
(r = 0-684), the values for the Bray & Curtis method, as indicated in Table 2, show that
their ordination explains very little of the original interstand relationships. The perpendi-
cular axes ordination accounts for 16%, of the variation in the original distances, and
the principal components 557;.

Table 2. Comparison of ordinations

Method
Bray & Curtis Perpendicular Principal
axes components
r 0-0278 0-4020 0-7431
r2 0:0008 0-1616 05521
2. of total variance
accounted for 0:08 16:16 55-21

In the Bray & Curtis ordination (Fig. 2¢) the stands appear more evenly dispersed than
in the other two ordinations (Fig. 2a, b). There are also some obvious anomalies: the
distances between certain pairs of stands (e.g. 2 and 30, 3 and 5, 1 and 30) are substanti-
ally greater in the scatter diagram (Fig. 2¢) than originally calculated by Coax—C. The
floristic variation in the species poor stands (transitional dune types) is known to be
much less than that between these community types and the more typical slacks. Ex-
amination of the Bray & Curtis scatter diagrams indicates the variation to be equal to
that in the slacks. The distance, for instance, between stands 30 and 27 is almost equal
to their distances from stand 28.

Some indication of the effectiveness of the Bray & Curtis technique is found in their
paper (1957) in which they quote the correlation between the ordination distances and the
original similarity coefficients (C) as—0-35, corresponding to . 12:3 % of the total variance.

The perpendicular ordination is free from such anomalies but does not present as clear
an interpretation of the gradients as does the principal components analysis. A further
evaluation can be attempted in terms of the major ecological patterns and gradients
which are revealed by the ordinations. The principal component analysis is interpreted as
follows: the first axis indicates a vegetational gradient from the communities of the
transitional and incipient dunes or dry slacks predominantly composed of Ammophila
arenaria to the slack communities (Fig. 3a). The second axis distinguishes the commun-
ities of the wet alkaline slacks from the more stabilized, leached meadow types. The
species plotted on the scatter diagrams indicate the positions and extent of these major
types (Figs. 3-5). Potentilla anserina is characteristic of the meadow group, and Carex
serotina of the wet alkaline slacks. These groups can be recognized in the other ordinations
(Figs. 3b-5b, 3c-5¢) but the separation of groups and clarity of the gradients is much less.
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FiG. 3. Comparison of Ammophila arenaria distribution in the three ordinations (a)-(c) of
Fig. 2. Figures are percentage frequencies of 4. arenaria.
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V. DISCUSSION

Bray & Curtis (1957) and Curtis (1959) mention some of the shortcomings of their
methods but considered that sampling inadequacies did not make the use of more precise
methods worthwhile. It should, however, be obvious that the measurement of interstand
distance by an erroneous coefficient and a distorting method of axis construction will, if
combined with sampling error, result in further loss of accuracy. The sampling error may
well vary markedly from stand to stand but no satisfactory method is available for
measuring the overall error in the spatial positioning of stands. Therefore, it is probably
better to regard stands as fixed points in space and define their interrelationships by the
most accurate measure available. The use of Euclidean distance or similarity coefficient in
the manner outlined is to be recommended for this purpose. When a computer is avail-
able, these measures are less time-consuming to calculate than the Bray & Curtis measure
of interstand similarity.

A comparison of the ordination results reveals a relatively clear separation of the major
types by principal components analysis in contrast to the Bray & Curtis ordination,
which promotes an appearance of a continuum. This exaggeration of continuity can be
attributed to a methodological artifact but does not refute the vegetation continuum
concept for which ordination results have been offered as evidence. Principal component
analysis also shows continuity but of a more restricted nature.

When Fig. 2(a) is compared with Fig. 2(b) the effect of using the extreme stands as
reference points for the ordination axes is apparent. None of the reference stand pairs
define axes which lie exactly in the direction of maximal variation, and, as a consequence,
the stands tend to cluster in one portion of the scatter diagram. An extreme case can be
conceived in which none of the reference axes lies near the direction of maximal variation.
The scatter diagram obtained in this case is of little ecological value as it obscures the
major ecological gradients as well as the separation of clusters when they are present.
Scatter diagrams of this unique case show an undifferentiated cluster of stands in the
centre of the diagram with only reference stands at the extremes.

The success of simple ordinations depend on the spatial relationship of the extreme
stands to the point cluster, A technique which does not give undue weight to the extreme
stands is principal components analysis. The principal axes reflect the total variation
in the sample and not that of the extreme stands.

Principal component analysis can provide as many axes as desired. These axes are
extracted in a descending order of importance. Simple ordinations, however, are difficult
to carry further than three axes and the sequence of extraction depends on the reference
stands and not on their relative importance.
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SUMMARY

1. The coefficient Cp,,— C is not a Euclidean measure of distance. Its scale of measure
varies relative to inter-stand distance, D, depending on the species composition of the
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stands compared, and tends to overestimate D in species-poor communities and under-
estimate it in species-rich types. Cp,,—C should not therefore be used as a substitute
for D.

2. Oblique axes when plotted as perpendicular distort the relationships of the stands.
This inadequacy is overcome by perpendicular axis construction as described by Orloci
(1966).

3 The use of extreme stands as reference points for the axes results in a loss of ordin-
ation efficiency. This inadequacy is corrected in the principal component analysis of an
appropriate similarity coefficient.

4. A comparison of the three ordinations suggests that the Bray & Curtis ordination
exaggerates the appearance of a continuum.

5. The success of simple ordinations is dependent on the position of extreme stands
relative to the point cluster. A better method is principal component analysis of an
appropriate similarity coefficient.
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