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Abstract. Canonical correlation analysis (COR) is applied to test the predictivity of ordination axes obtained by principal
component analysis (PCA) and correspondence analysis (CA) of vegetation data (relevés) from Pyrennean Pinus sylvestris
forests with respect to axes obtained by PCA of some environmental variables. COR shows high correlation between under-
story composition and the environmental variables. However, higher correlation values are shown by axes obtained by PCA
after normalization of relevés. This confirms that PCA has to be seen strictly in connection with data transformation.

Introduction

Vegetation-environment relationships can be studied
using empirical data by two main approaches (Feoli 1983):
the direct one in which a measure of correlation between a
set of environmental variables and a set of species or other
biological variables is calculated; and the indirect one, in
which a test of separation between groups of relevés obtained
by biological data is performed using environmental data
(Orléci 1978). The application of the indirect method will be
discussed in another paper based on the same data set (Pausas
& Feoli 1995). This paper presents an example of the direct
approach by the application of canonical correlation analysis
(COR) to two data sets describing the Pyrennean Forest
dominated by Pinus sylvestris L. One data set consists of a
set of relevés (relevés described by species presence and
abundance) and the other set consists of a set of environmen-
tal variables measured in the same set of relevés. The detailed
discussion of results in ecological terms is not aimed here.
Instead, we give a further contribution to the analysis of
predictivity in plant community studies (Feoli 1983), namely
how much a linear ordination of vegetation may be predic-
tive with respect to environmental variables.

In the past 20 years an incredible debate was going on
about different ordination methods applied to represent
ecological space efficiently by a few number of uncorrelated
axes (Feoli & Orléci 1991). In many papers principal com-
ponent analysis (PCA), as applied to vegetation data, was in-
dicated to have the worst performance. It is true that when
the species exhibit evident unimodal response along
gradients (Whittaker 1967), PCA arranges the relevés along
a more or less involute curve, but it is also true that PCA

gives back perfectly the shape of the objects by offering ad-
vantages from many points of view (Feoli & Orléei 1991).
The idea of the "arch effect” and "distorted results” should be
definitively forgotten. The arch is not a mathematical artifact
(an effect) as was stated in many papers appeared also in out-
standing international journals, but the true representation of
the shape of the gradient, namely the trajectory of vegetation
change in the multidimensional space given by the species.
The curve is not a distortion - distortion of what? Of an im-
aginary straight line on which to order a set of numbers
representing scores of environmental variables? It is to be
stressed that a set of increasing or decreasing numbers can be
written sequentially in any shape. Why should they be placed
only along straight lines?!

It is true that the vegetation ordinaton axes showing a
horseshoe curve are not "linearly" predictive with respect to
environmental variables. However, this is not a weakness of
the method, but a weakness of scientists that are pretending
something that has not to be pretended. They should know
that if they want to test linear correlation with environmental
variables the trajectories of vegetation variation should be
detrended. Detrending can be performed in many ways and
actually it is not a difficult problem (ter Braak 1987, Feoli &
Orléci 1991). If the relevés are scattered everywhere in the
ordination scattergram detrending would be a waste of time.
Detrending is something that has nothing to do specifically
with PCA or CA or other linear and non-linear ordination
methods. It is an additional technique which can be applied
to any ordination obtained with one of the many available
techniques. From this it follows that we cannot say that
detrended PCA is "better” than a non-detrended PCA, and
that detrended CA is "better" than an ordinary CA. Of course,
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detrended ordinations will be always "better" if we are
delighted to see gradients in straight lines. However, less in-
volute horseshoe ordination curves may be obtained without
detrending techniques directly in PCA, i.e. by transforming
the original data before the analysis. Transforming the data,
¢.g. by normalization, standardization, etc., is not a detrend-
ing technique, it may be just a way to reduce the curvature of
the arch (Dale 1994) as was also shown by Karadzic &
Popovic (1994). However, data transformation is always a
"manipulation”, a sort of "lie". One can say that itis a "neces-
sary lie" for representing gradients in less involute curves.
Relevé normalization is one of the most effective transfor-
mations for smoothing the curvature not only in PCA, but
also in non metric multidimensional scaling (NMDS, Kenkel
& Orléci 1986, Karadzic & Popovic 1994). However, the
normalization [x; = xii/(Zixin)”Y with i = species, and y=2 s0
that (Zx%)? = 1] of the relevés along a coenocline implies
a strong transformation of the response functions: low scores
may become higher scores and high scores may become
lower scores. If the axes obtained by PCA have to be linearly
correlated with environmental axes this transformation
would be useful.

Ter Braak (1987) presents a deep overview of the
methods of correlation between vegetation and environmen-
tal data under the perspective of direct gradient analysis. We
would prefer to call direct gradient analysis just the analysis
of the response functions of the species or other biological
variables against environmental variables in order to
describe coenoclines (Whittaker 1967). Measuring correla-
tion is something else. For the correlation analysis ter Braak
(1987) supports the use of Canonical Correspondence
Analysis (CCA) and Redundancy Analysis (RDA) since they
have no limits in the number of variables of the two sets.
They do not offer direct, global measures of the correlation
between two sets of variables. CCA may be characterized as
the "technique that selects the linear combination of environ-
mental variables that maximizes the dispersion of species
scores” (ter Braak 1987), while RDA may be characterized
as "the technique selecting the linear combination of en-
vironmental variables that gives the smallest total residual
sum of squares” (ter Braak 1987). The proper method to
measure linear correlation between two data matrices, name-
ly the matrix of species and the matrix of environmental vari-
ables, is canonical correlation analysis (COR). COR
produces a set of ordination axes (canonical variates) for
cach data matrix in such a way that they are maximally cor-
related. COR was first suggested for ecological work by
Hughes & Lindley (1955) and applied in different ecosys-
tems to exploring vegetation-environment relationships (e.g.
Bradfield & Scagel 1984, Carleton 1984, Feoli 1983, Feoli
& Ganis 1985, Gittins 1985, Kabzens & Klinka 1987, Cour-
tin et al. 1988, Shaukat & Uddin 1989, Carnevale & Torres
1990, Basnet 1992). One strong limitation of COR is the fact
that the number of variables in each of the two sets and in
total, must be smaller than the number of objects (Cooley &
Lohnes 1971, Gittins 1985, ter Braak 1987). To avoid this
drawback it is suggested to summarize the variables in a few
orthogonal ones by ordination methods (Orléci 1978, Feoli

& Lagonegro 1985, Carleton 1984, Shaukat & Uddin 1989
and Franklin & Merlin 1992). Bornette et al. (1994) use PCA
scores of two matrices in a technique very similar to COR
namely the inter-battery factor analysis of Tucker (1958).
COR, as applied in the present paper, is useful to measure the
predictivity of the indirect ordinations (ordinations based
only on species or other biological variables) with respect to
environmental data matrices.

The data

Pausas & Fons (1992) have given an overview of the
Pinus forests in the Pyrenees. For the present work fifty-five
relevés from a mature Pinus sylvestris forest were selected in
the eastern Pyrenees (NE of the Iberian Peninsula), and two
data sets were collected:

1) Species data set: species frequency in the understory
was recorded as a number of small quadrats (25x25 cm) in
which the species occur. In each relevé, 100 systematically
placed quadrats were sampled.

2) Environmental data set: a volumetric soil sample of
the first 10 cm was collected in each relevé. In each soil
sample, pH in water (1:2.5), pH in potassium chloride
(1:2.5), stoniness and soil density were measured. Car-
bonates were analyzed with Bernard calcimeter, and C and
N contents with a Carlo Erba elemental analyzer. Thickness
of organic F and H layers were measured at 16 points in each
relevé and the mean was used for the numerical analysis. Al-
titude, slope, number of species and moisture index were also
included in this data set. Moisture index was calculated based
on soil depth (estimated as the mean of 10 points), stoniness,
soil texture, and aspect of the relevé, using the method
described by Klinca et al. (1984). The number of species of
each relevé was considered as a capacity of the environment
to host plant diversity. The environmental variables their
means and standard deviations are shown in Table 1.

Methods of data analysis

COR was applied in the following ways: all the species
were linearly combined by principal component analysis and
correspondence analysis (Benzecri et al. 1973, Hill 1973)
while all the environmental variables were linearly com-
bined only by PCA. Then, the PCA and CA axes of the two
data sets were used in COR. The transformations used in
PCA were as follows:

-PCAenv: R-type Principal Component Analysis of stan-
dardized environmental data set (environmental ordination).

- PCAsp: Q-type Principal Component Analysis of stan-
dardized species frequency.

-PCAspn: Q-type Principal Component Analysis of
species frequency using relevé normalization, this is implicit
in the chord distance of Orléci (1978).

The SYN-TAX package (Podani 1993) was used for run-
ning these ordination analyses. Wilks’ Lambda test with
Bartlett’s (1947) estimation of chi-squared was used to test
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Table 1. Means and standard deviations of environmental variables, and the component correlation of PCAenv. Significant

correlations (p<0.01) are indicated by *.

Variable Mean SD

altitude 1446.182 160.552
slope 25.709 7.728
F thickness 1.707 .766
H thickness 2.885 1.653
PH 6.257 1.210
PHu20-PHe1x .983 .362
soil density 1.613 .349
CaCoOs 4.624 9.029
stoniness 53.379 16.608
C 4.539 2.650
N .286 .164
C/N 17.017 5.347
number of spp 22.364 8.429
Moisture index 3.186 .813

Component correlation

PCAI PCAII PCAIII PCAIV PCAV
.204 .452* -.582* -.207 .143
-.041 -.357* -.,452* 026 . 346
.594* -.251 -.215 577* .225
.592*  .052 -.021 627* .009
L721*% ~.294 .235 -.268 -.019
-.687* .031 -.340 .160 -.165
-.345 .246 .237 .502*% -.437*
.626* -.168 .385* -.286 -.260
.242 .675* .208 .160  -.212
.720*%  .499* -.059 -.000 .198
.714*  .288 -.382* -.068 -.300
-.110 .427*  ,507* -.016 .663%
.302 -.499* -.103 -.183 -.204
.147  ~-.651* .206 .328 .11e

Table 2. Eigenvalues (A) and cumulative percentages of variance (%) in the first five ordination components.

I I1

“bchenv A .3462E+01  2217E+01
% 24.73 40.57

PCAsp A 527.63860 422.46500
% 7.52 13.53

PCAspn A 7.52493 5.23685
% 21.44 36.36

CA A .4306E+00 .3777E+00
16.40

% 8.74

the significance of each canonical coefficient, as described
in Cooley & Lohnes (1971).

Results

Ordinations

The ordinations of the 55 relevés using PCA and CA are
shown in Fig. 1. No clear pattern is evident in these ordina-
tion scattergrams and no single environmental gradient can
be assumed. The eigenvalues and cumulative percentages of
variance accounting for each ordination component are indi-
cated in Table 2. PCA with relevé normalization is the or-
dination which explains most of the variance by its three
components (50%). This percentage is similar to that of the
environmental ordination (PCAenv). The first three PCAsp
and CA axes account respectively for only 18.7 and 22.6%
of the variance. This means that there is no overwhelming
effect of any single environmental factor. This is evident by
the correlation coefficients between PCAenv axes and the

III v \
[1466E+01  .1373E+01  .1145E+01
51.04 60.84 69.02
361.25530 344.95560 301.82100
18.68 23.59 27.89
4.63222 2.72402 1.86357
49.56 57.33 62.64
.3033E+00 .2795E+00 .2461E+00
28.23 33.22

original environmental variables as shown in Table 1. The
PCAenv axes are significantly correlated with several en-
vironmental variables. The first component, explaining 25%
of variance, is primarily a function of acidity-basicity and C-
N contents, and secondly, of organic layer thickness. The
second component is highly correlated, positively with stoni-
ness, altitude and C/N ratio, and negatively with humidity
(moisture index), number of species and slope.

Canonical correlation analysis

The canonical correlation coefficients between PCAenv
axes and PCAsp, PCAspn and CA axes (vegetational axes)
are shown in Table 3. The canonical scattergrams are
presented in Fig. 2.

Two significant canonical variates are found between en-
vironmental axes, and PCAsp and CA axes. For PCAspn,
three significant canonical variates are found. The significant
canonical correlation coefficients are Ry= 0.81 and Ry=0.49
between PCAenv-PCAsp axes; Rj= 0.87 and Ry= 0.60 be-
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Figure 1. Ordinations of 55 relevés using different methods. a) PCA of standardized environmetal data set; b) PCA of stan-
dardized species frequency; ¢) PCA of species frequency and relevé normalization; and d) CA of species frequency.

tween PCAenv-PCAspn matrices; and Ri= 0.84 and Ro=
0.61 between PCAenv - CA axes. The highest canonical cor-
relation is found between PCAenv and PCAspn axes.

Discussion and conclusions

Based on canonical correlation analysis, we can conclude
that there is a high correlation between the measured en-
vironmental variables and floristic composition in the under-
story of Pinus sylvestris forests. The results suggest that
more than a single environmental variable must be con-
sidered to explain the understory vegetation variation. The

highest correlation with the environmental ordination
(PCAenv) was found for PCA using relevé normalization
(PCAspn). PCAspn was also the vegetational ordination
method accounting for the highest variance in its com-
ponents. This confirms that normalization by relevés is very
useful when the data matrix has many zero values (very fre-
quent in vegetation data) as was suggested by Orldci (1978)
and Kenkel & Orléci (1986). In fact, in PCA ordinations
relevés with few species in common and lacking many
species may be very close to one another, while relevés with
many species in common may be very distant. This is a con-
sequence of the fact that Euclidean distance, implicit in the
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Figure 2. Canonical correlations of the first canonical
variates in different analyses: a) between environmental
components (PCAenv) and PCAsp; b) between environmen-
tal components and PCAspn and c) between environmental
components and CA.
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Table 3. Eigenvalues (1), canonical correlation coefficients
(R¢), Wilks’ Lambdas (A), chi-square values (Xz) and
degrees of freedom (df) in the canonical correlation analysis
between the first 5 environmental components (PCAenv)
and a) 5 components of PCAsp, b) 5 components of PCAspn
and c) 5 axes of CA. Significant correlations (p<0.01) are in-
dicated by *.

Re A x? af A

a) .8090* .655 79.61 25 .1937
.4948% 245 28.06 16  .5608

4518 .204 14.44 9 .7426

.2560 .066 3.37 4 .9330

0400 .002 .08 1 .9984

b) .8733* 763 116.23 25 .0910
.6013* 362 16.48 16 .3836
.4891% .239 24.71 9 .6008

.4338 .188 11.45 4 .7897

1651 .027 1.34 1 .9727

c) .8367* 700 94.56 25 1423
.6104% 373 36.14 16 4746

4727 .223 13.54 9 7565

.1600 .026 1.27 4 9742

0154 .000 .01 1

PCA technique (Orléci 1978), is very sensitive to the number
of species and to their abundance. The results in Table 3 give
a further empirical proof that the performance of PCA cannot
be judged a priori to be worse than the performance of other
methods in predicting environmental variation. However,
since the species response to environmental factors is usually
non-linear (Austin 1987) the application of COR to original
data or to their linear transformation may not be suitable for
testing the correlation statistically (Austin et al. 1990).
Linear methods based on eigenanalysis, such as principal
component analysis and correspondence analysis can be
used for seeking trends in the analysis of vegetation since
they are able to detect non-linearity in orthogonal structures.
When a clear curvilinear pattern is shown, unfolding can be
necessary before the application of COR. It can be achieved
by different techniques such as polynomial regression
(Philipps 1978), angular seriation (Feoli & Feoli-Chiapella
1980), detrending (Hill & Gauch 1980) or shortest path ad-
justment (Lagonegro 1986, Bradfield & Kenkel 1987, Wildi
1992). However, when no clear trend is shown in the ordina-
tion scattergram (e.g., more than one environmental gradient
in the data which lead to a wide dispersion of points in the
scattergrams) unfolding techniques are not necessary.
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