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ABSTRACT: Multivariate techniques allow data sets to be summarised, but are not designed to
causally model ecological phenomena. The ambiguity of the interpretation results from the ambiguity
of the scaling space. The phytosociological method proposed by Grandjouan (1982; These d'état,
Université Louis Pasteur, Strasbourg) is a general interpretive framework allowing separate considera-
tion of 3 distinct reference spaces: a geographical space to visualise the spatio-temporal distribution of
the descriptors, an ecological space showing the effects of the environmental variables on the bio-
logical descriptors, and a bio-ethological space showing the statistically meaningful species commu-
nities. It is thus possible to define the position of each biological category and each observation along
the scale of variation of each environmental variable (hydrological position, HP) or each geographic
coordinate (geographical position, GP), as well as its density relative to these scales (indicative value,
[V). Using continuous zooplankton data collected along a transect across the Ligurian Sea front,
principal component analysis and correspondence analysis were compared to this technique. The
phytosociological method produced the most meaningful ecological results about the structure of this

frontal ecosystem.

INTRODUCTION

Multivariate analysis is commonly used to describe
marine ecological data. The aim of this study is not to
criticise these methods or to propose yet another multi-
variate treatment, but to test the possible advantages
of applying to marine ecology a method originally
developed for phytosociological analysis (Grandjouan
1982a). The method is a general framework, based
on concepts derived from ecological considerations,
which incorporates classical classification and scaling
techniques as its tools. This method addresses prob-
lems concerning the structural dependency of species
and environmental factors, in a spatio-temporal refer-
ence frame. The idea is not to apply several techniques
and look for possible explanations. Instead, each algo-
rithm is intended to answer some specific ecological
question. For instance: What are the species most
affected by a change in a given environmental factor?
What kind of species assemblages, and how many, are
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present? What is the cause of a high level of similarity
observed between the abundances of 2 species: is it
due to their sharing the same type of biological behav-
lour or a common response to hydrological factors, or
simply because their variations obey the same spatial
gradient (e.g. the strong coastal-offshore gradient), or
the same temporal structure (e.g. they have the same
reproductive phase)?

The chief property of multivariate data analysis
techniques is that they summarise the data. Clustering
allows sites, times, or species to be combined into
groups; clustering results may be represented by
dendrograms in the case of hierarchical methods and
by a partition when using a non-hierarchical tech-
nique. Scaling techniques (ordinations) reduce the
dimensionality of the data, concentrating most of the
variance into a few component axes which, in some
methods, are linear combinations of the original
variables. Many computer programs are available to
perform principal component analysis (PCA), corre-
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spondence analysis (CA), principal coordinate analy-
sis, nonmeitric multidimensional scaling, canonical
variate (discriminant) analysis, etc.; these techniques
have been described in the context of ecology by
Legendre & Legendre (1983, 1984a) and by ter Braak
(1987).

In principle, clustering and scaling techniques have
to be considered as preliminary exploratory steps in
the process of elaborating explanatory models or de-
signing new experiments. But most often in practice,
ecologists search through the graphical results to
discover clues as to the underlying structure of the
ecosystem they are studying. To make the scaling con-
figuration easier to understand, some programs allow
projection of supplementary external variables, or the
spatio-temporal coordinates, in the ordination space.
Constrained clustering in time or space (Legendre &
Legendre 1984b, Legendre et al. 1985, Legendre 1987)
or constrained scaling taking into account the correla-
tions between species and environmental factors (ter
Braak 1986, 1987) permits maximisation principles to
be introduced in order to increase the ecological
significance of the representations.

The problems of interpreting scaling structures are
due to the ambiguity of the mathematical space. A
space defined by the frequencies of organisms is not
identical to that defined by environmental variables,
and vice versa. Putting together variables of different
types (e.g. species and environmental factors) makes it
more difficult to clearly identify the main driving com-
ponents of the space. CA allows species and observa-
tions to be projected in the same space, but what is the
meaning of the graphical distance between a station
and a species? And what is the meaning of the space
occupied jointly by the species (finite spacej and by the
observations (infinite space)?

Ecological phenomena cannot be clearly described
by putting all the information in a single space. Species
are preferentially associated with particular intervals
along the variation axes of the environmental factors,
and with some locations or periods, and they have
trophic, reproductive, and competitive behaviours. All
these are relevant to ecologists, but they cannot be
highlighted by a global multivariate treatment.

The phytosociological numerical methodology pro-
posed by Grandjouan (1982a, b) and by Brisse &
Grandjouan (1978, 1980a, b) consists of separately
considering 3 different spaces: the geographical space
describing the spatio-temporal intersections of the
species distributions, the ecological space defined by
the environmental variables (with reference to the
ecological niche concept of Hutchinson 1957), and the
biological space reflecting both biological and etho-
logical interactions. These unambiguous spaces lead to
descriptive representations which allow the results of

the analyses to be read directly and easily, without
prior knowledge or subjective evaluation. Classical
multivariate techniques can be used to produce these
summary spaces.

An illustration of the method as applied to marine
ecological data is presented here. Zooplankton species
and multivariate hydrological monitoring data were
collected along a transect crossing the Ligurian frontal
zone in the Mediterranean. The complexities involved
in interpreting the interactions between biological be-
haviours and hydrodynamics, using classical methods,
have been discussed by several authors (Boucher 1984,
1988, Ibanez & Boucher 1987, Williams 1988, Williams
& Conway 1988). The data used here have been
analysed in a previous paper on seasonal frontal
variability (Boucher et al. 1987); they seemed adequate
for testing the improvement in interpretation that can
be obtained in marine ecology from the proposed new
type of data analysis. To include all possible numerical
methods in this comparison would be an impossible
task; thus, here only a comparison with the results
obtained by applying ordinary PCA and CA to the
different data sub-tables will be made, because these
2 analyses represent classes of more sophisticated
techniques. PCA represents the class of quantitative
methods imposing a linear model onto the relation-
ships among variables; the Pearson correlation is the
measure of association among species. CA is a method
valid for presence-absence or quantitative data; it uses
the x2 distance which, for species abundance data,
is suitable for extracting nonlinear, single-peaked
relationships of species with the environmental factors
(ter Braak 1987).

DATA

The sampling campaign, crossing the Ligurian Sea
front along a transect from Nice to Calvi 30 nautical
miles offshore (Fig. 1), was conducted on March 3, 1982,
as part of a cruise in connection with the research pro-
gram PRETROPHOS (Villefranche-sur-Mer, France).
Temperature, salinity, water density and fluorescence
were measured at 20 s intervals by a hydrological probe
constructed by L. Prieur (Laboratoire de Physique et
Chimie Marine de Villefranche-sur-Mer). On March 4,
vertical measurements were made with the same probe
at 6 locations along the transect to obtain a picture of
the profile structure. Fig. 2 is a schematic representation
of the vertical water transport corresponding to an
alternation of convergence and divergence movements
forming successive cells and involving layers of various
thickness. Horizontally, 3 main hydrological zones can
be recognized in the northern Ligurian basin (Boucher
et al. 1987):
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Boucher, IFREMER, Nantes, whose
contribution is thankfully acknowl-
edged). The successive hydrological
zones (peripheral, frontal and central)
are represented in Figs. 3 and 4.
During this cruise in March, 1982,
these zones extended to 15 35 and
40 km offshore. The marginal zone is
not visible: the frontal zone is charac-
terized by a progressive gradient of
salinity and density, and the well-
defined divergence D2 occurs just
afterwards, with high water density
and a vertical instability marked by
the lowest values of fluorescence.
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Fig. 1. Schematic map of the circulation in the Ligurian Sea. Vertical distribution
of water masses for the studied area is schematised in the lower left part of the
figure. The sampling transect crossing the front is represented by a dotted line

(from Boucher et al. 1987)

(1) A coastal and peripheral zone influenced by the
cyclonic Ligurian current and limited outward by a
coastal convergence, C’. Throughout the year, the
width of the peripheral zone varies from 10 to 20 km.

(2) A frontal zone characterized by the
highest horizontal gradient of salinity and

42 The phytosociological approach was

compared to the following well-known
techniques of classification and ordi-
nation.

Two PCAs were performed: one
from the correlation matrix among
species abundances (in logs), in which
temperature, salinity, density and fluorescence were
added as supplementary variables to the graph of de-
scriptors, and another from the correlation matrix
among the stations. CA was performed on a binary

density, and bounded by an offshore diver-
gence, D1, and by the main convergence, C.
The width of the frontal zone is 1 to 20 km.

(3) A marginal zone, followed after the
deep divergence (D2) by the central zone. It
is defined by high surface density and weak
stratification. The highest biomass of chloro-
phyll is found in the marginal part of the
frontal zone, favoured by the upwelling of
nutrients associated with the offshore diver-
gence (D1). The width of the central zone, ex-
tending to about 130 km from Nice, is 60 to
110 km.

In order to couple the physical and biologi-
cal data, the values observed during 5 min in-
tervals were averaged. The spatial variations
of these variables are presented in Fig. 3. For
zooplankton, 68 samples were collected at 7
m depth by a Tube Hai system, at 5 min in-
tervals; for each sample, 35 m® of water were
filtered along 770 m, given a ship speed of 5
knots. Twenty-four zooplankton groups were
counted (Table 1, Fig. 4; data provided by J.
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Fig. 2. Cross-frontal circulation showing the divergence and conver-
gence lines (thick) and associated stream lines (thin). The names of the
zones are indicated above (from Boucher et al. 1987). The peripheral
zone stretches between the coast and the beginning of the horizontal
density gradient; the frontal and central zones are further offshore. Key
points C', D1, C, D2 (downwellings and upwellings) indicate the main
discontinuities demarcating the convection cells. The width of the zones
thus created and that of the vertical instability regions vary during the
course of the year
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Fig. 3. Records of temperature (°C), fluorescence (equivalent to chloro-
phyll a units: mg 171), salinity (PSU), and density (kg m~? — 1000). Horizontal
axis shows the position of the sampling stations, not kilometers. The hydro-
logical compartments are delimited by dotted lines. Although divergence
zone D1 (local increase in salinity and density), convergence zone C
(decrease in salinity), and divergence D2 (highest density values) are well
defined, the marginal zone is not. The frontal zone shows a continuously
increasing trend in density

data table; rows correspond to the obser-
vations {68), while the columns (79) corre-
spond to 67 species abundance classes
and to 12 environmental variable classes
where the observations were coded as
either present (1) or absent (0). Species
abundances were coded into 2 to 4 almost
equal-frequency classes (the number of
these classes depends on the abundance
of the species), while environmental vari-
ables were each coded into 3 classes.
Note that these classes are competely dif-
ferent from the phytosociological classes
(see below), and don't overlap them.

A classification method was used to
delineate groups of objects in the ordina-
tion space, for a chosen level of dissimi-
larity; among the hierarchical clustering
strategies described by Lance & Williams
(1967), the flexible clustering method
with B = -0.3 was used on a matrix of
Euclidean distances among observation
vectors.

The phytosociological method described
below requires the estimation of distance
matrices in order to ordinate the observa-
tions and the species by nonmetric multi-
dimensional scaling (MDS; Kruskal 1964).

Table 1. Mean abundances (no. m™°), standard deviations, and number of abundance classes with their thresholds (generated by
a segmentation of each distribution), for the 24 zooplankton taxonomic groups. Clausocalanus spp. are separated into 3 classes
(A, B, C) of decreasing size (Boucher et al. 1987). Abbreviations used in figures are also shown

Taxonomic group Abbreviation Mean SD No. of abundance classes Thresholds
Acartia clausi Aca 249 240 2 181; 432
Calanus helgolandicus adults Cal 105 152 3 0; 70; 247
C. helgolandicus copepodites 1 Cp1l 40 40 2 36; 66

C. helgolandicus copepodites 2 Cp2 67 61 2 59; 108

C. helgolandicus copepodites 3 Cp3 57 56 2 53; 119

C. helgolandicus copepodites 4 Cp4 63 57 2 55; 124

C. helgolandicus copepodites 5 Cps 112 125 3 0; 107; 306
Clausocalanus spp. A ClA 427 465 2 350; 934
Clausocalanus spp. B ClB 910 1455 2 947; 2970
Clausocalanus spp. C ClC 1567 1781 2 1170; 3212
Centropages typicus adults Cea 272 354 3 153; 356; 828
C. typicus juveniles Cej 180 223 3 120; 268; 598
Copepod nauplii Nau 132 103 2 125; 289
Oithona sp. Oit 1546 1282 1 2165
Acantharians Acn 16 12 2 0: 14
Cladocerans Cla 6 25 3 0; 4; 11
Echinoderm larvae Ech 8 20 2 0; 18
Decapod larvae Dec 59 55 2 55; 126
Gastropod larvae Gas 10 15 2 0;23
Crustacean eggs Eggs 91 103 2 91; 174
Ostracods Ost 2 3 3 0; 3,7
Pteropods Pte 0.5 1.3 2 0; 3
Siphonophores Sip 6 9 3 0,7, 16
Bells of calycophores Bells 8 9 2 0;8
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This type of scaling only attempts to preserve the
order of the distances among objects {observations or
species) in the reduced space, instead of their Euclidean
distances.

To compare the distance matrices corresponding to
the 3 spaces (geography, ecological factors, biology),
one cannot use a classical correlation test, because
of the relations that exist among distance measures
within any distance matrix (axiom of the triangle in-
equality; Legendre & Legendre 1984b). Hence the
Mantel randomisation test was used instead (Mantel
1967, Legendre & Fortin 1989). When the values within
each of the distance matrices are standardised, the
Mantel statistic is identical to a linear correlation
between 2 vectors of distances. Repeatedly permuting
at random the rows and corresponding columns of one
of these matrices, followed by re-computation of the
statistic, produces an empirical null distribution
against which the actual value of the statistic can be
tested; alternatively, when the number of observations
in each distance matrix is large, a normal approxima-
tion proposed by Mantel (1967) can be computed
instead of performing the permutation test. Since the
distances in the 3 spaces are likely to be correlated, we
computed partial Mantel tests (Smouse et al. 1986) in
order to eliminate the linear relationships between
distance spaces. In that method, residual distance
matrices are computed by linear regression, as in
classical partial correlation and regression, and the
Mantel test is performed between residual distance
matrices. The total and partial Mantel correlations so
obtained allowed elaboration of a simple causal model
linking the ecological structures embedded into the
different spaces.

The tests of statistical significance of the Mantel
statistics reported below have to be interpreted with
caution, because the 3 distance matrices under study
are not independent from one another; since they
represent projections of the same taxonomic presence-
absence data matrix in 3 different spaces, this is likely
to artificially make the 3 distance matrices more similar
to one another. This built-in correlation among spaces
could not make a correlation lose its significance, how-
ever, so that if a Mantel correlation is found to be not
significant, it cannot be the result of the way the
matrices were built. It is precisely these non-significant
Mantel correlations that we will be focusing on in the
Results.

THE PHYTOSOCIOLOGICAL METHOD

The method proposed by Brisse & Grandjouan (1978,
19804, b, 1981), Grandjouan (1982a, b}, and Brisse et
al. (1985) tries to avoid some of the inadequacies

associated with the direct use of classical ordination
and classification methods in the ecological framework.

Linear correlations: Several data analysis methods
use correlation coefficients; with species presence or
abundance data, however, linear correlation coeffi-
cients are not adequate to model species relationships
because coefficient values increase with the co-
absence of species. When comparing species presence
or abundance data to environmental variables, correla-
tion coefficients are only capable of reflecting direct,
linear relationships. If a species is rare or is restricted
to one or a few intermediate classes of variation of the
external variable, the correlation vanishes.

The y? distance: This distance measure, used in CA
and derived analyses, gives more importance to rare
species (weighting is inversely proportional to the
frequency), and thus underestimates the influence
of the most abundant species (Legendre & Legendre
1984a).

The mean: Ecological data most often consist of dis-
continuous patches in space and/or time, and so gener-
ally, this statistic cannot be ecologically interpreted.

Transformation of abundance data: Generally before
analysis, species abundance data are log-transformed
in order to reduce heteroscedasticity (heterogeneity of
the variances). This operation can be ecologically justi-
fied by our knowledge that populations grow exponen-
tially (Malthus 1798), or by non-linear relations that
may be found between species and environmental
variables. Even after a log transformation, it may still
be useful to divide species abundance data into density
classes in order to clearly display the response of the
species to environmental conditions; obtaining classes
makes it possible to use these data together with
qualitative multistate descriptors in the same analysis.
To determine the segmentation thresholds, let us
consider the retrocumulative distribution histogram
(Fig. 5) of the densities of a species; 12 abundance
classes were arbitrarily chosen at this step. Ordered
abundance classes (levels) are empirically defined as
follows (Brisse & Grandjouan 1982):

— If there are more than 10 % null values, a first class
is attributed to absences. Samples with that
species absent are coded 1, the others are coded 0.

- Reading the histogram from left to right, the first
threshold is reached when a column j is found that
presents a retrocumulative frequency smaller than
half the frequency in any of the previous columns.
The threshold is located at the lower (left) limit of
column j. An abundance class (level} is thus cre-
ated, and the observations are coded O for values
lower than the threshold and 1 for higher values.

— This procedure is repeated, taking column j as the
beginning of the histogram, and looking for new
frequency thresholds.
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Fig. 5. Determination of thresholds for species abundance classes.
From left to right, if the frequency of a column (j) of the histogram is
lower than half the frequency of any of the previous columns (i), its
lower (left) limit indicates an abundance threshold. Then a binary
abundance class is created, and the observations are coded 0 for
values lower than the threshold and 1 for higher values. The proce-
dure is repeated, taking column j as the beginning of a new
histogram. In this example, class 3 (frequency 7) is smaller than half
the frequency of class 1 (20), so that the first threshold is established;
a binary variable is created, coding O for stations in abundance
classes 1 and 2, and 1 elsewhere. Taking now class 5 (frequency 3),
the same procedure is carried out with respect to class 3; another
binary variable is created, coding O for stations with abundance in

Ecological and geographic spaces
Characterisation of species by their fidelity (FD)

The ‘fidelity’ of a species to a class of a vari-
able, ecological or geographic, corresponds to
its frequency (number of presences) in the sta-
tions coded with this ecological or geographic
characteristic present, divided by the total
number of presences of the species; in the
context of this method, 'species’ means the
abundance class of a given species, e.g.
Acartia clausi (2) is the second abundance
class of the species Acartia clausi:

I:])i.k,v = Fj,k.v/ FT!

where FD;; , = the fidelity of a species abun-
dance class iin class k of variable v; F; , = the
frequency (number of presences) of species
abundance class iin class k of variable v; and
FT; = the total frequency (number of pres-
ences) of species abundance class i. Fidelity
may be estimated for the classes of either a

classes 1 to 4, and 1 elsewhere

- Thus there is one abundance class descriptor less
than the actual number of classes. Observations
belonging to the last class receive code 1 for all the
previous abundance class descriptors and are thus
distinguishable. (For correspondence analysis, a
separate abundance class descriptor is created for
that last class, even though it is redundant with the
previous classes.)

Notice the overlapping between these classes, be-
cause the observations coded as 1 in the last abun-
dance classes are also coded as 1 in the previous
ones. This procedure generally produces no more
than 3 or 4 abundance classes, but in order to
eliminate those with negligible frequencies, a mini-
mum of 10 % species presence is required for a class
to be retained, unless there are biological reasons to
act differently; in the case of Clausocalanus spp. B
and the Centropages typicus adults, for instance, this
minimum was changed because of previous knowl-
edge. For the 24 recorded taxonomic groups, 54
abundance classes were created; they are listed in
Table 1. These binary species abundance variables
were used to estimate the characteristics of the
species in the ecological (defined by the values of the
environmental variables, assumed to be quantitative)
and the geographic space (defined by the spatio-
temporal coordinates of the observations). The proce-
dure for analysing the biological space is presented
in a later section.

quantitative or a qualitative descriptor. The

ecological or geographic behaviour of a species

will be defined by the set of fidelity vectors
related to each ecological or geographic variable.
However, since species may be absent from the sites
corresponding to some classes of the variable of inter-
est, cumulative histograms of fidelity will be used in
the following treatments, cumulated over the ordered
classes of the ecological or geographic variables; this
solution could not be used with unordered ecological
descriptors, of course. This is a way of minimising
sampling error when the range of variation of an eco-
logical variable has been incompletely sampled.

Ecological distance among species (D)

The distance among species in ecological space is
computed as the weighted Euclidean distance be-
tween the vectors of cumulated fidelities (from left to
right) associated with all ecological or geographic vari-
ables:

[P cL P
Di.l = \, Z 2 (GDi,k.m_GDi,k.m)z/ZCLm
m=1 k=1

where GD;, ,, = the cumulated fidelity of species i for
class k of variable m; GD; y , = the cumulated fidelity of
species j for class k of variable m; CL = the number of
classes for variable m; and P = the number of variables.

Results differ from those of classical distance func-
tions. With the usual Euclidean distance formula, for
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instance, a large distance would be associated with
2 species limited to different and non-overlapping
classes in the scale of variation of a variable, while in
the above formula, which takes into account the cumu-
lated fidelities, species located near one another along
a gradient have a smaller distance than species located
farther away along the gradient.

Hydrological position and geographic position

The climatic position (CP) proposed by Brisse &
Grandjouan (1978) may be transposed to the concepts
of hydrological position (HP; space of the environmen-
tal variables) and geographic position (GP; space of the
geographic coordinates). It indicates the relative posi-
tion of a species compared to the distribution of all
species along a gradient or transect, divided into CL
classes. The HP (in %) of a species i for an ecological
variable v is the covariation index given by:

HP(i,v) =
CL CL

100| 2 SGN(k -~ m) F, ., FK,,,,V) / FT;x FX
m=1 k=1

where SGN(k-m) is the sign of k-m; F,,, = the
frequency of species i for class k of variable v; FK,,, , =
the total number of observations in class m of variable
v; FX = the total number of observations; and FT, =
the total frequency of species i. The GP (in %) is
defined in the same way.

This index varies between -100 % and +100 %. A
null value for HP indicates that the species occupies
the median position along the gradient for the whole
set of species. If HP reaches 50 %, the species has a
position half-way in the upper part of the distribution
of all species. HP is more sensitive than the median or
the mean, because it takes into account all the pairwise
comparisons between species.

Indicative value (IV)

The indicative value [IV(iv), in %] of species i
measures its relative frequency in the various classes
of a variable v, compared to that of the whole set of
species. It indicates the attraction of a species to a
specific part of the variation scale of a variable. It is
calculated by the ratio of 2 standard deviations:

IV(i,v) = 100y VX / V(i,v) - 100

where VX = the variance of the frequency distribution
of all species among the classes of variable v weighted
by the total frequency of occurrence of all species, and
V(i,v) = the variance of the frequency distribution of

specles i among the classes of variable v weighted by
the total frequency of occurrence of species i. To deter-
mine a variance weighted by the frequencies, for in-
stance V(/,v), it is necessary to use the formula:

V(iv) = (2 nv,vf—[zm)z]

J
[ £ ;
; 2[,/ /z L)
J

J

where v; = the value attributed to the class j of variable
v, and f;; = the number of individuals of species i found
in the class j of variable v (e.g. the weights defined
here by the frequencies). For VX, in this last ex-
pression, f;; corresponds to the frequency for all the
species.

[V(iv} cannot be negative. If IV(i,v) has a null value,
the species is not indicative, its distribution along vari-
able i being identical to that of all species. A value of
100 % indicates that the species is twice as concen-
trated (or less dispersed) than the whole set of species
along that gradient. If the species is represented by a
single class of the varable, V(i,v) is zero and by con-
vention the value is set to 1000 %.

Combining indices IV and HP provides important
ecological information (see examples in Fig. 8, below).
A species with HP near 0 and low 1V is distributed like
the whole set of species (which may or may not be
significantly correlated with one of the environmental
variables). Low HP combined with high IV shows that
the species is indicative of a few classes close to the
mode of the distribution of all species. Notice, how-
ever, that the coverage of the sampling program affects
the values of IV. If a species has not been sampled
along the full extent of its variation along a given
variable, its IV value will be low, whereas if the
sampling has a greater extent than that species’ scale
of variation, IV becomes very high.

To simplify the graphical representation of the ordi-
nations, we arbitrarily decided to retain only the
classes of species abundance with IV values higher
than 25 % for at least one of the environmental vari-
ables. Thus only 38 abundance classes were kept
instead of the original 54. This procedure eliminated
inadequately sampled species, as well as those that
have the same behaviour as the whole set of species.

Distance among observations

Ordinary ecological (or geographic) distances among
observations are usually computed from the measured
values of the environmental variables, or from the geo-
graphic coordinates. By doing so, we determine some
groups of stations from the physical (or climatic) frame,
even if that classification does not present any eco-
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logical meaning. In the phytosociological method, dis-
tances among stations take the variables into account,
but only if they involve an ecological response of the
species. Each station is seen as a virtual species with
cumulated fidelity, for each environmental variable,
corresponding to the mean of the cumulated fidelity
values (mean of the GD, ,, values) of the species pre-
sent in that station. Then weighted distances are
calculated for all pairs of stations. Since the reference
space remains unchanged, it is possible to represent
both the species and the stations in the same ordina-
tion; distances between species and stations are com-
puted as described here, since stations correspond to
virtual species. In the same way, values of HP and IV
can be estimated for each station (observation point).
They indicate the position of each station along the
gradients and point out the most ecologically (or geo-
graphically) meaningful stations.

Biological space
Biological fidelity (FB)

The relationship among species is not estimated with
ordinary correlations, but rather by using an approach
similar to the concept of fidelity for a species. Thus the
fidelity of species i with respect to species j is the
relative frequency of I in the cases where j is present.
Let a be the number of stations containing i and j, b the
number of stations containing i only, and ¢ the number
of stations containing j only; we then have:

a

FB(ij) = P (fidelity of i with respect to j), and

FB(ji) = —— (fidelity of j with respect to i).

Thus there are 2 asymmetrical fidelities for 2 species.
For a given species, the higher the frequency of com-
mon occurrence is compared to its overall distribution,
the higher is the fidelity. Thus it is possible to estimate
an asymmetrical matrix of fidelities among species.
The rows correspond to the fidelities of one species to
all the others, the columns to the fidelities of all species
to the given one.

Biological distance among species

Contrary to classical methods, the distance among
species in biological space is not computed from their
observed frequencies; instead it is defined as the
Euclidean distance among the fidelities of the 2 species
with respect to all the other species, i.e. among the
rows of the fidelity matrix (matrix of F(i,j} values com-

puted in the previous subsection). So it is mathemati-
cally possible for 2 species to be identical (null dis-
tance), even if they have never been found together
at the same station! That distance refers to the concept
of community, and not to that of co-occurrence in a
geographic or environmental space.

Biological distance among observations

As in the ecological space, the biological distance
between 2 stations is defined as the Euclidean dis-
tance between 2 virtual species with fidelities corre-
sponding to the vectors of the means of the fidelities
of the species present at these stations. As was the
case with ecological distances, species and observa-
tions can be represented in the same biological space,
since the referential space is the same, and since
species-observation distances can be computed in the
same way as distances among species, as explained
above.

RESULTS OF CLASSICAL PROCEDURES

The ordination and classification results obtained by
the classical methods (PCA and CA) are shown in
Figs. 6 & 7. Here only the first factorial plane (axes 1
and 2) is represented and commented upon. In each
ordination, groups have been defined by clustering
from a matrix of Euclidean distances among species, or
among observations using their coordinates in the
factorial space (5 axes).

PCA: the species space

Fig. 6a shows the correlations between the first 2
principal components, on the one hand, and the 24 log-
transformed species abundances and the 4 environ-
mental variables (arrows, included as supplementary
variables), on the other. The first axis accounts for 30 %
of the total variance, the second for 21 % (together:
51 %). Two environmental gradients, temperature
opposite to fluorescence, and the salinity-density
group, appear uncorrelated. They correspond to direc-
tions at 45° of the principal axes. The cloud of the
species forms a ‘horseshoe’. The species vectors are
well represented by that plane, with only 2 poorly
represented species (Ost = ostracods and Bells = bells
of calycophores, which are close to the centre and
have low weights in this 1-2 axis plane), although no
species is especially responsive to high temperature,
and high salinity corresponds to only 1 species (CIC =
Clausocalanus spp. C).



The first group of species identified by
clustering (P1) includes the most coastal
organisms (echinoderm larvae, clado-
cerans, gastropods, pteropods and ostra-
cods) and seems characteristic of waters
with high temperatures, low chlorophyll
and low density and salinity. Fig. 6b,
which presents the ordination of the sta-
tions in the first factorial plane, indicates
that the species of the P1 group are
found in the first part of the transect:
Stns 1 to 9. All these species belong to
the peripheral zone, one of the hydro-
logical compartments defined in Fig. 2.

Group 2 (P2) contains 3 taxa: siphono-
phores, acantharians and calycophore
bells (crustacean eggs form an isolated
category, P2’, located close to P2). This
group is situated near the origin of the
system of axes, so it is difficult to assign
to it any clear relation with the 4 envi-
ronmental variables. Fig. 6b may indi-
cate that its distribution extends from
Stn 10 to Stn 22, and that it is mostly
related to the first D1 divergence. In
fact, however, the highest observed
abundances of this category are in the
frontal zone, between Stns 30 and 40
(Fig. 4). This error shows how danger-
ous it is with PCA to relate the scaling
of the observations to the graph of the
descriptors.

Group 3 (P3) is represented by Acar-
tia clausi, Centropages typicus, the
copepod nauplii and Clausocalanus
spp. A and B. Its distribution corre-
sponds to that of fluorescence and
is characteristic of low temperatures
and high fluorescence. It corresponds
mostly to Stns 23 to 34 (group PS3 in
Fig. 6b), i.e. the convergence zone and
the beginning of the frontal zone.
However, Fig. 4 shows that all these
taxa are also abundant (or even pre-
sent maxima) in the central zone.

Fig. 6. (a) PCA: correlations of the 24 taxo-
nomic groups (see Table 1 for abbreviations)
and 4 environmental variables with the first
2 axes. (b) PCA scaling of the 68 observa-
tions on the first principal plane (axes 1 and
2). Classification results are represented by
envelopes. (P and PS are abbreviations de-
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Group 4 (P4) contains the copepodite stages and
adults of Calanus helgolandicus and the decapod
larvae. They are associated with high salinity and den-
sity, and with the last stations of the transect (50 to 68),
mixed with erratic observations from the frontal zone
(35, 37, 39). Here, again, the description of the envi-
ronmental frame is not very good, because these
stations are not at all homogeneous in terms of their
hydrological conditions (Fig. 3).

The classification algorithm put Oithona sp. and
Clausocalanus spp. C together in group P5, which
seems very dispersed in the ordination. No preferential
stations can be assigned to it. Fig. 4 shows the distrib-
ution of these species to be mostly centred in the
frontal zone, a phenomenon which is not made clear by
the PCA ordination.

At this step one may conclude that PCA produces an
unclear ecological representation of the species suc-
cession along the gradient under study. The species
groups are only partly obvious. Relationships with
the environmental variables are often fuzzy, and the
grouping of stations, which does not preserve the
temporal contiguity along the transect, seems difficult
to relate to the distribution of the species groups.
Neither the correlation space nor the scaling space is
able to lead to a comprehensive interpretation. Taking
into account the next principal axes of lower variance
(3rd, 4th, etc., not presented here) does not help clarify
the situation — quite the contrary.

CA: the dual observation-descriptor space

CA was performed on a binary contingency table
containing 68 observation rows and 79 descriptor
classes. The thresholds for the abundance class
descriptors are the same as in the phytosociological
method, except that here 2 thresholds define 3 classes,
as explained in the ‘Methods’, whereas only 2 binary
variables are constructed in the phytosociological
method. For the environmental variables, 3 classes
were used. Although species, environmental factors
and observations may be represented in the same
graph in the CA method, 2 graphs (Fig. 7a, b) were
drawn in order to reduce confusion.

In Fig. 7a, group F1 contains the high-abundance
classes for the coastal species (echinoderm larvae,
cladocerans, gastropods, pteropods}, with the lowest
salinity and density classes. This condition corre-
sponds to the coastal waters; Fig. 7?b confirms that this
group Is located in the more coastal stations (1 to 13).

Group F2 (Fig. 7a) contains the lowest levels of
almost all the 24 taxonomic groups, associated to the
highest classes of temperature and the first 2 classes of
fluorescence. Fig. 7b indicates that this heterogeneous

group is found in the peripheral zone (Stns 14 to 23} as
well as near divergence zone D2 (Stns 42 to 47) and
in the central zone (Stns 63 and 64). This result is
confirmed in Fig. 4.

Groups F3 and F4 contain the high classes of Cala-
nus helgolandicus copepodites 2, 3 and 4, crustacean
eggs, Acartia clausi, Centropages typicus, and Clauso-
calanus spp. A and B. The proximity of the high class of
fluorescence (Flu3) and of the lowest temperature class
(Tem1), and the correspondence with Stns 24 to 34 in
Fig. 7b, show that these taxonomic groups are charac-
teristic of the frontal zone. Surprising is the position
of high classes of A. clausi, which have rather low
abundance in the frontal zone (Fig. 4).

Group F5 includes the intermediate levels of several
taxonomic groups and the highest levels of the deca-
pod larvae and of Clausocalanus spp. C. Taking into
account the presence of high salinity and density
(medium and high classes), as well as the correspond-
ing stations (Fig. 7b}, this group shows species which
extend from the frontal to the central zone, but are
absent or rare in divergence zone D2; that distribution
is confirmed in Fig. 4.

The last group, F6, contains only level 3 of Calanus
helgolandicus copepodites 1 and 5, C. helgolandicus
adults and copepod nauplii. These taxonomic groups
are found near the limits of divergence zone D2
(Stns 35 to 39 and 48, 50 and 51, according to Fig. 7b).
Considering Fig. 4, however, the highest levels of
C. helgolandicus adults and copepodites 5 are clearly
not found at the same stations.

Thus correspondence analysis separates coastal
taxonomic groups from frontal groups (gradient rep-
resented by the first axis), while axis 2 opposes both
coastal and frontal taxa to those of the central zone.
The results are much more detailed than with PCA,
since they specify the distribution of the abundance
classes as well as their position in the range of
variation of the environmental variables. Some
species assemblages seem rather spurious, however;
only the classes characterising delimited hydrological
compartments are clearly interpretable. The classifi-
cation method used for the stations, which does not
preserve their spatial contiguity, is one reason for this
ambiguity.

RESULTS OF THE PHYTOSOCIOLOGICAL
METHOD

Because it separates the information into 3 distinct
spaces, the phytosociological method yields more
precise information about each descriptor and each
observation. The abundance classes of the taxonomic
groups are noted below in parentheses.
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Geographic space

Fig. 8 shows the fidelities of all the
taxonomic groups combined across 11
geographic classes. Fidelities are here
computed as the mean of the fidelities of
all species in each geographic class. The
mode of maximum density is located
near the middle of the transect, between
Stns 26 and 38 (abundance classes with
null geographic position index, GP, and
corresponding nullindicative value, IV).
The taxonomic groups essentially con-
centrated in the frontal zone have a GP
index close to zero [examples in Fig. 8
are Centropages typicus (3) and Clauso-
calanus spp. B (2)], whereas the coastal
and central taxonomic groups present
higher GP values [Clausocalanus spp. C
(1), echinoderm larvae (2); Fig. 8J.
Table 2 shows the taxonomic abundance
classes with the highest indicative values
(IV higher than 150 %) along the geo-
graphic transect, as well as their GP
indices. The high abundance classes of
the coastal taxa (cladocerans, echino-
derm larvae, pteropods) have I'V values
near 500 %, which points out a very
strong dependence on their spatial dis-
tributions. Taxonomic groups of the front
and of the convergence zones [Clauso-
calanus spp. A (2), Centropages typicus
(2) and (3), siphonophores (3}] also
depend upon a geographic region (IV
values: 200 to 300 %), located in the
middle of the transect. Notice the spatial
position of Clausocalanus spp. B (2) in
Fig. 8, which is shifted offshore com-
pared to the other frontal species, with
low concentration in the convergence
zone area ('C’in Fig. 3).

Table 3 gives the GP and 1V index
values for 14 stations selected in the
ecological space (see following section).

Fig. 7. (a) CA: scaling of the 67 abundance
classes (see text: ‘Numerical analyses’) and
of the 12 classes of the environmental vari-
ables in the first inertial plane (axes 1 and 2).
{b) CA: scaling of the 68 observations in the
first inertial plane. Classification results are
represented by envelopes. (F and FS are
abbreviations denoting the different groups
in the CA)
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The observations with highest IV in-
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dices for the geographic variable (26,
32, 41, 61, 64) belong to the frontal or
central zones. High abundances are
found at these stations for several
taxonomic groups: Acartia clausi and
Clausocalanus spp. A at Stn 26;
Oithona sp. and Clausocalanus spp. B
and C at Stn 32; crustacean eggs at
Stn 41; Clausocalanus spp. C and
Calanus helgolandicus copepodites 4

Stations and 5 at Stn 61; and acantharians at
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space are represented in special fonts

Stations Stations 3 .
(see figure legend). Axis 1 shows
100 100 mainly the succession of the popula-
e tions along the transect, whereas axis
GP =86 2 untangles the heterogeneity of the
v =529 frontal zone regarding the ordination
% % of the species.
G1 is a group of species presenting
their maxima in the coastal zone, as
N_ o o — ——T—0° noted above. G2 contains intermediate
1.8 1420 26 32 38 44 50 56 62 68 18 1420 26 32 38 44 30 56 62 68 taxonomic groups (low level for gas-

Stations

Stations

Fig. 8. Geographic space: fidelities (FD; histogram), cumulated fidelities (line)
and geographical positions (GP) for all taxonomic groups, as well as for 4 chosen
taxonomic abundance classes (with their indicative values, [V)

Table 2. Geographic position (GP) index of the most indicative
taxonomic abundance classes (those with IV > 150 %) in the
geographical space

Taxonomic group Geographic variable
v GP
Cladocerans (3) 480 -81
Echinoderms (2) 529 -86
Pteropods (2) 480 -84
Gastropods (2) 176 ~69
Clausocalanus spp. A (2) 160 -13
Centropages typicus adults (2) 170 -5
C. typicus adults (3) 313 -12
C. typicus juveniles (3) 201 -7
Siphonophores (3) 290 -5
Clausocalanus spp. B (2) 201 +23

tropods and the 2 levels of Acartia
clausi) located between the peripheral
and frontal zones, i.e. on the first
convergence with GP values between
25 and -20. All the taxonomic groups of
G3 present high abundances in the
frontal zone. Species below the first
axis [Centropages typicus adults (2} and (3), Clauso-
calanusspp. A (2)] are abundant in the frontal as well as
in the convergence zone. Species above the first axis [C.
typicus juveniles (3), Oithona sp., ostracods and
siphonophores (3)] are concentrated mostly in the
frontal zone, while they remain low or may even be
absent in the convergence zone. This differentiation
among the frontal species, displayed by axis 2, leads to
the distinction of G5 [Clausocalanus spp. B (2), copepod
nauplii (2) and crustacean eggs (2)], which presents high
densities in both parts of divergence D2 [justified by the
indicative GP of Clausocalanus spp. B (2) and of Stn 41].
Notice that Stn 41 corresponds to relatively poor densi-
ties, except for the crustacean eggs (18 % of the organ-
isms are eggs at that station, although on average they
represent only 1.5 % of the total abundances in all sta-
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Table 3. Geographical position (GP) indices and indicative
values (IV) of the 14 stations selected in the ecological space

Station Geographic variable
v GP
2 18 -59
3 18 -59
4 16 -57
6 14 -58
12 8 -51

26 34 3.6
32 43 8
34 27 17
36 29 25
41 44 9
46 29 22
61 31 34
63 0 20
64 38 55

tions). Group G4 contains several low-abundance
classes of Calanus helgolandicus copepodites and Cen-
tropages typicus juveniles. Stns 26 and 32 are indicative
of the frontal zone. Group G6 contains taxonomic
groups that are abundant in the frontal as well as in the
entire central zone (indicative stations: 61 and 64), but
rare in the D2 divergence. This lack of spatial contiguity
explains why the taxonomic groups were never found to
be indicative. Group G7, below axis 1, contains Stn 63
and level 2 of the calycophore bells.

This taxonomic group is abundant in

the frontal and central zones, but also axis 2

(Fig. 10, top row). For temperature and fluorescence
(Fig. 10a), fidelities show trends which are generally
decreasing or increasing, opposite to one another,
which is a consequence of the negative correlation
found between these 2 variables. Thus the optimal
conditions of temperature and fluorescence, most
favourable to all the organisms, have probably not
been found. Colder water, with higher primary pro-
ductivity, could lead to higher zooplankton biomass.
The highest fidelities correspond here to classes of
temperature lower than 13 °C, and classes of fluores-
cence higher than 1.4 mg C m™ In contrast, the
response to salinity and density (Fig. 10b) exhibits a
unimodal shape. The mode is between 38.20 and
38.35 PSU in salinity, and from 28.89 to 29.10
(kg m~3 - 1000) in density. Some taxonomic abundance
classes with HP near zero present the same behaviour
as all the abundance classes together: Acartia clausi
(1) for temperature and fluorescence (Fig. 10a, second
row), and Centropages typicus juveniles (3) for salinity
and density (Fig. 10b, second row). Abundance classes
with distributions that differ from the whole set of
species present higher HP values (as absolute values),
e.g. echinoderm larvae for salinity and density. Table 4
contains the abundance classes having at least 2 IV
values higher than 200 %. Clausocalanus spp. A (2)
and B (2), C. typicus adults (2) and (3), the siphono-
phores (3) and C. typicus juveniles (3) present high

-0.6
in the convergence area and the off-

shore stations of the peripheral zone.
So we have seen that the analysis in
geographic space was able to detect
the main population changes along the
transect; of course, the method would
be much more powerful if the data
were positioned with reference to a
multidimensional space of coordinates

Coastal Zone
G1

Nawz D2 Zone
G5

(depth, hours, date, latitude, etc.), as is
done in the following section. A more
precise description would require us to
consider the fidelity diagrams for all the
taxonomic groups presenting high IV
values, and to tabulate the correspon-
dence between the GP index values
and the samples’ geographic positions.

06

Ecological space

Considering all species abundance
classes, the variability is not identical
for all 4 environmental variables

-1 0 15

axis 1

Fig. 9. Geographic space: MDS axes 1 and 2. Stations are represented by circles.

Special typestyles (bold, italic, etc.) reflect the most indicative stations or abun-

dance classes; the typestyles differ according to the GP (see Tables 2 & 3).
Classification results are represented by envelopes
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Table 4. Hydrological position (HP} indices of the most indicative taxonomic abundance classes (those with [V >200 %) in the
ecological space

Taxonomic group

Temperature

v HP
Clausocalanus spp. A (2) 539 -45
Clausocalanus spp. B (2) 228 -66
Centropages typicus adults (2) 238 -52
C. typicus adults (3) 279 -56
Siphonophores (3) 324 -68
C. typicus juveniles (3) 228 -65
Ostracods (3) 28 -42
Cladocerans (2) 34 44
Cladocerans (3) 68 45
Echinoderms (2) 85 46
Pteropods (2) 73 42

Ecological variables

Fluorescence Salinity Density
v HP v HP v HP
274 66 85 -32 82 -26
587 69 128 - 0.06 204 24
227 55 90 -19 93 -10
261 55 314 -26 169 -16
363 58 128 -32 130 -15
297 50 504 -14 509 1
39 21 350 15 353 9
7 -57 472 -82 337 -82
54 -68 481 -79 487 -83
45 -66 530 -86 720 -88
45 -70 612 -87 617 -87

concentrations correlated with high values of fluores-
cence and low values of lemperature (frontai charac-
teristics). Differences exist between these species,
however: Clausocalanus spp. A (2) mostly depends on
the low temperatures, Clausocalanus spp. B (2) on high
fluorescence, and C. typicusjuveniles (3) on mean val-
ues of salinity and density. Ostracods are indicative of
intermediate classes of salinity and density. Clado-
cerans (2) and (3), echinoderm larvae (3) and the ptero-
pods (2) are mostly concentrated in the lowest classes
of salinity and density (coastal zone). Notice that only
the upper levels of abundance (2 or 3} of these taxo-
nomic groups have large indicative values (Table 4).
The HP and IV values for the stations are shown in
Table 5 (IV >23 % for at least one of the ecological
variables). Stns 2, 3, 4, 6 and 12 indicate high tem-
peratures (peripheral water), but are distributed in
classes of low fluorescence, salinity and density
(Fig. 3). Stns 26, 32 and 34 display high fluorescence

(frontal water) and intermediate values for density.
Stns 36 and 46 present higher IV values for salinity and
density. The high IV values for Stns 41 and 63 only
indicate low temperature and low fluorescence, re-
spectively. Stns 61 and 64 are characterised by high
salinity and density (central zone).

Fig. 11 shows the ordination and the classification
results for the 38 species (see section on the phyto-
sociological method) and the stations retained.

Group E1 contains Stns 2, 3, 4, 6 and 12, which are all
indicative of high temperatures, with taxonomic
groups such as cladocerans, echinoderm larvae,
pteropods and gastropods. The higher abundance
classes of these taxonomic groups are indicative of
low salinity, density and fluorescence, and of high
temperature. E1 corresponds to the coastal biotope.

Group E2 contains the first abundance classes for
adults and juveniles of Centropages typicus, Clauso-
calanus spp. B, Calanus helgolandicus copepodites,

Table 5. Hydrological position (HP) index of the most indicative stations (those with IV >23 %) in the ecological space

Station Eco

Temperature Fluorescence

v HP v HP

2 30 41 10 -48
3 30 41 10 -48
4 28 41 8.5 -47
6 28 40 7.5 -47
12 24 40 7 -44
26 18 =22 31 27
32 11 -29 37 30
34 3 -21 20 23
36 5 -16 12 14
41 36 -34 0 17
46 5 -13 14 15
61 4 -14 8 9
63 0 23 25 -25
64 0 10 10 -8

logical variables
Salinity Density
v HP v HP
7 -48 8 -53
7 -48 8 -53
6 -47 6 -51
4 -47 0 -52
0 -44 4 -44
20 -2 27 0.2
23 0.1 34 4
16 9 25 13
17 21 24 23
10 0.5 6 9
15 19 23 20
20 30 27 32
0 20 0 18
30 47 41 49
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characteristic of the central zone:

higher temperature than in the frontal
zone, high salinity and density, and
low fluorescence in the most offshore
part of the transect.

Group ES contains gastropods (1),
calycophore bells (2), and Stn 63.
Contrary to the higher gastropod
classes, which are confined to the

coastal zone, the first class (denoting
presence of the organism, In any
abundance) is more ubiquitous. It
vanishes only above the D1 divergence
and near the frontal convergence. The
same behaviour is observed for caly-
cophore bells [notice that siphono-
phores (3) is indicative of the frontal
zone E3]. This group, E5, is inter-
mediate between the peripheral (E1)

axis 2
1 E 5: D1 and C Zones E 4: Central Zone
Fluo + T,8,D+
[ Huo -
Bells2
E 1: Coastal Zone Gasl
T
S, D, Fluo -
Ptel
o @
Cha3 9
h2 O py Aca
Prez Cla2 E2 F‘rontal Zone @
o T- ®
{Fluu"’ icaZ—/
E 3: Transition:
from C to D2
['r, S-
1.2
-2 -1 0 1.25

Fig. 11. Ecological space: MDS axes 1 and 2. Stations are represented by circles.

Special typestyles (bold, italic, etc.) reflect the most indicative stations or abun-

dance classes; the typestyles differ according to the HP (see Tables 4 & 5).
Classification results are represented by envelopes

Acartia clausi and Oithona sp., and the second level for
A. clausi, C. typicus juveniles, C. helgolandicus cope-
podites 2 and 3, nauplii and crustacean eggs. Their [V
values {Table 4) are not especially remarkable, but the
presence in the same group of Stns 26, 32, 34, 36, 41
and 46 indicates that E2 corresponds to a frontal group
with high fluorescence and low temperature.

Group E3 represents the lowest abundance classes
of Centropages typicus adults and juveniles,
Clausocalanus spp. A and B, ostracods and
siphonophores. Except for the ostracods, these are all
indicative of high fluorescence and low temperature
conditions. Their HP values for salinity and density
show that these abundance classes are not distributed
identically in the frontal zone: the C. typicus adults (3)
and Clausocalanus spp. A (2) present negative HP val-
ues, and correspond to salinities between 38.2 and 38.3
PSU and between 28.9 and 28.9%; on the other hand,
Clausocalanus spp. B (2), with higher HP values, is
concentrated between 38.3 and 38.33 PSU in salinity,
and between 29 and 29.16 in density. E3 corresponds
to a transition zone towards the frontal zone (from the
convergence to divergence zone D2).

Group E4 contains Clausocalanus spp. C and the
high-abundance classes of Calanus helgolandicus
adults and copepodites 5, and of the decapod larvae.
IV values are never found to be higher than 150 % but
the proximity of Stns 61 and 64 indicates that E4 is

and central zones (E4). So even if the
first abundance classes are less
indicative of hydrological discontinu-
ities, they can sometimes be informa-
tive with regard to the overall dis-
tribution of the species.

Biological space

The relationships between species generate more
complex ordinations and classifications than those
related to the geographic or ecological spaces, because
they are the result of 3 correlated processes: spatio-
temporal, ecological, and biological-ethological. Thus
in Fig. 12, which shows the ordination of the 38 abun-
dance classes and the 14 stations (retained in the eco-
logical space), it may be easy to recognise the coastal
group in S1, but the affinities among species of the
frontal and central zones are more difficult to see. The
set of frontal species is divided up into groups S2, S3,
S4 and S5. Some associations are strong: Acartia clausi
(1) and (2) with Clausocalanus spp. A (2) in group S2,
Clausocalanus spp. B (2) with Centropages typicus
adults and juveniles (3} and the siphonophores (3) in
group S4 (an association also found in the ecological
space), and nauplii (2) with crustacean eggs (2) and
Stn 41 in group S5 {an association already found in the
geographic space).

The central group (E4 in the ecological space) is also
split up. Calanus helgolandicus adults (2} is close to the
frontal stations 36 and 46, C. helgolandicus copepodites
5 {2) is close to Oithona sp. (which corresponds to a
frontal taxonomic group in E2), all of which are mixed in
group S6. C. helgolandicus adults (3) and C. helgolandi-
cus copepodites 1 (2) and 5 (3) become associated in



302 Mar. Ecol. Prog. Ser. 93: 285-306, 1993

axis 2

rejected at the 1 % significance level

(indicated by **). It is more informative,
however, to estimate the partial correla-
tions between pairs of matrices and to
test for their statistical significance. The
partial correlation coefficients and their
significance levels are:

S7

CIB2

R1.2.3 = 0736' ';
Ri3,=-0.105™ (p = 0.096);
Ry31=0.700""

CejT .
1T Cpl Cp 3.1\@13
Ceal Ep 32
CLB1 Cp 2._2)

S4

(ns: non-significant Mantel correlation).
The R; 3, value shows that the correla-
tion between geographic and biological
distances is caused by their being both
correlated with the ecological distances;
after removing this effect, there is no
relation left between them.

Legendre & Troussellier (1988) have
proposed a method to interpret these

Fig. 12. Biological space: MDS axes 1 and 2. Stations are represented by
circles. Classification results are represented by envelopes

group S7 to the ostracods (3) (a frontal category of E3).
The calycophore bells (2) are isolated and form group S8
with Stn 63 (found in the ecological space), and remain
intermediate between the coastal and offshore zones.
The gastropods (1) have been joined to the coastal group
in this representation, close to gastropods (2).

The statistical communities detected in the biologi-
cal space cannot be explained only by the measured
environmental variables, nor by the spatial co-
occurrence of the species. To explain the associations
found in this part of the study, one may have to con-
sider the information provided by the laboratory-based
auto-ecological studies found in the literature concern-
ing the trophic and reproductive behaviour of these
taxonomic groups, as well as the ability of these organ-
isms to migrate in the vertical and horizontal planes.

Comparison of the three spaces

Mantel tests among the 3 distances matrices among
taxonomic abundance classes (1: geographic matrix; 2:
ecological matrix; 3: biological matrix) give the follow-
ing correlations:

R]Q = 0.937“,’ R]‘3 = 0.858“; Rgvg = 0930..

The tests of significance of the Mantel statistics were
carried out both by the permutational method and by
Mantel's normal approximation. In all 3 cases, the null
hypothesis (Hp) of independence between matrices is

15

axis 1 Mantel and partial Mantel test results in

a causal framework. Applying their
method, we notice that the following
relations are met: R;, # 0, Ry3 # 0,
Ri22>Ry3 Ry3 2 Ryg Rz #0, Rosy # 0,
R 3, =0 {this is the crucial point; it actually means that
the partial statistic is not significantly different from
zero), Ry 53< Ry, Ry31€Ry3 and finally Ry 3 =Ry 3 x Ry 3
since 0.937 x 0.930 = 0.858. The only causal model
compatible with these observations is: Geography =
Ecology = Biology.

The residual matrix of biological distances after
removing the effect of the ecological distances allows
another ordination to be created which may be com-
pared to the original one (Fig. 13a, b). The proximity of
the taxonomic abundance classes should now depend
mostly on their biology and ethology, if one accepts the
weak hypothesis that a linear model has managed to
completely remove the influence of the ecological
factors (Legendre & Troussellier 1988); if this is not the
case, then the resulting ordination (Fig. 13b) should
neither greatly differ from, nor be clearer than, the
original one (Fig. 13a).

Coastal species remain together in the centre of the
plane. Axis 1 tends to separate the higher abundance
classes of Calanus helgolandicus adults and cope-
podites 1 and 5, and ostracods, from those of Centro-
pages typicus adults and juveniles, and Clauso-
calanus spp. B and C. Crustacean eggs and copepod
nauplii are also separated, eggs being close to frontal
taxa, while nauplii are close to central taxa. Axis 2
recognises 2 types of frontal categories and opposes
Clausocalanus spp. A (2) and B (2). Siphonophores (3),
generally grouped with frontal species, seem more
associated with C. helgolandicus (2) and Clauso-
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axis 2 Original sociological matrix (between species)

(2) Abundance classes that become

-15

Belis2

a more distant in the residual space were
only held together by their sharing the
same ecological conditions; this is the
case with Clausocalanus spp. A and B (2},
for instance, which have different sizes, so
that they should have different migratory
capacities and different trophic behav-

Cej3

lours. Siphonophores and the adults of
Centropages typicus (3) have different
trophic needs: the former are carnivorous
whereas the latter are herbivorous (and
sometimes omnivorous). Crustacean eggs
and copepod nauplii do not have the same
swimming ability, which implies a differ-
ent impact of turbulent diffusion.

ciB2

15

axis 2

) 12 (3) Taxonomic groups that are closer in
axis the residual space have similar behaviour,

-1.5

Cp5.3— Cp1.2

Ce3

b but their reactions to the ecological fac-
tors are different. Clausocalanus spp. B
and C (2), for example, are not sufficiently
different in size to have distinct ethology.
On the other hand, the coastal species,
which are represented by the group in the
centre of the ordination graph comprising
echinoderm larvae, gastropods, pteropods,

cladocerans and calycophore bells, have
the same ecology and behaviour, but they
seem to be isolated from the other taxa
mostly by their ecological adaptations.

DISCUSSION AND CONCLUSION

0 1

Residual sociological matrix (between species)

Fig. 13. (a) Original biological space: MDS axes 1 and 2. The ordination was
recomputed for the abundance classes only, in order to make it comparable
to Fig. 13b. (b) Residual biological space: MDS axes 1 and 2, computed using
the residual biological distances, controlling for the linear effect of the eco-
logical distances. The lines joining some taxonomic groups indicate that
these abundance classes were already in the same group, in Fig. 13a, before
the ecological influence was removed. In both panels, classification results

are represented by envelopes

calanus spp. C (1). A more precise interpretation of
the ordination could be reached using the following
principles:

(1) If species that are close together in the biological
space remain associated in the residual space, this
means that they present a similar behaviour and
similar responses with respect to the ecological
variables, e.g. Calanus helgolandicus adults (3) and
copepodites 5 (3). Taxonomic groups that behave in
this way are connected by lines in Fig. 13b.

As stated by Gordon (1987), ‘human
ingenuity is quite capable of providing a
post hoc justification of dubious classifica-
tions’. The same can certainly be said of
ordinations, as convincingly shown by the
vast ecological literature discussing scal-
ing results. The purpose of this study is
not to reject the prevailing multivariate
data treatments. Certainly, techniques
more sophisticated than simple PCA or
CA would provide more interesting infor-
mation about the frontal ecosystem. These 2 examples
permit, however, a better understanding of the funda-
mental innovations brought about by the phytosocio-
logical method proposed by Brisse & Grandjouan.

Partitioning species abundance distributions into
abundance classes results in giving each class, and
each species, the same weight, and also in establish-
ing indicative levels of significant responses along
environmental gradients. The coding performed in
classical CA, where the data are coded into a 0-1

.2
axis 1
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{disjunctive) table, differs from that of the phytosocio-
logical method in that the classes in the CA coding are
the successive abundances; in the phytosociological
method, on the other hand, each class is retrocumula-
tive and corresponds to a threshold, a station being
coded 1 for that class if the species is more abundant
than the threshold. Thus the contrast between the dif-
ferent levels is increased. The key characteristic of the
phytosociological method is, however, that instead of
defining distances or correlations from species fre-
quencies or abundances, these are computed from
cumulated fidelities with respect to external variables.
This allows the investigator to take due account of the
concentration of an abundance class into one or a few
classes of an external variable. PCA and CA did not
highlight any particular behaviour of the siphono-
phores, for instance, whereas the phytosociological
method clearly pointed out that this taxon, at level 3,
strongly indicates the frontal biotope. The high-
abundance class of the ostracods presented a distribu-
tion which was much clearer than that observed when
considering all frequencies. Differing from the other
coastal species which do not cross the D1 divergence
(Ibanez 1982, Boucher et al. 1987), gastropod larvae go
beyond that divergence when considering abundance
class 2 only, while they are perceived as almost uni-
formly distributed along the transect when taking into
account only abundance class 1 (presence-absence).
The HP or GP and the IV index are valuable for inter-
preting the ordinations. They allow detection of the
sensitivity of some abundance classes to some classes
of the external variables. Although Clausocalanus spp.
A and B are not clearly separated in the PCA and CA
ordinations, they were found to be distinct in the eco-
logical space because of their relationship with low
temperature and high fluorescence, and also because
of their precise location in the geographic and biologi-
cal spaces. While the juveniles of Centropages typicus,
with high IV values with respect to salinity and density
and to geographic position, correspond to a frontal
taxonomic group, the distribution of the adults is also
important in the convergence zone. HP, GP and IV are
functions of the distributions of all the species under
study. Of course, the fewer the species, the more diffi-
cult it is to interpret the structure of the ecosystem.
This notion is not new to ecology: in the same way,
diversity indices and rank/frequency diagrams are re-
ally meaningful only when all the species have been
captured. Considering the stations as 'virtual species’
enables them to be represented in the same space as
the species and allows their position indices to be
estimated. Then it is possible to interpret some non-
obvious proximities between stations in the ordination
(e.g. Stns 26 and 32 in the ecological space, charac-
terised by high fluorescence and density). It also allows

recognition of stations with some special species as-
semblage, and serves to detect the locations of the
main discontinuities of the environment and/or the
ecosystem: in geographic space, Stn 26, selected in
Table 3 for its high IV value, corresponds to the coastal
limit of the convergence, Stn 32 to its offshore limit,
Stn 41 to the offshore limit of the frontal zone, and
Stns 61 and 64 are typical of the central zone.

Contrary to the classical methods that offer a repre-
sentation in a single ordination space, the phytosocio-
logical approach separates different ecological matters
into distinct ordination diagrams. The geographic
space corresponds to the large spatio-temporal
gradients. Oceanographic data are characterised by
spatio-temporally contagious (i.e. autocorrelated)
processes: processes that are active in one location are
also active at other points nearby (space), and they
have a duration (time). In contrast to ecological space,
geographic space takes into account the spatial prox-
imity of the observations. To understand what is going
on, the ecologist has to keep in mind the precise
distribution of the species: temporal (or geographic)
succession. time (or place) of particular discontinuities.
The ordination spaces produced by PCA and CA from
a species-observation table do not respect the spatio-
temporal contiguity of the observations. Other
methods have been proposed to perform the segmen-
tation of multivariate ecological data sets: constrained
clustering in time (Legendre et al. 1985) or in space
(Legendre & Legendre 1984b, Legendre 1987), or con-
strained scaling (Ibanez 1984). But these methods only
aim at partitioning the set of observations into contigu-
ous segments, while the phytosociological method
allows groups of taxa that share the same spatio-
temporal position to be identified. For instance, Acartia
clausi and gastropods (1) are detected together pre-
cisely in the D1 divergence and in the convergence
zone. As noted above, characteristic stations (‘virtual
species’) may be recognised and projected in the
same ordination space as the taxa.

The ecological space is founded in the niche concept
proposed by Hutchinson (1957): a hypervolume whose
coordinates are the values of the external variables. A
PCA computed from the environmental variables,
followed by projecting the species (considered as
supplementary variables) in the factorial space, is not a
valid method, because the axes correspond to linear
combinations of the environmental variables based on
exact statistical properties, but without physical mean-
ing. Taking the space of the species instead, and pro-
jecting the ecological factors in it, is also lnappropriate
because correlations do not provide a meaningful way
of statistically modelling the relationships between
species and ecological variables. CA performed on con-
tingency tables (classes of biological against classes of
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ecological variables) avoids the limitation of linearity
of the relations, but the meaning of the factorial space
so obtained by mixing biological and physical
variables remains unclear. The classification and
ordination obtained wusing the phytosociological
method, on the other hand, are meant to represent
proximities among species as characterised by their
responses to the intensity of the ecological variables. In
our test data, for instance, some species assemblages
were easy to categorise: cladocerans, echinoderm
larvae and pteropods belong to the typical coastal
niche, characterised by high temperature and low
salinity, density and fluorescence. Ter Braak's (1986,
1987) canonical correspondence analysis (CCA)
would be another correct way of representing species-
environmental relationships. The question to be
answered by CCA is slightly different, however, since
in CCA one is looking for the species’ CA ordination
axes which are maximally correlated to the space of
the environmental variables; biplots can be produced
to represent the species-environment correlations.

The biological space corresponds to the concept of
biological community. Instead of defining assemblages
based on pairwise abundance distances (PCA), or
through the comparison of their frequencies (CA), the
distance between 2 species is estimated as a function
of their relationship with the remaining species. So a
community of Acartia clausi (1) - Oithona sp. (in
Fig. 13a; cf. the variations in Fig. 4) may be high-
lighted, based on co-occurrence only, even if the
spatio-temporal covariation of these species in terms of
their abundances is not obvious. Species associations
in the biological space depend on ecological adapta-
tions, and also on species behaviours: reproduction,
mortality, generation timing, predation, mobility, etc.
So, depending on the development stage, the observed
distinction of copepodites 2 and 3 from the other stages
and adults of Calanus helgolandicus emphasises
strategic differences related to types of nutrition and
mobility.

Determining the associations found in the biological
space remains a difficult problem, however. Among
others, Boucher (1984), Ibanez & Boucher (1987),
Williams (1988), and Williams & Conway (1988) have
emphasised the complexity of this question, due to the
diversity of behaviours of marine organisms.

Mantel tests were not part of the original proposal of
Brisse & Grandjouan. Using partial Mantel tests to
remove the influence of the environmental variables
from the classification in biological space pointed out
the independence of the behaviours of some species
from the spatio-temporal and environmental frame-
works. The taxonomic associations found after remov-
ing the environmental influence allowed us to suggest
the causes of the observed relationships.

The phytosociological method of Brisse & Grand-
jouan is characterised by a conceptual unity. It does
not rely on using standard mathematics, as one does
when applying classical ordination methods to species
abundance data. Instead, its main ideas are to partition
all descriptors into classes, and to estimate distances
based on cumulated fidelities. It allows the ecologist
to consider jointly, in a single treatment, different types
of sampling (samplings in time and space, vertically,
at different time scales, or with different sampling
frequencies), and to define for each species a list of its
preferred biological associations and a description of
its ecological niche and its preferred geographic or
seasonal locations. Because of these characteristics,
the phytosociological method can be a powerful tool
in the interpretation of marine ecological phenomena.
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