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ABSTRACT: Microalgal populations along French coasts (English Channel, Bay of Biscay and
Mediterranean Sea) have been sampled twice a month since 1987 within the context of the French
Phytoplankton and Phycotoxin Monitoring Network (REPHY). This study used these data to charac-
terize the large-scale geographical structures of microphytoplankton communities and to determine
whether ‘homogeneous’ geographical areas exist in which microalgal populations display similar tem-
poral variability schemes. Once the temporal variability component shared by all sampled coastal sites
was identified, the ‘residual’ site-specific component was analyzed. Multivariate ordination methods
were used to determine seasonal and inter-annual variability. The expected temporal pattern common
to all sites was identified and the seasonal cycle of the most frequently observed phytoplankton com-
munities along French coasts was described. The between-site analysis, using multitable comparison
methods (RV-coefficient and multidimensional scaling), allowed the identification of 3 large areas
(western English Channel, Bay of Biscay and Mediterranean Sea) according to the temporal variabil-
ity patterns of microphytoplankton populations. The results, despite the coastal locations of REPHY
sampling sites, indicate that the hydrodynamic characteristics of the different areas play a major role
in the geographical structure of microalgal populations in French coastal waters.
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INTRODUCTION

The dynamics of coastal marine microphytoplankton
communities is characterized by successions of species
assemblages displaying typical schemes of spatio-
temporal variability (Smayda 1980). The succession of
phytoplankton assemblages is mainly governed by
local environmental conditions and by the response of
phytoplankton populations to their variations (Good-
man et al. 1984). The diversity and the dynamics of
phytoplankton populations result from the complex
interaction of hydrodynamical, physicochemical and
biological factors.
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Numerous studies of phytoplankton spatio-temporal
variability have concerned holistic variables such as
total biomass or primary production (e.g. Radach &
Moll 1993). Such studies deal with the role of primary
producers in the global functioning of the pelagic
ecosystem, but have little relevance to other problem-
atics. For instance, knowledge of the taxonomic com-
position of phytoplankton communities and of their
spatio-temporal patterns is necessary to an under-
standing of the predominance of a precisely identified
population. The dynamics of phytoplankton popula-
tions has been the subject of many recent studies con-
cerning the development of harmful or toxic species
(e.g. Rhodes et al. 1993). Indeed, the negative effects
associated with the proliferation of some phytoplank-
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1995). However, these studies do not take the
combined effects of temporal and geographi-
cal variability into account.

The purpose of this study was to exploit the
information contained in data collected within
the context of the French Phytoplankton and
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Phycotoxin Monitoring Network (REPHY) as
a significant basis for the description of the
geographical distribution and temporal pat-

terns of microphytoplankton communities. The
objective was to identify the global temporal
variability patterns of phytoplankton popula-
tions observed along French coasts and to
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determine biogeographical areas based on the
temporal variability of phytoplankton popula-
tions. The methodological approach used for

the analysis was based on descriptive multi-
variate techniques allowing multidimensional
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data to be summarized in a geometric space.

MATERIALS AND METHODS

Fig. 1. Geographical location of REPHY sampling sites. Among these
sites, those selected for processing correspond to black symbols: 17 sites

for the temporal window, 1992 to 2000

ton species (economic losses to aquaculture, fisheries
and tourism as well as an impact on human health) are
such that the identification of environmental factors
favoring their development is now of increasing in-
terest (Zingone & Enevoldsen 2000). However, the
mechanisms of bloom species selection within phyto-
plankton communities are still unresolved (Smayda &
Reynolds 2001). In fact, it is essential to characterize
the large-scale geographical and temporal patterns
that determine the dynamics of phytoplankton com-
munities over a wide area rather than those of an
isolated population.

Until recently, little attention has been paid to the
large-scale geographical and temporal patterns of
phytoplankton communities, particularly because of
the scarcity of long-term series on a large geographical
scale. Successions of phytoplankton species have often
been analyzed in localized areas (e.g. Hallegraeff &
Reid 1986), and phytoplankton species composition
has been characterized and the ‘dominant’ species
identified for different sampling sites (e.g. Belin et al.
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REPHY sampling and pre-processing of
data. The REPHY monitoring network was set
up by IFREMER in 1984 to achieve 3 closely
related objectives: (1) obtain knowledge about
the temporal development of phytoplankton
populations along French coasts, (2) record
all types of unusual phytoplankton-related
events in the coastal environment, whether
toxic, harmful or harmless, and (3) detect any
occurrence of phycotoxin-producing species
and toxic events within a public health context
(Belin & Raffin 1998). Twenty-nine sites are sampled
bimonthly along 3 French coastal areas (English Chan-
nel, Atlantic Ocean and Mediterranean Sea). Phyto-
plankton identification and counts are performed in 12
IFREMER coastal laboratories. The network provides
15-year time series, which constituted the basic mater-
ial for this study. They were recorded in the IFREMER
‘Quadrige’ database according to a list of 275 taxa
ranging from species identification level up to the Pro-
tista group.

The expertise of REPHY observers has gradually
improved since 1984, especially through internal train-
ing sessions, expert assistance and the use of various
teaching materials such as taxonomic data sheets.
However, this progress has sometimes led to disconti-
nuities in time series, e.g. 1 phytoplankton species was
classified into different taxonomic levels between 1987
and 2000. Thus, the regrouping of taxonomic units was
considered necessary not only because of the diffi-
culties in taxonomic identification and confusions be-
tween species or genera, but also to obtain homoge-
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neous data sets (i.e. comparable for sampling sites and
in time). A panel of experts (see ‘Acknowledgements’)
were questioned about the relevance (ecological con-
sistency) of regroupings.

A corrected data set for the period 1992 to 2000 with
78 taxonomic units was obtained. These units corre-
sponded to a species, a regrouping of species, a genus,
or a regrouping of genera. Due to problems in data
quality, several taxa could not be retained for the
analysis; consequently, some phytoplankton groups,
such as Chlorophyceae, Chrysophyceae, Cryptophy-
ceae, Cyanophyceae, Dictyochophyceae, Prasinophy-
ceae, Prymnesiophyceae and Raphydophyceae, were
not included in the study.

Monthly gap-free time series were used. As weather
conditions did not always allow bimonthly sampling,
a monthly abundance average was computed when
2 measurements were obtained in a month. These con-
ditions allowed for inclusion of 17 of the 29 REPHY
sampling sites (see locations in Fig. 1).

Temporal variability analysis. The notations used
here are indicated in Table 1. Let Ay, be the abun-
dance (cells I"!) of taxonomic unit u measured at time ¢
(one of the months of the 1992 to 2000 period) at sam-
pling site s (s=1,..., 17). Among the 78 taxonomic units
retained after data preprocessing, 44 were selected on
the basis of their occurrence percentages, being at
least 0.20% relative to the total occurrences of all
species. The list of the 44 taxonomic units selected for
the analysis is indicated in Table 2.

Abundances were log-transformed: X, = logj
(Agw + 1). In temperate coastal waters, phytoplankton
communities are subject to a marked seasonal trend
(Longhurst 1995, 1997). In order to identify the sea-
sonal pattern (within-year variability) common to all
sites, the mean m ,, and the variance var, of X, over

all sampling sites were calculated. Thus, 2 T x U (dates
by taxonomic units) matrices M and V were computed
over sites. Principal component analysis (PCA) was
then performed to summarize the information con-
tained in the average matrix M in order to describe the
temporal variability pattern of taxonomic units on a
large geographical scale.

The structure of the between-year variability of
microphytoplankton populations was then explored
after removal of the seasonal pattern by subtracting
the monthly averages for each taxon from mj,, The
matrix thus obtained was then summarized by PCA.

Analysis of geographical variability. Geographical
variability was assessed through a between-site dis-
similarity analysis. First, data were standardized in
order to allow for spatial comparison:

X stu " My

Z(s)w = =
\vary,

Here, it is implicitly assumed that temporal and geo-
graphical effects are additive, i.e. that there is no inter-
action between time and space. In fact, such inter-
action exists; however, the removal of the general
temporal pattern component shared by all sampling
sites will result in a residual spatial trend. The second
step was to identify the specific patterns of local vari-
ability, as each site is now characterized by the time
variations of corrected abundances. For site s (s = 1,...,
S), let Z(5) be the U x T matrix with taxonomic units in
rows and dates in columns. Due to standardization,
column means in Zg are 0. In order to examine the
between-site differences, the site matrices Z need to
be compared. Various methods have been proposed
for statistical analysis of multitables (e.g. 3-mode PCA
by Tucker 1964, Kroonemberg 1983; triadic analysis by
Thioulouse & Chessel 1987; STATIS by Lavit et al.

Table 1. Notations used for data description

Matrices Ay

Descriptions
Indices s Sampling sites s=1,..., S; S=17
t Dates t=1,..., T; T=100 (time unit is the month; from January 1992 to April 2000 included)
u Taxonomic units u=1,..., U; U= 44

S x Tmatrix of abundances for a taxonomic unit u: Ay,

Xw S x T'matrix of log-transformed abundances for a taxonomic unit u: Xy, = log(Agy + 1)
. . - 18
M T x Umatrix of the site means for taxonomic unit u at date t: my, = 5 z Xstu
=1
s
A% T x Umatrix of between-site variances var,, associated with means m;,; vary, = S_1 z (Xotu —Mgy)?
T L=l
. . Xstu —my,
Z T x Umatrix of standardized abundances: Z(s),, = ————
\/V&I'.tu

D S x Smatrix of between-site squared distance values d;;?
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Table 2. List of 44 taxonomic units selected for data analysis

Diatoms

ACHN Achnanthes sp.

ASTE Asterionella sp.

ASTEGLA Asterionella glacialis
(= A. japonica)

BACIPAX Bacillaria paxillifer
(= B. paradoxa)

BACT Bacteriastrum sp.

BELLITH Bellerochea sp. +
Lithodesmium sp.

BIDODON Biddulphia sp. + Odontella sp.

CERAPEL Cerataulina pelagica

CHAE Chaetoceros sp.

DETLAUD Lauderia sp. + Schroederella sp. +
Detonula sp.

DITYBRI Ditylum brightwellii

EUCPZOD Eucampia zodiacus

GRAM Grammatophora sp.

GUINFLA Guinardia flaccida

HEMI Hemiaulus sp.

LEPT Leptocylindrus sp.

LICM Licmophora sp.

NAVIC Amphora sp. + Diploneis sp. +
Navicula sp.

NITZCYL Nitzschia longissima +
Cylindrotheca closterium

PORTHAL Porosira sp. + Thalassiosira sp. +
Coscinosira sp.

PRORHIZ Proboscia sp. + Rhizosolenia sp.

PSNZ Pseudo-nitzschia sp.

RHABSTRI Rhabdonema sp. + Striatella sp.

SKELCOS Skeletonema costatum

THAA Thalassionema sp. + Thalassiothrix sp.

Dinoflagellates

ALEX Alexandrium sp.

ALEXMIN Alexandrium minutum

CERI Ceratium sp.

DINOAC Dinophysis acuminata +
Dinophysis sacculus complex

DINODI Dinophysis caudata

DINOROT Dinophysis rotundata

EBRARTRI Ebria tripartita

GONY Gonyaulax sp.

GONYSPI Gonyaulax spinifera

GYMN-82 Gymnodinium chlorophorum

GYMNNAG Gymnodinium nagasakiense
(= G. mikimotoi = Karenia mikimotoi)

GYMNO Warnowia sp. + Nematodinium sp. +
Amphidinium sp. + Cochlodinium sp. +
Gyrodinium sp. + Katodinium sp. +
Gymnodinium sp.

NOCTSCI Noctiluca scintillans

PERID Diplopsalis sp. + Diplopelta sp. +
Diplopsalopsis sp. + Zygabikodinium
sp. + Oblea sp.

PLESGYR Pleurosigma sp. + Gyrosigma sp.

POLYSCH Polykrykos schwartzii

PROR Prorocentrum sp. (= Exuviaella sp.)

PRORLIME Prorocentrum lima + P. marinum +
P. mexicanum

CLEUGLE Euglenophyceae

1994; multifactorial analysis by Escofier & Pages 1994),
but the results given by these methods are difficult to
interpret when the number of tables is too large. Partly
for this reason, multitable factorial analysis is not fre-
quently used in oceanography, although this approach
was used in earlier studies, e.g. on demersal assem-
blages (Gaertner et al. 1998), plankton communities
(Beaugrand et al. 2000) and zooplankton communities
(Licandro & Ibanez 2000). In this study, PCA was used
first to summarize each matrix site Z,, followed by a
multitable method based on the RV-coefficient and
metric multidimensional scaling (MDS) to allow com-
parison of these various summaries. PCA is a relevant
tool for summarizing multidimensional data and has
been used especially in oceanography (Manté et al.
1995, Gray et al. 1990, Ibanez & Dauvin 1998). When
Euclidean distance is used, results are not disturbed by
rare species, contrary to other methods, such as multi-
ple correspondence analysis based on chi-square met-
rics (Atchinson 1986, Manté et al. 1995).

Classically, the rows of the Z matrix (taxonomic
units) are represented by points in Euclidean space
IRT. Let C(Z,s) be the configuration of points associated
with Z 4. In order to compare temporal variations of the
corrected abundances over sites, the shapes and rela-
tive positions of pairwise C(Z) in IRT were analyzed.
Two sites with similar configurations were considered
to present the same temporal variations for all taxo-
nomic units. Robert & Escoufier (1976) showed that the
distance between 2 configurations C(Z) (or 2 sam-
pling sites) can be estimated as follows:

d,»jz = dist2{C(Z,~),C(Zj)} = 2[1-RV(Z;Z))] (1)

with
trace(S;S;;)
RV(Z;,Z)) = — ———— (2)
ytrace(Sj) x trace(Sj)

(Escoufier 1973) and Sj;, S;;, S;; are the empirical matri-
ces of variance-covariance calculated from Z; and Z;:
S; = %Z}Zj; S; = lZ}Zj; S; = %Z}Zi (3)
Between-site similarities are represented graphi-
cally by MDS. Let D be the Euclidean matrix of be-
tween-site squared distances. By using the S(S-1)/2
between-site distances, the MDS method allows a con-
figuration of S points in IR¥ (k< S) to be estimated, such
that the usual Euclidean distance between these points
is equal to the between-site distances in the D matrix
(Krzanowski 1982). The proximities between sites
can be displayed on 1 or several bidimensional plots
according to the dimension k, which is necessary to
obtain distances between vectors close to those in D.
The RV-coefficient—-MDS combination can be con-
sidered as a simplified STATIS method (Escoufier
1973, Lavit et al. 1994). In our case, the identification of
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the taxonomic units responsible for between-site dif-
ferences was indirectly examined by computing the
ratio of the between-site variance to the within-site
variance of each X, Taxa with a high ratio value dis-
played different temporal variability patterns from one

lated. Fig. 4 shows the inter-annual variability of taxo-
nomic units (the genera group Navicula sp. + Diploneis
sp. + Amphora sp., the genus Pseudonitzschia sp., the
species Karenia mikimitoi, and the genera regrouping
Gymnodinium sp. + Amphidinium sp. + Cochlodinium

site to another.

RESULTS
Seasonal patterns

Fig. 2a shows representations of individ-
uals (dates) in the first factorial plane of
matrix M PCA, with 40 % of variance ex-
plained. Date coordinates show obvious
intra-annual variability, and variables' rep-
resentation (taxonomic units, figure not
shown) in dual space associate the species
with similar intra-annual variability, al-
lowing identification of a seasonal cycle
of taxonomic units. Axis 1 opposes taxo-
nomic units with summer concentration
maxima against taxonomic units with
winter concentration maxima, and Axis 2
opposes taxonomic units with spring
concentration maxima against taxonomic
units with fall concentration maxima. Fig. 3
provides an example of the temporal vari-
ability of taxonomic units strongly corre-
lated with the first and second axes. The
‘summer’ genus Leptocylindrus sp. (LEPT
code) is opposed to the 'winter’ genera
group Porosira sp. + Thalassiosira sp. +
Coscinosira sp. (PORTHAL code) on Axis 1
(Fig. 3a), and the 'fall’ genera group
Thalassionema sp. + Thalassiothrix sp.
(THAA code) is opposed to the ‘spring’
genera group Dinophysis acuminata + D.
sacculus (DINOAC code) on Axis 2
(Fig. 3b).

Between-year changes

PCA performed on the matrix of sea-
sonally adjusted m ;, exhibited a marked
between-year structure, visible in the
representation of individuals on both first
main axes (Fig. 2b). Almost 25% of the
variance is explained by the first 2 princi-
pal components. The dual representation
(Fig. not shown) allowed the most con-
tributing variables in the explanation of
temporal variability structure to be iso-

sp. + Gyrodinium sp. + Katodinium sp. + Warnowia sp.
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Fig. 2. Temporal variability analysis. (a) Seasonal pattern identification: PCA
of the 100 x 44 (dates by taxonomic units) matrix of monthly means of log-
transformed abundances over sites. Plot of the month coordinates in the first
factorial plane (39 % of variance). Winter and summer months are opposed on
Axis 1, and spring and fall months on Axis 2. (b) Between-year variability
analysis: PCA of the 100 x 44 (dates by taxonomic units) matrix of monthly
means over sites, corrected from the monthly component. Plot of the month
coordinates in the first factorial plane (25 % of variance). Axis 1 shows a break
between 1994 and 1995
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+ Nematodinium sp.) strongly correlated with both first
principal components.

Between-site differences

Between-site squared distance values were from 0 to
2 per construction, with most of the estimated dis-
tances ranging from 1 to 1.5. The distribution of dis-
tances (few short distances) and analysis of the stabil-
ity of results (calculation of distances between tables
built by inverting rows of the 17 initial tables) showed
that the observed between-site structure was not due
to a random effect. The first 3 eigenvalues of the matrix

used for multidimensional scaling allowed 30 % of the
original distances to be reconstructed.

Multidimensional scaling results (Fig. 5) point to a
geographical effect, i.e. (1) Saint Cast, Paimpol and
Morlaix sites in the Western English Channel are
grouped with positive coordinates on Axis 1 and
negative coordinates on Axis 2; (2) Bay of Biscay
sites (Douarnenez, Quiberon, Vilaine, Le Croisic,
Noirmoutier, Marennes and Ile d'Aix) have similar
positions on Axis 1 (negative coordinates) and Axis 3
(positive coordinates); and (3) Mediterranean sites
(Bar-cares, Leucate, Marseillan, Thau, Fos and
Toulon) are grouped on Axes 1 and 3 (negative coor-
dinates).

Leptocylindrus sp. a
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Fig. 3. Description of intra-annual variability. (a) Within- and between-year concentrations means (log cell I"!) overall sites for the
period 1992 to 2000 of LEPT and PORTHAL. The genus Leptocylindrus sp. (LEPT code) shows maximal concentrations during
summer months (June to August), when the concentrations of the genera Porosira sp. + Thalassiosira sp. + Coscinosira sp. (POR-
THAL code) are minimal; these genera reach maximum concentrations during February to March. (b) Within- and between-year
concentrations means (log cell I"!) overall sites for the period 1992-2000 of THAA and DINOAC. The genera regrouping Thalas-
sionema sp. + Thalassiothrix sp. (THAA code) present maximal concentrations during September to October, and D. acuminata
+ D. sacculus complex (DINOAC code) during May to June
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The taxonomic units with the 10 highest ratios of be-
tween-site variance to within-site variance, with their
ecological characteristics and their geographical distri-
bution, are indicated in Table 3. Geographical distribu-
tion of these taxa was identified by examining their tem-
poral variability at each sampling site (Figs. not shown).
Among the 10 taxonomic units, most (7) are diatoms,
characterizing, in particular, the western English Chan-
nel (Asterionnella glacialis and Rhizosolenia delicatula)
and the Mediterranean lagoons (Grammatophora sp.,
Licmophora sp., and Navicula sp. + Diploneis sp. + Am-
phora sp.). The dinoflagellates class is represented by a
genera regrouping abundant in the Bay of Biscay
(Gymnodinium sp. + Amphidinium sp. + Cochlodinium
sp. + Gyrodinium sp. + Katodinium sp. + Warnowia sp. +

Navicula sp. + Amphora sp. + Diploneis sp.

Nematodinium sp.) and by a species regrouping of the
genus Prorocentrum characteristic of open sea Medi-
terranean sites. Note the presence of the Eugleno-
phyceae class, mainly composed of freshwater species,
and frequent in the Bay of Biscay. From the ecological
point of view, 2 groups can be distinguished: pelagic and
benthic or tychopelagic (fixed on a substrate) species.

DISCUSSION
Seasonal patterns

The examination of seasonality (Figs. 2a & 3) shows
that the temporal variability of phytoplankton popula-

Pseudonitzschia sp.
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Fig. 4. Description of inter-annual variability. (a) Within- and between-year concentrations means (log cell I"!) overall sites for the

period 1992 to 2000 of NAVIC and PSNZ. The high concentrations of the genera regrouping Navicula sp. + Diploneis sp. +

Amphora (code NAVIC) observed between January and April decrease from 1995, whereas for Pseudo-nitzschia sp. genus (code

PSNZ) an increase is observed for high spring-summer concentrations from 1995. (b) Within- and between-year concentrations

means (log cell I"!) overall sites for the period 1992 to 2000 of GYMNNAG and GYMNO. An increase is observed in high summer
concentrations from 1995, with an exceptional increase in 1995 spring-summer concentrations
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Fig. 5. Multidimensional scaling of between-site squared distance
matrix. Different text symbols are used to distinguish the 3 French
coastal areas. The size of the characters is proportional to the coordinate
on Axis 1. Note the eccentric positions of the Arcachon and Brest sites

tions in French metropolitan coastal waters is subject
to a marked seasonal cycle, with the exception of some
species or genera, such as the Navicula sp. + Amphora
sp. + Diploneis sp. group (cf. Fig. 4a) which are present
all year-round. This has been confirmed by other stud-
ies focussing on changes of phytoplankton populations

in temperate coastal areas (e.g. Longhurst
1995, 1997). Fig. 6, which shows the seasonal
distribution of the 44 taxonomic units
selected, confirms the opposition of winter-
summer species (Axis 1) and spring-fall spe-
cies (Axis 2), as displayed in Fig. 2a, and
allows the succession of communities to be
described. The seasonal progression from
diatom- (Fig. 6b) to dinoflagellate-dominated
communities (Fig. 6a) illustrates the basic
characteristics of phytoplankton succession in
temperate coastal waters (Smayda 1980).
These typical, well-known successions are
usually associated with nutrient enrichment in
a well-mixed water column triggering the
spring, fall and winter blooms and with the
input of nutrients into a stratified water col-
umn for the supply of summer blooms (Halle-
graeff & Reid 1986). The summer dinoflagel-
late community (codes ALEX to PRORLIME,
Fig. 6a) follows the spring diatom bloom
(codes THAA to BACT, Fig. 6b). Most dinofla-
gellate species are characterized by abun-
dance maxima between May and August, whereas
diatom species are present in high numbers year-
round, in particular with a distinct group of winter-fall
species (code THAA to DETLAUD, Fig. 6b). These sea-
sonal patterns have also been described in other stud-
ies. For example, diatom species in temperate coastal

Table 3. Inter-intra-sampling site variances: 10 first contributory taxonomic units. Geographical distribution and ecological char-

acteristics show that the western English Channel is characterized by 2 pelagic diatoms, and the Bay of Biscay by dinoflagellates

and Euglenophyceaea. Mediterranean sites are divided into lagoons (characterized by benthic diatoms) and open sea sites
(characterized by warm water taxonomic units)

Code Taxonomic units Geographical distribution Ecological characteristics*
ASTEGLA Asterionella glacialis (pennate diatom)  Western English Channel Abundant in cold marine and coastal
waters to temperate—pelagic

GYMNO Gymnodinium sp. + Amphidinium sp.+ Bay of Biscay Abundant in coastal waters—pelagic
Cochlodinium sp.+ Gyrodinium sp. + (exception for some Katodinium species)
Katodinium sp. + Warnowia sp. +
Nematodinium sp. (dinoflagellate)

GRAM Grammatophora sp. Mediterranean lagoons Abundant in warm marine waters to
(pennate diatom) temperate—benthic to tychopelagic

CLEUGLE Euglenophyceae Bay of Biscay Mainly freshwater species

LICM Licmophora sp. (pennate diatom) Mediterranean lagoons Abundant in marine waters, cosmopolite

—benthic to tychopelagic

RHIZDEL  Rhizosolenia delicatula Western English Channel Abundant in marine waters—pelagic
(centric diatom)

NAVIC Navicula sp. + Diploneis sp. + Mediterranean lagoons Abundant in coastal waters—benthic
Amphora sp. (pennate diatom) to tychopelagic

NITZCYL  Nitzschia longissima + Bay of Biscay Abundant in marine waters—benthic
Cylindrotheca closterium to tychopelagic
(pennate diatom)

PRORHIZ  Proboscia alata + Rhizosolenia sp. Open Mediterranean Sea Abundant in marine waters—pelagic
(centric diatom)

PRORMIN  Prorocentrum minimum + P. balticum + Open Mediterranean Sea Abundant in estuarine and coastal
P. cordatum (dinoflagellate) waters—pelagic

*From Hendey (1964), Ricard (1987) and Thomas (1996)
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waters, such as Skeletonema costatum (SKELCOS) or counting for the structure of inter-annual variability
Thalassiosira nordenskioldii (species included in the (Fig. 4b). The bloom was not limited to its usual area
Porosira sp. + Thalassiosira sp. group, PORTHAL code) of occurrence (western Brittany), but extended along
have been identified as dominant winter-spring out- the entire French Atlantic coast, causing exceptional
bursting species (Levasseur et al. 1984, Marshall & losses of marine fauna (Gentien et al. 1998). The same

Lacouture 1986). Along French coasts,
Rhizosolenia sp. (grouped with Proboscia
sp., PRORHIZ code) has been described
as a genus blooming in late winter and
early spring, and Dinophysis sp. as a
summer genus (late spring-early summer
for DINOAC and DINOROT, and late
summer for DINODI in our results)
(Videau et al. 1998, Beliaeff et al. 2001).

Between-year changes

Analysis of inter-annual variability
revealed a significant break between
1994 and 1995 (Fig. 2b), which was con-
firmed by the temporal variability of the
taxonomic units involved (Fig. 4). Inter-
pretation is difficult, as only 25% of the
variance could be explained by the first
factorial plane. Moreover, every species
or genus concerned would require de-
tailed specific interpretation in any given
area, which was not performed in this
study. However, identification of phyto-
plankton populations subject to unusual
between-year temporal variability (e.g.
exceptional development of a population
in a given year) would be of particular
interest with respect to harmful taxa and
could be helpful in characterizing the
environmental factors favorable to their
development. For example, exceptional
physical conditions were observed in the
Bay of Biscay during 1994-1995. The
plumes of 2 large river estuaries (Loire
and Gironde) on the French Atlantic
coast, which have an important physical
influence on phytoplankton growth,
overlapped during these years (Labry et
al. 2001). These extraordinary condi-
tions, caused by abnormal wind regime,
and increase of the Gironde runoff, may
have been the reason for the break, by
affecting phytoplankton growth through
the haline stratification (Levasseur et al.
1984). PCA results show that the exten-
sive development of Karenia mikimotoi
(GYMNNAG code) in 1995 at Bay of
Biscay sites was a significant factor ac-
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Fig. 6. Seasonal distribution of (a) dinoflagellate taxonomic units and the Eugleno-

phyceae group (CLEUGLE) and (b) diatom taxonomic units recorded along French

coasts for the period 1992 to 2000. Symbol size is proportional to log-transformed
maximum monthly abundance
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1995 event also involved multi-species blooms of such
genera as Warnowia sp., Nematodinium sp., Amphi-
dinium sp., Cochlodinium sp., Gyrodinium sp., Kato-
dinium sp. and Gymnodinium sp. (Fig. 4b).

Between-site differences

Removal of the seasonal trend facilitated the identifi-
cation of 3 distinct geographical areas (western Eng-
lish Channel, Bay of Biscay, Mediterranean Sea; see
Fig. 5). Changes in the dynamics of the species that
contributed significantly to the geographical structure,
as identified by the ratio of between-site to within-site
variance (Table 3), seem to be associated with different
physical properties of the water column. The state-of-
the-art knowledge about the ecology of these species
corroborated the close association found in our study
between the distribution of the different phytoplank-
ton assemblages and the hydrographic characteristics
of the area (e.g. tidal current and wind regimes).
Indeed, there is a close association between species
composition of phytoplankton communities and the
stratification of the water column, especially on diatoms/
dinoflagellates predominance. Turbulence inhibits
dinoflagellate growth by causing physical damages,
physiological impairment and behavioral modification,
whereas diatoms are considerably less sensitive to
turbulence (Thomas & Gibson 1990, Smayda 1997,
Smayda & Reynolds 2001). The French western Eng-
lish Channel coasts, where low freshwater inputs and
physical forcing by high tidal amplitudes create a verti-
cal mixing throughout the year (Garreau 1993), are
characterized by two diatoms (Asterionnella glacialis
and Rhizosolenia delicatula). The predominance of
diatoms due to the vertical mixing of water column in
this area has been described by other studies (e.g.
Maddock et al. 1981, Videau et al. 1998). In contrast to
the western English Channel coast, the French coasts
of the Bay of Biscay are subjected to significant fresh-
water inputs (mainly from the Loire, Gironde and
Adour rivers) accounting for the co-occurrence of typi-
cal marine species (e.g. Nitzschia longissima) and
freshwater species (Euglenophyceae) (Dauvin 1997). In
this area, tidal currents are lower, and the circulation
is mainly wind-driven. In summer, the spreading of
freshwater over the shelf induced by upwelling
favourable winds from NW, and the occurrence of a
thermocline (Lazure & Jegou 1998), induce a stratifica-
tion of the water column favorable to the development
of dinoflagellates, such as Gymnodinium sp., Gyro-
dinium sp. and Katodinium sp. (Marshall & Cohn
1983). Mediterranean sites are divided into 2 groups:
open sea and lagoon sites. In open sea sites, hydro-
logical characteristics are closely associated with very

small tidal amplitudes, and also marked by waters dis-
charged by the Rhéne river (Beckers et al. 1997). The
summer formation and deepening of a seasonal ther-
mocline and transient wind-induced upwellings (Johns
et al. 1992) allow the development of warm water
dinoflagellates as Prorocentrum minimum (Videau &
Leveau 1990). Mediterranean lagoons are described
as diatoms-dominated ecosystems (Jarry et al. 1990).
Because of their shallow depths, these lagoons are all
year long well-mixed; this water column mixing is
responsible for the presence of benthic diatoms as
Licmophora sp. and Grammatophora sp. (Vaulot &
Frisoni 1986).

CONCLUSION

Data collected in the context of the REPHY monitor-
ing network constitute a significant basis for examin-
ing the large-scale temporal and geographical vari-
ability of phytoplankton communities. Mainly due to
changes among the observers responsible for species
identification, this study required meticulous pretreat-
ment of data, especially with respect to a comprehen-
sive regrouping of genera or species by a group of
experts. Although extremely time-consuming, this
validity checking phase was a crucial preliminary
phase in our study: it gave us confidence in our results
and, in terms of monitoring program management,
provided final guidance for phytoplankton identifica-
tion and corresponding coding in the database. Our
qualified data set allowed to describe the temporal
variability scheme, and particularly to illustrate the
global seasonal trend for the most frequently observed
species along French coasts. Moreover, geographical
areas exhibiting similar phytoplankton population
dynamics were identified. As REPHY sampling sites
are located near the coast, the identification of homo-
geneous geographical areas was not a predictable
result. Indeed, in the context of REPHY sampling, local
characteristics, as anthropogenic impacts, are suppo-
sed to dominate. This illustrates the importance of
hydrodynamic properties to the structure of coastal
phytoplankton communities. Determination of the
large geographical scale structure of microphyto-
plankton populations along French coasts should facil-
itate research concerning the ‘discriminant’ species
characteristics of a geographical area and the effects of
the environmental factors controlling the dynamics of
these populations. As phytoplankton populations dis-
play similar temporal patterns within large geographi-
cal areas, a thorough study of the hydrodynamic char-
acteristics of these areas could identify the physical
parameters influencing the dynamics of these popula-
tions.
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