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Alfacs and Fangar (North East of the Iberian Peninsula) are two embayments of the Ebre Delta complex with
typical Mediterranean characteristics. Both are subject to the same meteorological forcing and receive similar
freshwater inputs from irrigation drainage channels. However the basin volume in Alfacs is about ten times
larger than in Fangar. We studied the temporal patterns of series of chlorophyll a and phytoplankton counts
sampled between 1990 and 2003 from two depths of a fixed station in each bay, and related them to the
variability of environmental variables (water, temperature, salinity and stratification). A principal component

ls(gﬁm?rg:t'alunya’ Alfacs Bay analysis performed on the correlation matrix among the (log-transformed) abundance data of the most
Fangar Bay frequent taxa revealed three main trends of variability. The first principal component (PC1) indicated a
Mediterranean Sea gradient of marine (more important in Alfacs) versus freshwater (particularly in Fangar) influence. PC2
Phytoplankton reflected the seasonal cycle of phytoplankton in Alfacs, characterized by the dominance of a diatom

Community composition
Marine ecology
Physico-biological coupling

assemblage typical of Mediterranean coastal waters in autumn and a group of dinoflagellates, including toxic
taxa, in winter—early spring. PC3 expressed mainly the seasonal changes in Fangar and opposed a mixed
phytoplankton group, including mostly dinoflagellates, with population maxima between May and October,
to dinoflagellates of the winter group. Empirical Mode Decomposition was applied to the environmental
variables and to the principal components in order to analyze the temporal structure of the data. All the series
presented strong seasonal modes; an index based on phase shift between pairs of series revealed correlations
between some of the principal components and environmental variables (temperature and salinity in Alfacs
and temperature, salinity and stratification in Fangar). Water temperature showed a slight increasing trend
along the sampling period. Between 1997 and 2003, some phytoplankton taxa also presented a weak
increasing trend, particularly in the bottom samples of Fangar. This finding does not indicate a direct
relationship between phytoplankton variability and the actual magnitudes of temperature or salinity. Rather,
these environmental variables should be considered here as proxies of the seasonal behavior of a complex of
environmental and biotic factors. Differences among the seasonal patterns of phytoplankton variability in
Alfacs and Fangar could be attributed to the lower residence times of the water in Fangar, which resulted in a
stronger hydrological control of phytoplankton abundance and composition.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction land, which will vary as a function of land and water uses. On a large

scale, estuarine and coastal waters may be particularly susceptible to

Estuarine environments, at the boundary between freshwater and
marine ecosystems, sustain high biological productivity ecosystems
and provide important resources and socio-economical services.
Estuaries and, in general, coastal ecosystems are subjected to
numerous natural and anthropogenic stresses, acting on a variety of
spatio-temporal scales. Local processes include nutrient inputs from
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the effects of climate change, which could act not only through
increasing temperatures, but also through other mechanisms such as
alterations of sea level or precipitation patterns on land. The effects of
environmental changes include shifts in algal community, food web
structure, major nutrient cycles and carbon export (Short and Neckles,
1999; Le Quéré et al., 2007; Ji et al., 2007; Noiri et al., 2005; Sarmiento
et al,, 1998).

To assess the relative impact of local-scale and climatic forcing on a
particular ecosystem, it is necessary to know the main mechanisms
and physical variables that drive its behavior. In open waters of
temperate areas, much of the variability is imposed directly or
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indirectly by the annual cycle of solar radiation (Sverdrup, 1953;
Cloern and Jassby, 2009). One of the main features triggered by the
seasonal fluctuations is the winter or spring phytoplankton bloom
that occurs after winter mixing has replenished nutrients in the
surface layers, when increasing irradiance and stratification allow
positive phytoplankton net growth. In contrast, due to their close
exposure to impacts from land, ocean and atmosphere, estuarine and
nearshore waters present complex seasonal patterns, with large
variability both across and within ecosystems (Cloern and Jassby,
2008). In addition to seasonally occurring, somewhat predictable,
phytoplankton proliferations, unusually high biomass levels of some
phytoplankton populations may also occur as localized phenomena in
space and time, in response to particular environmental and
ecological conditions, such as high nutrient loads coupled with high
water residence times (Paerl, 1988). Some of these algal blooms
(harmful algal blooms or HABs) can have deleterious consequences
for other organisms in the aquatic ecosystem or for human health and
economy (Anderson et al., 1998; Smayda, 1990; Smayda, 1997; Solé et
al., 2006a, b). Coastal waters are particularly exposed to anthropo-
genic influences, such as nutrient inputs from point sources, acting on
local and short-term time scales. Because events of proliferation and
senescence of primary producers have relatively short characteristic
periods, (on the order of a few weeks), the fluctuations induced by
anthropogenic effects tend to occur at finer spatio-temporal scales
than those arising from global climatic shifts.

In order to sort out climate change effects from direct anthropo-
genic impacts on phytoplankton variability, it is necessary to
understand the mechanisms underlying algal population changes.
With this aim, the present work will explore the patterns of
phytoplankton variability and their relationship with physical forcing
in the bays of Els Alfacs and El Fangar (hereafter Alfacs and Fangar),
two semi-enclosed embayments of the Ebre River delta complex (NW
Mediterranean). The aim of this work is to characterize the patterns of
phytoplankton variability and their relationship with physical forcing.

These bays present typical shallow coastal ecosystem (SCEs)
characteristics Cloern (1996): they are influenced both by land inputs
and exchanges with the sea, and are therefore characterized by
marked spatial gradients, and their shallow depth implies that the
interactions between the pelagic and benthic domains are strong. As
in other aquatic habitats, turbulent mixing, which is modulated by the
buoyancy introduced by freshwater inputs, is a key process that
determines the vertical fluxes of heat, salt, nutrients and plankton.
SCEs are also particle rich compared to open ocean, and many of them
are also nutrient rich. Furthermore, Alfacs and Fangar share typical
features of Mediterranean embayments, such as the weak tides and
the lack of a strongly dominant process of physical forcing. As other
estuaries, the bays of Alfacs and Fangar are very heterogeneous and
dynamic systems; their water circulation patterns are complex and
subject to changes at a wide range of temporal scales (including daily,
seasonal and multiannual). Due to this variability, and in spite of
earlier work, our knowledge of physical forcing and its interactions
with the planktonic communities of Alfacs and Fangar is still limited.

Both Alfacs and Fangar host an important bivalve (mainly mussel)
aquaculture industry, which is affected by the sporadic occurrence of
HABs. The main toxic microalgal taxa are Alexandrium minutum,
Alexandrium catenella, Dinophysis sacculus, Dinophysis caudata, Proto-
ceratium reticulatum, Karlodinium veneficum, Karlodinium armiger, and
Pseudo-nitzschia spp. (Delgado et al., 1990; Delgado and J.V.F., 1995;
Fernandez-Tejedor et al., 2008).

A strong coupling between the meteorological forcing and the
hydrological properties of Alfacs, was demonstrated by Solé et al.
(2009), who found that water temperature was correlated with air
temperature, wind speed and air pressure. Delgado (1987) studied
the annual cycle of the phytoplankton community in the Ebre Delta
bays and concluded that the temporal and spatial variations observed
in the phytoplankton were a consequence of the seasonal cycle, the

inputs of freshwater and the effect of non-periodic physical factors
like wind storms. However, no quantitative study has been made yet
to validate the hypothesis of a strong coupling between the physical
forcing and the temporal distribution of phytoplankton in the bays.

We will use time series of biological variables (phytoplankton
assemblages, Chl a) sampled simultaneously to physico-chemical
measurements (temperature, salinity, and stratification) in Alfacs and
Fangar in order to characterize the seasonal patterns of variability of
the phytoplankton communities in both bays and to obtain insight
about their coupling with environmental forcing. To carry out this
goal we will first analyze the data set, calculating some statistical
parameters to determine long-term evolution and trends of the
variables. Secondly, we will use Principal Component Analysis (PCA)
to obtain decorrelated variables that will allow us to summarize the
structure of the community and the temporal succession of phyto-
plankton assemblages. Finally we will use Empirical Mode Decompo-
sition (EMD) to analyze the periodicities of the time series of
biological and environmental variables and to estimate the relation-
ship between these time series. In the following section we will
describe the area of study, the observational data and the method-
ology used. Next, we will show the main results obtained. Finally, we
will discuss the implications of our results for understanding the
influence of climatic forcing on the ecology of the bays.

2. Materials and methods

Fangar is the northern bay of the Ebre Delta (40°40’N, 0°40’E,
Fig. 1). It has a capacity of 16x10° m?, with an extension of
12x10° m? and 2 m mean depth (Camp and Delgado, 1987) and a
1 km wide mouth. Alfacs is located in the southern part of the Delta
complex Delta. It has a surface area of 49x10°m? a volume of
153x10° m® and an average depth of 3.13 m, with a mouth 2 km
wide. The hydrography of Alfacs and Fangar is typical of slightly
stratified estuaries (Hansen and Ratray, 1966). The bays are stratified
throughout the year, except during strong wind events that cause
mixing of the water column (Camp and Delgado, 1987; Camp, 1994;
Delgado, 1987). Alfacs and Fangar are positive estuaries with a
freshwater input greater than evaporation (Delgado, 1987), so that
their mean salinity is always lower than that of the sea. Seawater
enters the bays from the Mediterranean Sea and freshwater comes
mainly from discharge channels collecting irrigation water from the
rice fields and draining into the bays. Until 2001, these channels were
closed in winter, approximately from November to March, and open
during the rest of the year. Starting in 2001, the channels are only
closed from January to March (Serra et al., 2007). Their mean flow is
13m3s~! at Alfacs, and 10 m3s~! at Fangar (Camp and Delgado,
1987). The Chl a concentrations in the bays are high compared with
those typical of coastal waters of the Mediterranean (Loépez and Arté,
1973; Delgado, 1987). During 1982-1986, the annual mean Chl a
concentrations of Alfacs (3.20 ug 1= ') and Fangar (3.44 pug 1~ ') were
one order of magnitude higher than those in the neighboring open sea
(Delgado, 1987). This relatively high phytoplankton biomass is the
main cause of the success of shellfish aquaculture in the bays (Lopez
and Arté, 1973).

The data used for this work were collected by IRTA-Sant Carles de
la Rapita (Institute for Food and Agricultural Research and Technol-
ogy, named “Centre Nacional d'Aqiiicultura” before 1999) from 1990
to 2003 as a component of the monitoring program on water quality
of the shellfish growing areas in Catalonia. Temperature, salinity and
chlorophyll for Alfacs were taken also during 2004, but for the sake of
simplicity, we will use 2003 when referring to the end of all the time
series. The sampling sites were located in the center of the bay (40°N
46.568" 0°E 44.861’) in Alfacs (Solé et al., 2009) and at (40" 36’ 33" N,
0° 39’ 22" E) in Fangar. Water samples were taken weekly from 0.5 m
depth (surface) with a Niskin bottle or with plastic containers and
from 0.5 m above the bottom, at about 5.5 m depth in Alfacs and 3.5 m
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Fig. 1. Map of the study zone. *: weather station; X: sampling site.

in Fangar (bottom), with a bottom sampling bottle. Water salinity and
temperature were measured by means of a portable sonde (WTW
instruments). A stratification index was calculated using the Brunt-
Vdisdla frequency (Eq. (1), where p is density, g is acceleration of
gravity and z is depth) with the measured temperature and pressure
at surface and depth.

_ _ |gdp
N = _’/BE 1

Between 1990 and 1995, Chl a was measured filtering 500 ml of
water on Whatman GF/F filters that were placed on acetone 90% for 6-
10 h. The Chl a concentration of the extract was determined, after
centrifugation, from trichromatic absorbance readings (Jeffrey and
Humphrey, 1975) by means of a Shimadzu UV240 spectrophotometer.
After 2000, Chl a was estimated using a TURNER fluorometer. The
conversion factor for the in vivo measurements is calculated by the
linear regression of the in vivo readings versus measured Chl a
concentrations in acetone extracts for the same sample. For this
purpose one integrated sample at the central station of each bay was
analyzed every week. Water samples for phytoplankton examination
were fixed with formalin solution (1% final concentration) and stored
in hermetically closed bottles (Delgado et al., 2004). Phytoplankton
cells were counted by means of Nikon or Leica DM-IL inverted
microscopes (Utermohl, 1958); settling chambers of 25 ml were used
until 1995; thereafter, 50 ml chambers of better optical quality were
adopted. The entire bottom of the chamber was scanned at 63-100x
magnification to enumerate the larger organisms, and one transect at

200-400x magnification was examined to count the small, more
abundant organisms. When possible, mainly in the case of large
diatoms and dinoflagellates, the cells were classified down to the level
of species or genus. Coccolithophores were not intensively studied,
(they were not specially abundant) and only Syracosphaera pulchra
was routinely identified. Small flagellates were not quantified.

The studied phytoplankton time-series covers the period from 1990
to 2003. However, there are some intervals without measurements.
These gaps are sporadic and affect some of the taxa. Therefore, in order
to obtain a long but consistent data set we had to discard some species.

Climatologies of the environmental (temperature, salinity and
stratification) and biological data sets were calculated by pooling the
data corresponding to each week of the year and calculating the mean
for each week.

The linear temporal trends of the environmental and phytoplank-
ton variables were calculated as the regression lines of their weekly
anomalies (the difference between the value for a particular week and
the corresponding global mean) with respect to time. Only slopes (as
determined by the ¢ test) were considered. Due to the methodological
changes between 1994 and 1995 and the interruption between 1996
and 1997, only the last part of the series (between 1997 and 2003)
was used for the phytoplankton variables (diatoms, dinoflagellates
and principal components). All the variable anomalies presented
unimodal histograms, although only a few of them could be con-
sidered as normally distributed according to the Wilk-Shapiro test. In
this context, we considered as significant those regressions of
anomalies with respect to time in which both Spearman's p was
significant and the 95% confidence interval of the regression slope did
not include 0. Chl a was excluded from the regression analysis because
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Fig. 2. Environmental and biological data from Alfacs. Black dots: data at 0.5 m depth; grey circles: data at 5.5 m depth. From top to bottom: A) temperature (°C), B) salinity,
() stratification (s~ '), D) Chla (ug 1~ 1), E) diatoms (log(cell I~ 1)), F) dinoflagellates (log(cell I~ 1)).

of the large interval of missing data and the short time span of
available measurements with each method (acetone extracts or in
vivo). However, the medians of the 1990-1995 and 2000-2004
subseries were compared by means of the Mann-Whitney U test.

The phytoplankton data were analyzed by means of a Principal
Component Analysis (PCA). The aim of PCA is to reduce the
dimensionality of a data set and provide a new set of uncorrelated
variables, named Principal Components (PC), which are a linear
combination of the source data and are ordered so that the successive
components explain decreasing proportions of the variance present in
the original variables (Legendre and Legendre, 1998).

The weights of the variables or loadings reflect the relative
importance of a variable within a principal component. PCA allows to

summarize in a few principal components a maximized proportion of
the information contained in the original data set. As the analysis is
based on the correlation or covariance matrix among all the original
variables, it is also useful to extract unbiased trends from data with a
large associated error, as happens with phytoplankton counts
(Estrada, 1979; Delgado, 1987).

The PCA was performed on the correlation matrix among the log-
transformed abundances of selected taxa from a pooled data set
including the surface and bottom samples of Alfacs and Fangar. We
considered a total of 36 taxa that were present in more than 10% of the
samples of either Alfacs or Fangar. The exceptions were D. caudata and
Scenedesmus sp. These taxa were found in less than 10% of the samples
of both bays, but were included because of their interest (D. caudata is
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a producer of Diarrhetic Shellfish Poisoning (DSP) and Scenedesmus
sp. is an indicator of freshwater). The number of samples was 1103
(572 from Alfacs and 531 from Fangar). Separate analyses including
the whole series or the segments between 1990 and 1994 and 1997
and 2003 (before and after the changes in counting method) gave
consistent results with respect to the distribution of the taxa in the
component space; for simplicity, only the whole series was consid-
ered in this work.

Grossman et al. (1991) concluded that the eigenvalue methodol-
ogies, such as PCA, can be used to detect patterns if the number of
samples is at least three times the number of descriptors. In our case,
the data set was 1103 samples x 36 descriptors (the taxa), with a ratio
of about 30 to 1, indicating that our PCA should be stable.

In order to give a precise quantification of the timing and period of
the temporal fluctuations of the environmental and biological
variables, we used Empirical Mode Decomposition, a recently
developed method for time series analysis (Huang et al., 1998) that
is particularly well-suited for the study of phytoplankton data sets,
which are typically non-linear and non-stationary.

The first step of the EMD is the decomposition of a time series into
Intrinsic Mode Functions (IMF) that have well behaved Hilbert
transforms and permit the calculation of instantaneous frequencies.
The IMFs satisfy two conditions (Huang et al., 1998): (1) The number
of extrema and the number of zero crossings must be either equal or
differ at most by one and (2) at any point, the mean value of the
envelope defined by the local maxima and the envelope defined by
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the local minima is zero. The sum of all IMFs retrieves the original
data.

The EMD methodology (Huang et al., 1998) was applied to the
time series of temperature, salinity, stratification and to principal
components 1 to 3 from the Alfacs and Fangar PCAs.
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The degree of synchronization between the IMFs was assessed by
means of an index, the quantity 6 defined in Solé et al. (2009):

By ()= COS(AB (1)) = Re(emenm(r>> 2

being A6,,,(t) the phase difference between two IMF c, and c,,. The
variance of & is indicative of the regularity of the phase difference
between the IMF that are being compared. We will call this quantity &
index.

& index = var(d,,| (3)

If the 6 index is 0 both series will have a constant phase shift, while
ifitis high (up to a maximum of 1) they will be strongly decorrelated.
We used var[6,,;] = 0.25 (a slightly lower value than the 0.30 adopted
by Solé et al. (2007)) as an operational threshold to select pairs of IMF
with a sufficiently constant phase shift.

3. Results
3.1. Environmental variables

The time series of temperature showed a strong seasonal cycle, while
the fluctuations of salinity and stratification were more irregular (Figs. 2
and 3). Chl a and phytoplankton counts presented high variability at
various temporal scales; only the dinoflagellates of Fangar seemed to
present a well-marked seasonal signal. As can be seen in the figures,
there were differences between the two bays concerning the fluctua-
tions of salinity, stratification and dinoflagellate abundance. Examina-
tion of graphs (data not shown) of the weekly seasonal variability of the
variables indicated that none of the series seemed to present any
consistent changes in the yearly timing of maxima and minima.

The temperature climatologies (Figs. 4 and 5) of both Alfacs and
Fangar were very similar. The highest temperatures occurred in
August with weekly means of 28 °C (although in some occasions
temperatures could reach 30 °C). The lowest temperatures, with
means of 10 °C and extremes of 6 °C were observed in January. The
deep layer was warmer than the shallow layer during the fall and
winter months and colder during spring and winter. Bottom salinity
ranged between 31 and 36 in the shallow layers of Alfacs, with the
higher salinities during the closed channel period. At Fangar, which is
the smallest bay, the inputs of freshwater had a greater effect and
surface salinity ranged from 22 to 30 between October and December.
The seasonal climatology of stratification (Figs. 4 and 5) reflected the
differences between the salinity of the upper and lower water layers
and showed a marked increase in April-May. The lowest average
stratification was found between January and May in Alfacs and
between February and May in Fangar.

The time series of temperature anomalies (Figs. 6 and 7) presented
a slight positive slope, while those of salinity and stratification did not
show any statistically significant trend except for the bottom salinity
samples of Alfacs (Table 1).

3.2. Dynamics and composition of phytoplankton
3.2.1. Principal Component Analysis

The first three principal components (PCs) of the analysis of the
pooled Alfacs and Fangar data were considered for further

Fig. 4. Weekly climatology of environmental and phytoplankton variables in Alfacs for
the period 1990-2003. A) temperature, B) salinity, C) stratification, D) Chl a, and
E) diatoms and dinoflagellates. Filled circles and solid lines: weekly mean 4+ standard
deviation normalized by vn—1 and three point average, respectively, of data (except
from stratification) from 0.5 m; open circles and broken lines: weekly mean + standard
deviation normalized by vn—1 and three point average, respectively, of data (except
from stratification) from 5.5 m depth. In the bottom graph, black circles and lines are for
diatoms and grey circles and lines for dinoflagellates.
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from stratification) from 5.5 m depth. In the bottom graph, black circles and lines are for
diatoms and grey circles and lines for dinoflagellates.

examination. The amounts of variance explained by these compo-
nents were, respectively 14.95%, 7.84% and 6.85%. These relatively low
values are typical of PCAs of phytoplankton data sets with a high
number of variables (Legendre and Legendre, 1998).

The position of the taxa vectors in component space, based on their
correlations (or loadings) with the first principal components is
shown in Fig. 8. The species that contribute the most to the values (or
scores) or each component are those with the highest loadings. The
first principal component (PC1) presents positive loadings with most
of the species, which is a common finding in phytoplankton PCAs. This
reflects the common response of most taxa to general conditions
favoring phytoplankton growth. The taxa with the highest loadings
included dinoflagellates like (the numbers in parentheses refer to
Fig. 8) Ceratium furca (3), Prorocentrum minimum (13) and Prorocen-
trum micans (12). Among the diatoms, the highest positive loadings
corresponded to Centric diatoms (20), Cerataulina pelagica (21) and
Thalassionema nitzschioides (31). The only negative loadings corre-
spond to Chaetoceros spp. large (22), Thalassiosira spp. (32) and
Scenedesmus spp. (35).

The highest positive loadings on the second principal component
(PC2) were shown by a group of three diatoms: T. nitzschioides (31),
Lioloma pacificum (27) and Cylindrotheca closterium (24), accompa-
nied by the heterotrophic ebridian Hermesinum adriaticum (34). A
group of dinoflagellates with D. sacculus (6), A. minutum (2), and
Karlodinium spp. (10) presented the most negative loadings. The third
principal component opposed a mixed group with high positive
loadings, including Eutreptiella sp. (33) and the dinoflagellates
(Peridinium quinquecorne (15), Akashiwo sanguinea (1) and Protoper-
idinium spp. (16) to dinoflagellates like Karlodinium spp. (10), C. furca
(3), Ceratium fusus (4), P. micans (12) and Karenia spp. (9), and the
benthic diatom Pleurosigma sp. (28).

3.2.2. Seasonal and interannual variability

The seasonality of the phytoplankton counts was very different in
the two bays (Figs. 4 and 5). In Alfacs the diatom peak occurred in the
fall, during the months of September and October, for both the
shallow and the deep layers. The cell abundances at the bottom layer
were 3-5 times smaller than those at surface. On the other hand, the
peak of diatom abundance in Fangar was found during summer, and
the shallow layer concentrations were only slightly higher than those
of the bottom waters. Dinoflagellates were about one order of
magnitude less abundant than diatoms; they reached their maximum
during the first months of each year in Alfacs, but peaked in July in
Fangar (Figs. 4 and 5). Cell numbers were similar in shallow and deep
layers, although on some occasions the deep concentrations in Alfacs
were higher than those at the surface. The Chl a followed the diatom
trend, as reflected in the higher linear correlation coefficient of Chl a
concentration with diatoms (r=0.39, significant, for both Alfacs and
Fangar) than with dinoflagellates (r=0.12 for Alfacs and 0.17 for
Fangar, also significant values). Chl a peaked in October in Alfacs,
while Fangar presented high concentrations from July to November.
The lower Chl a values for both bays occurred during late winter and
early spring.

The median values of Chl a were 3 (Alfacs) and 2.7 (Fangar) pg 1!
for the period 1990-1995 and 3.8 (Alfacs) and 2.7 (Fangar) pg 1™ ! for
2000-2004. The difference was significant for Alfacs (p = 0.0002) and
not significant in Fangar (p = 0.39) according to the Mann-Whitney U
test for a 0.05 significance level. The linear temporal trends of the
anomalies of bottom diatoms and dinoflagellates of Fangar were also
positive for the 1997-2003. However, the magnitude of the changes
was less than 0.05 (log total cells 1~ ! year~!) in all cases. None of the
series of yearly minimum and maximum values presented statistically
significant trends (data not shown).

The time series of the scores of the three first Principal Components
can be found in Figs. 9-10. In both bays, the amplitude of the fluctua-
tions of some principal components tended to be somewhat higher from
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1995 onwards. As will be discussed later, this finding may be an artifact
due to changes in the counting method. All components presented
somewhat marked seasonal variations, but the patterns were different
in Alfacs and Fangar. The most regular fluctuations were shown by PC2
in Alfacs and by PC3 in Fangar, especially after 1995. According to the
climatologies (Fig. 11), PC1 maxima tended to occur in November in
Alfacs and between May and September in Fangar. PC2 presented a
maximum in September and a minimum in March-May in Alfacs. In

Fangar, PC2 was weakly positive during most of the year and had a
minimum in June-July. PC3 tended to be highest between May and
October in both bays, but the shape of the distribution was different in
Alfacs and Fangar. With the exception of PC2 in Fangar, all PCs were
significantly correlated with Chl a concentration (data not shown). The
highest linear correlation coefficients with Chl a were shown by PC1 in
Alfacs (r=0.46), followed by PC2 in Alfacs, and PC1 and PC3 in Fangar
(r=0.26 for all of them).
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In both bays, the interannual variability of the phytoplankton

variables was relatively small with respect to the seasonal
fluctuations, as can be seen by comparing the ranges of the annual

means of the variables (shown in Fig. 12 for the period 1997-
2003) with the range of the seasonal maxima and minima (Figs. 4,

5and 11).

3.3. Empirical Mode Decomposition

The application of Empirical Mode Decomposition to the time

series of temperature, salinity, stratification, and the three first
principal components gave from 7 to 9 IMFs with frequencies ranging

from 0.02 week ™ ! t0 0.001 week ™ 'for each series. For simplicity, only
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Table 1

Slope (time units are year~') and 95% confidence interval of regression lines of
anomalies from series shown in Figs. 2 and 3. Only significant trends (95% confidence
interval not including zero) and correlation coefficients are shown. NS: not significant.
R: Pearson's linear correlation coefficient; p: Spearman's rho.

Variable Alfacs
0.5m 55m
Slope R? p Slope R? p

Temperature ('C) 0.052+ 0.018 0.15 0.029 + 0.007 0.09
0.03 0.027

Salinity NS 0.025 + 0.023 0.14

0.013
Stratification (s~ ) NS NS
Diatoms 1997-end NS NS
(log(total cells I 1))
Dinoflagellates 1997 (log NS NS
(total cells 1= '))-end

PC1 0.051+ 0.016 0.14 0.068 + 0.034 0.19
0.04 0.04

PC2 NS NS

PC3 0.050+ 0.020 0.14 0.042 + 0.023 0.14
0.04 0.03
Fangar
0.5m 35m
Slope R? p Slope R? p

Temperature (C) 0051+ 0010 0118 0060+ 0016 0.143
0.04 0.04

Salinity NS NS

Stratification (s~ 1) NS NS

Diatoms 1997-end NS 0.0467+ 0.019 0.16

0.0387
0.0426+ 0.018 0.15

(log(total cells 17 1))
Dinoflagellates 1997-end NS

(log(total cells 1™ 1)) 0.037

PC1 NS 0.060 + 0.064 0.27
0.026

PC2 NS 0.039+ 0.020 0.14
0.031

PC3 0.078+ 0.036 0.19 0.089 + 0.040 0.20
0.047 0.050

the surface results are presented, as those for the bottom series were
similar. As an example, the IMFs corresponding to PC2 are shown in
Fig. 13. All variables presented at least an IMF with annual (seasonal)
periodicity, accompanied by IMFs with higher and lower frequencies,
down to the last low-frequency IMF identified as the trend. The
amplitude differences between the high frequency IMF (noise), the
annual IMF and most of the other IMF were relatively small, specially
for the PC IMF, making it difficult to establish the significance of the
IMF based on frequency criteria such as those in Solé et al. (2007) and
Solé et al. (2009). Given that this study focuses on the influence of
environment forcing on the seasonal dynamics of phytoplankton, we
concentrated our subsequent analyses on the annual IMFs.

The results of the application of the 6 index test to the annual IMF
pairs are summarized in Table 2. The pairs of correlated IMFs and the
corresponding 6 index are presented in Fig. 14. In Alfacs, IMF5 of PC1
and IMF4 of PC2 were respectively correlated with IMF5 of both
salinity and temperature. In Fangar, IMF4 of all the PCs were
correlated with IMF4 or IMF5 of temperature, while IMF5 of PC2
was correlated with IMF5 of salinity.

4. Discussion
4.1. Environmental variables
The linear regression of weekly temperature anomalies showed a

marginally significant positive slope for both surface and bottom
samples of both bays. Solé et al. (2009) also reported a small
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increasing trend for monthly temperature anomalies in Alfacs;
however, in their case, the slope was non-significant. Although
these observations must be interpreted with caution, given the low
correlation coefficients and the short time span of the measurements,
they are likely to be associated with the general warming of air
temperatures detected in the region (Martin-Vide, 2005). Salinity
presented a weak significant increasing trend in the bottom layer of
Alfacs. The magnitude of the trend is similar to that detected in coastal
waters of Mallorca (0.017 and 0.031 per year at 10 and 50 m depth
(Vargas-Yafiez et al, 2007)). The mechanisms accounting for the
salinity increase of marine waters are likely to imply circulation
changes rather than direct effects of warming or evaporation (Vargas-
Yafiez et al., 2007). Similarly, the trends in the bays may be related to
changes in the estuarine circulation in response to effects such as the
increased temperature (and decreased density) mainly affecting the
shallow waters. This increasing trend of salinity contrasts with the
results of de Pedro (2007), who found a slight decrease in the salinity
of the deep (below the pycnocline) layers, between 1990 and 1998.
This discrepancy could be due to differences in the time periods
considered and in the data analysis methods, and highlights the need
of a longer series of data in order to make reliable conclusions.

The temperature peaks that occurred in August-September in
both Alfacs and Fangar (Figs. 4 and 5) are in agreement with the
evolution of air temperatures in the region and did not show any
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Fig. 9. Scores of the three first principal components (PCs) for the 0.5 m depth samples of Alfacs. From top to bottom: A) PC1, B) PC2 and C) PC3.

tendency to a change in timing along the studied period. Interest-
ingly, the lowest salinities and highest stratification values occurred
in Fangar between October and December during the closed channel
period, a feature that did not change (data not shown) if the
climatology was performed only for the years before 2001, when the
ecological freshwater flow between October and November had not
been established yet. This observation may be linked to interaction
between estuarine circulation and higher surface water densities
due to low autumn-winter temperature (Camp, 1994). In addition,
freshwater is allowed into Fangar during these months in connection
with hunting and fishing activities. Unfortunately, no good data

appear to be available on the actual freshwater fluxes. The input of
underground freshwater into both bays, with significant implica-
tions for both nutrient fluxes and water column stability (Llebot
et al.,, 2010), is poorly known. The underground flux and the channel
discharge in Alfacs have been estimated, respectively, by means of a
salinity balance (Camp, 1994) and an approximation based on the
irrigated area (Camp, 1994; Farnds et al., 2007). A hydrodynamic 3D
model implemented by Llebot et al. (2010) corroborated that the
calculated magnitudes are realistic. Similar flux estimates are not
available for Fangar, which does not yet have a hydrodynamic
model.
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4.2. Dynamics and composition of phytoplankton

The lack of differences in the median concentrations of Chl a in Fangar
between the 1990-1995 and 2000-2004 subseries suggests that there
were no trends in overall phytoplankton biomass during the studied
period. In Alfacs, the differences between the two periods are signifi-
cantly different, showing an increase of the Chl a concentration during
the second period. However, these data must be interpreted with caution,
due to the change in measurement method that took place in 2000.

The positive trends detected in diatoms, dinoflagellates and
principal components for some of the sample subsets (Table 1)
suggest that there may have been a slight increase in the abundance of
the taxa associated positively with the principal components, but they
were too small to be relevant.

Most phytoplankton taxa encountered in this study could be found
in both Alfacs and Fangar, but some of them (like Karlodinium spp. and
T. nitzschioides) showed striking differences in mean abundance
between the two bays (see Table 3). An interesting feature was the
qualitative and quantitative differences in the seasonality of diatoms
and in particular of dinoflagellates between Alfacs and Fangar. In
Alfacs, diatoms peaked in October-November, while dinoflagellates
were more abundant between December and April (Fig. 4). In
contrast, in Fangar, both diatoms and dinoflagellates were more
abundant during the summer (Fig. 5). However, the overall behavior
of dinoflagellates in Fangar masks the occurrence of two assemblages
that dominate the seasonal cycle and tend to proliferate at different
times of the year (summer or winter), as will be discussed below, in
connection with the PCA results.

The differences in phytoplankton composition between Alfacs and
Fangar are well reflected in the ordination of samples in relationship
with PC1. As can be seen in Fig. 15, the samples from Fangar tend to be
concentrated in the negative side, while those of Alfacs also occupy
the positive side. In phytoplankton analyses in general, most taxa are

correlated with one of the sides (the positive one in our case) of the
first PC, reflecting that many taxa tend to respond in the same way to
favorable sets of environmental conditions (in a spring bloom, for
example). In our case, there is also a sizable group of species
negatively correlated with PC1 indicating that they favored under
different conditions than those of the positive side. The occurrence of
organisms like Scenedesmus, P. quinquecorne and Eutreptiella in the
negative side (Fig. 8) indicates the relationship of the positive-
negative direction of PC1 with a high-low freshwater influence trend.
The concentration of the Fangar samples in the negative side of PC1
expresses this trend. It must be noted that “freshwater influence” as
used here is not the same as salinity; although the climatology of PC1
is comparable to that of salinity in Fangar, it is quite different in Alfacs,
suggesting that the PC1 trend incorporates other ecological effects.
The positive correlation of PC1 with Chl a (with a significant value of
0.46) indicates that the high Chl a situations are not associated with a
strong freshwater influence. This finding may be explained by the low
water residence times associated with situations of large freshwater
input in Fangar, which has a smaller basin volume than Alfacs (see
Section 4.3). The low water residence times do not allow enough time
for the development of large phytoplankton populations.

The obvious change of pattern shown by all series of PC scores
between 1994 and 1995 can be accounted for by the changes in the
counting method introduced in 1995. The higher settled cell numbers
(which affect the statistical variability of the counts) and improved
visibility allowed by the new settling chamber seem to have affected
mainly the counts of naked dinoflagellates (data not shown). It must
be noted that the changes were not easily detected in the series of
untransformed values or anomalies. This observation highlights the
interest of multivariate methods like PCA for the detection of
variability in phytoplankton data.

As can be seen in the series and climatologies of PC2 and PC3 (Figs. 9,
10, 11 and 15), the seasonal fluctuations of PC2 are more regular and
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have larger amplitudes in Alfacs than Fangar, while the opposite
happens with those of PC3. Both PC2 of Alfacs and PC3 of Fangar
(Fig. 11), show a peak in August-September, coinciding with the
seasonal water temperature maximum. These observations suggest that
PC2 and PC3 mainly express the seasonal cycles in Alfacs and Fangar,
respectively, although, of course, each of them also fluctuates in the
other bay. The group of diatoms positively correlated with PC2, C.
closterium, L. pacificum and T. nitzschioides, which form a consistent
cluster of taxa with high positive loadings on PC2, moderately positive
on PC1 and close to 0 on PC3, are typical of autumn phytoplankton
blooms in the Catalan coast (Margalef, 1969); the prevalence of T.
nitzschioides in Alfacs (Table 3) responds to the marine character of this
bay. The late winter—early spring negative values of PC2 in Alfacs are
related to the proliferation of a group of dinoflagellates including D.
sacculus, A. minutum, Karlodinium spp. and Scrippsiella sp. Two of these

taxa, A. minutum and Karlodinium sp., in addition to others such as C.
furca and C. fusus, generally also with winter maxima, are typical of the
winter assemblage of Fangar, as shown by their negative correlation
with PC3. In contrast with PC2, the positive side of PC3 includes mainly
dinoflagellates (one of them, the brackish water species P. quinquecorne)
with maxima in late spring and summer; the co-occurrence of other
indicators of freshwater influence (like Eutreptiella sp.) may be related
to the presence of these maxima during a period of relatively high
freshwater inputs. The positive correlation of Chl a with PC2 in Alfacs
and PC3 in Fangar indicates that the higher phytoplankton biomasses
are associated with the assemblages characterizing the positive
extreme of these PCs, the autumn blooming diatoms in Alfacs and the
dinoflagellate-dominated group in Fangar.

It is important to point out that D. sacculus and A. minutum are
respectively DSP and PSP (Paralytic Shellfish Poisoning) producers,
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Fig. 13. Example of IMF decomposition of the scores of PC2 of the 0.5 m depth samples of Alfacs.

while Karlodinium species produce fish-killing toxins. Karlodinium
was formerly identified as Gyrodinium corsicum (Delgado and Alcaraz,
1999). Later studies of Alfacs strains indicated that there were, in fact,
two Karlodinium species, K. veneficum and K. armiger (Garcés et al.,

Table 2
Correlations between pairs of IMF (first IMF: temperature, salinity or stratification;
second IMF: PC).

Temperature var[8,,] Salinity var[6pm,] Stratification  var[6pm]
Alfacs
PC1 IMF 5-IMF 5 0.23
PC2 IMF4-IMF5  0.18
PC3
Fangar

PC1 IMF4-IMF4  0.08
PC2 IMF4-IMF5  0.23
PC3 IMF4-IMF4  0.15

IMF5-IMF4  0.30
IMF5-IMF5  0.24
IMF5-IMF4  0.26

2006), both of them toxic. It is also interesting to note that D. caudata,
another DSP producer, appears on the positive side of PC2, indicating
that it tends to proliferate in autumn rather than in late winter to
spring like D. sacculus. Another potentially toxic (ASP, Amnesic
Shellfish Poisoning, producer) taxon, Pseudo-nitzschia spp., does not
show any significant association with PC2 and is only weakly
correlated with PC3. This finding may be explained because Pseudo-
nitzschia spp. represents a mixture of species blooming at different
times of the year (Quijano-Sheggia et al., 2008).

The interest of multivariate methods such as PCA is not only
theoretical. The seasonal patterns shown by the PCs are more regular
than those of the individual taxa (data not shown) and of the
taxonomically-based functional groups (diatoms or dinoflagellates) to
which they belong (compare the diatoms in Fig. 2 with PC2 in Fig. 9,
and the dinoflagellates in Fig. 3 with PC3 in Fig. 10). The use of PCs or
similar multivariate methods enhances our predictive power with
respect to the potential appearance of noxious taxa and can help to
improve the management of aquaculture resources.
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Fig. 14. Pairs of significantly correlated annual IMFs of environmental variables and PC scores (see Table 2). Solid line: environmental IMF; broken line: PC scores IMF.

4.3. Coupling between environmental and biological variables

The EMD analysis allowed us to establish the frequency and
amplitude of the seasonal fluctuations with quantitative criteria. The
method also allowed us to analyze the timing and variability of the
biological variables in relationship with the physical forcing. This
point has a particular importance in order to propose typical coupled
physical-biological scenarios for the behavior of the two bays. The
definition of these scenarios should be a starting point to implement
numerical models of the bay ecosystems.

One of the main objectives of this paper was to find relationships
between the main climatic and physical forcings and the ecology of
Alfacs and Fangar. In both bays, we found significant couplings between
trends of phytoplankton variability expressed by the first PCs,
temperature and salinity (Table 2). However, as can be seen in Fig. 14,

the phase relationships which were very regular for periods like 1991 to
1995 or 1997 to 2001, often broke down near the extremes of the series.
This observation was probably an artifact of the method, as shown by
repeated EMD analyses with slightly different parameters. Another
common drawback with EMD decomposition is that it can produce IMFs
with mixed frequencies. This was the cause of the decreased amplitude
of Alfacs surface temperature between 2001 and 2003 (Fig. 14). This
type of problem can be monitored by means of the Hilbert spectrum
(data not shown) of the variable (Huang et al., 1998), but limits the
interpretation of the IMFs. EMD has the important advantage over more
traditional techniques that it can be applied to nonlinear and non-
stationary data, but has rarely been used with ecological data. Further
applications of the method should help to explore its potential.

The interpretation of the coupling between the environmental and
biological variables must take into account that, rather than to direct
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Table 3
Statistics for the chosen species. Period 1990-2003, samples taken every one-two weeks. (units: cells/l). A: Alfacs; F: Fangar.
Specie Num. Observations % Mean St. Deviation Maximum
Observations
A F A F A F A F A F

Akashiwo sanguinea 1 75 206 6.6 19.7 695 1238 2560 2664 20,800 20,800
Alexandrium minutum 2 182 10 16.0 1.0 905 285 1260 203 8645 600
Ceratium furca 3 651 80 57.4 7.6 656 9.2 1362 180 25,308 1332
Ceratium fusus 4 198 42 17.5 4.0 143 58 469 138 5460 1332
Dinophysis caudata 5 86 34 7.6 33 92 50 200 69 1300 333
Dinophysis sacculus 6 256 174 224 16.6 198 350 522 913 6200 9324
Gyrodinium spp. 7 201 70 17.7 6.7 1722 2988 2850 6766 2760 35,200
Heterocapsa niei 8 498 123 439 11.8 10,702 1554 58,423 2703 917,280 22,100
Karenia sp. 9 129 18 114 1.7 10,809 4877 41,609 13,425 374,500 55,944
Karlodinium spp. 10 312 9 27.5 0.9 140,088 499 885,032 155 14,842,200 910
Oxytoxum longiceps 11 130 35 115 33 830 818 1329 1471 8800 8000
Prorocentrum micans 12 756 174 66.7 16.6 2509 861 3735 1693 32,760 15,470
Prorocentrum minimum 13 497 80 43.8 7.6 10,083 6520 48,259 24,857 641,433 204,000
Prorocentrum triestinum 14 380 377 335 36.0 5419 51,745 16,770 264,524 164,470 3,780,000
Protoperidinium quinquecorne 15 27 177 24 16.9 566 1638 473 4141 2000 42,800
Protoperidinium spp. 16 415 308 36.6 29.4 914 1495 2590 2828 49,140 35,200
Scrippsiella spp. 17 650 568 57.3 543 2338 18,805 3176 52,894 32,760 592,000
Small dinoflagellates 18 1051 729 92.7 69.7 21,747 7774 81,578 17,256 141,440 190,000
Benthic diatoms 19 646 727 57.0 69.5 4674 12,532 17,550 25,482 367,900 317,600
Centric diatoms 20 586 259 51.7 24.8 68,189 115,801 220,878 1,276,527 3,847,480 20,408,000
Cerataulina pelagica 21 338 104 29.8 9.9 19,791 31,429 81,568 131,366 1,315,760 989,989
Chaetoceros spp. large (30 um) 22 265 320 234 30.6 9980 26,862 19,739 83,678 163,800 1,068,920
Chaetoceros spp. small 23 684 534 60.3 51.1 133,273 193,564 311,185 460,469 5,760,700 6,106,500
Cylindrotheca closterium 24 663 475 58.5 454 90,227 12,891 258,424 52,583 3,449,990 764,400
Guinardia striata 25 129 71 114 6.8 4531 1518 10,729 1649 94,500 11,322
Leptocylindrus danicus +minimus 26 372 465 32.8 44.5 16,055 40,966 34,732 111,655 311,000 1,440,920
Lioloma pacificum 27 345 85 304 8.1 13,867 14,393 43,154 50,313 509,600 302,400
Pleurosigma spp. 28 385 76 34.0 7.3 2209 564 4710 952 70,720 7200
Proboscia alata 29 232 187 20.5 17.9 16,760 9139 64,101 25,093 601,100 248,885
Pseudo-nitzschia spp. 30 680 588 60.0 56.2 64,744 73,587 183,018 236,106 2,354,350 2,680,860
Thalassionema nitzschioides 31 525 234 46.3 224 151,379 8338 440,389 12,916 5,401,760 89,200
Thalassiosira spp. 32 112 214 9.9 20.5 19,376 48,337 101,846 228,505 907,088 3,175,200
Eutreptiella spp. 33 154 395 13.6 37.8 2452 5371 7498 13,769 81,600 141,050
Hermesinum adriaticum 34 249 18 22.0 1.7 6744 2159 19,430 4415 234,400 18,200
Scenedesmus spp. 35 86 81 7.6 7.7 1408 835 2253 686 19,565 3600
Syracosphaera pulchra 36 470 137 414 13.1 4746 1153 11,577 1191 167,960 6825

effects of temperature of salinity, the association of these variables
with phytoplankton is likely to be mediated by other environmental
and biotic factors (like nutrient availability due to freshwater input or
predator abundance) that have themselves a seasonal behavior and
that are therefore also associated with the seasonal changes of
temperature or salinity. The seasonal cycle of phytoplankton biomass
in the open waters in the vicinity of the Ebre Delta is characterized, as
in other Mediterranean areas, by a Chl a increase starting in late
autumn, with the weakening and break-up of the thermocline, that
culminates in a winter phytoplankton bloom in January-February
(Morales-Blake, 2006; D'Ortenzio and d'Alcala, 2009) fuelled by
nutrients mixed into the euphotic zone. After this peak, the Chl a
decreases along with the progressive stratification of the water
column, to a minimum around August-September. In some areas,
close to the coast, the autumn increase constitutes a secondary peak
(Margalef, 1969). The differences between Alfacs and Fangar are
striking. As can be seen in Figs. 4 and 5, the seasonal cycles in Alfacs
and Fangar differ among themselves and from the typical marine
pattern in the region. The Chl a peak in Alfacs takes place in October-
November, about two months later than in Fangar. In addition, the
two bays show different patterns of qualitative and quantitative
variabilities of their phytoplankton assemblages. However, it is
interesting to note that, although represented by different species,
the two PCs that best reflect this seasonal variability, PC2 for Alfacs
and PC3 for Fangar, peak in August-September, at the time of the
temperature maximum. As discussed by Cloern and Jassby (2008),
phytoplankton seasonality at the land-sea interface is driven by more
than a few climatic factors. In the Ebre Delta bays, tidal currents are

relatively weak, but freshwater discharges, both from human-
controlled channels and from underground sources, affect not only
the stability of the water column, but also represent an important
source of nutrients, both inorganic and organic (Llebot et al., 2010).
The effects of environmental forcing (including temperature,
mixed layer depth and freshwater fluxes) on the dynamics of two
phytoplankton functional groups with basic properties of diatoms and
dinoflagellates have been explored for Alfacs by means of a zero-
dimensional ecological model (Llebot et al., 2010). The simulations
showed that the magnitude of the exchanges with the sea and the
nutrients, including dissolved organic phosphorus (Loureiro et al.,
2009), provided by freshwater, are essential to explain the primary
production observed in Alfacs, and could influence basic features of
the abundance and seasonal variability of the two groups. Based on
their model, Llebot et al. (2010) suggested that nitrogen was the most
limiting nutrient during late spring and summer, while phosphorus
was most limiting in the fall and early spring. During winter, sediment
resuspension could lead to phosphorus release and to short periods of
reduction of P limitation. Together with other forcings, these changes
in nutrient availability could affect the composition and seasonal cycle
of phytoplankton. For example, it appears that dinoflagellates have a
relatively higher P demand than diatoms (Estrada et al., 2003).
Therefore, winter sediment resuspension events could favor prolif-
erations of dinoflagellates such as A. minutum, a producer of paralytic
shellfish toxins that tends to bloom in late winter to early spring, or of
Karlodinium spp., which blooms at the beginning of winter and can
cause water discoloration and death of bivalves and fish. It must be
noted, however, that many HAB producers, including dinoflagellates,
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Fig. 15. Distribution of the scores of the surface (x) and bottom (o) samples of Alfacs (left) and Fangar (right) in the space of PC1 and PC2 (top) and PC3 and PC2 (bottom).

are capable of mixotrophy, so that the relationships between
nutrients and HABs are likely to be complex. In any case, nutrients
alone are unlikely to explain the marked fluctuations of dinoflagellate
numbers at Fangar, which show autumn and winter minima, at times
when the proportion of freshwater, as reflected by the low salinities,
should ensure a relatively good nutrient availability. Comparison of
Fig. 5 (salinity (B), and dinoflagellates (E)) suggests that the decrease
in dinoflagellates during the final months of the year might be related
to the salinity differences between surface and bottom layers during
these months. A likely possibility is that dinoflagellate growth is
unable to cope with presumably vigorous estuarine circulation
associated with the strong salinity gradient; this could also explain
the concomitant (although less intense) decline of diatoms and Chl a.
Further studies of the hydrodynamics of the bays and their effect on
the phytoplankton should be addressed to clarify these points.

One of the reasons for the different patterns of environmental
variables such as salinity and stratification in Alfacs and Fangar may
be the different sizes of the two basins (16x10°m> Fangar,
153 x 10° m Alfacs). A lower mass of water causes higher fluctuations
of the physical variables such as temperature and salinity (Camp and
Delgado, 1987). Preliminary calculations of the water residence time
in Alfacs obtained with a hydrodynamical model (C.L., unpublished
results) suggest that water residence times in Alfacs would range
between about 10 days in the open channel period and 25 days when
channels are closed. Assuming that the freshwater inputs are of the
same order of magnitude in both bays, the resulting freshwater
residence times for Fangar would be 5 times shorter than in Alfacs.
These differences can account for the marine versus freshwater
influence gradient in the phytoplankton composition detected by PC1.

High advection rates in an estuary can lead to low productivity, even
in conditions of high nutrient concentrations, if the dilution rates are
higher than phytoplankton growth rates (Malone, 1977). The lower
residence times relative to Alfacs can account for the lower Chl a
concentration in Fangar, although it is clear that the residence time in
this bay must be high enough to allow Chl a concentrations one order
of magnitude higher than those of the neighboring sea (Delgado,
1987). The two bays also present marked differences in the seasonal
distribution of freshwater discharges, as indicated by the comparison
of the corresponding salinity and stratification climatologies. In
correspondence with the higher nutrient content of freshwater,
Fangar shows higher nutrient loads (Delgado and Camp, 1987) and
concentrations than Alfacs. However, as noted in Section 4.2, the
lower residence times of water in Fangar allow for only a partial
consumption of these nutrients by phytoplankton, with the result that
the build-up of phytoplankton biomass, as measured by Chl a
concentrations, is comparable to that found in Alfacs. Other habitat
differences between Alfacs and Fangar could include factors such as
circulation patterns and turbulence intensity.

Altogether, the fluctuations of the Alfacs and Fangar phytoplank-
ton can be characterized by a large seasonal component resulting
from an integration of the meteorological cycle and of anthropogenic
influences linked to it (opening and closing of the irrigation drainage
channels). The weakness of the temporal trends, together with the
relatively low range of interannual variability indicates that during
the last few years, there have not been large disturbances affecting the
bay ecosystems. However, long-term monitoring will be needed in
order to ascertain the response of these ecosystems to continuing
global change.



86 C. Llebot et al. / Journal of Marine Systems 86 (2011) 69-86

Acknowledgments

We acknowledge the support from Projects ‘Population Dynamics
and Toxicity of Harmful Microalgae in Coastal Embayments’, a
cooperative project of the National Research Council of Canada and
the Spanish Ministerio de Asuntos Exteriores; TURECOTOX
(CTM2006-13884-C02-01), a GEOHAB endorsed project funded by
the Spanish Ministry Education and Science, and the Grup de Recerca
d'Oceanografia Mediterrania (2009/SGR/588), of the Generallitat de
Catalunya; Direccién General de Pesca (Generalitat de Catalunya) and
the IRTA technical staff. We thank Antonio Turiel for valuable advice.
C.L. was supported by a contract (Beca CSIC Predoctoral [3P-BPD2005)
from of the CSIC (Spanish Ministry of Education and Science), and
during the last months by a Beca de Postgrado of la Fundacion Caja
Madrid.

References

Anderson, D., Cembela, A., Hallegraeff, G. (Eds.), 1998. Physiological Ecology of Harmful
Algal Blooms. Springer-Verlag.

Camp, J., 1994. Aproximaciones a la dindmica ecolégica de una bahia estudrica
mediterrdnea. Ph.D. thesis. Universitat de Barcelona

Camp, J., Delgado, M., 1987. Hidrografia de las bahias del delta del Ebro. Inv. Pesq. 51,
351-3609.

Cloern, J.E., 1996. Phytoplankton bloom dynamics in coastal ecosystems: a review with
some general lessons from sustained investigation of San Francisco Bay. California.
Rev. Geophys. 32, 127-168.

Cloern, J.E., Jassby, A.D., 2008. Complex seasonal patterns of primary producers at the
land-sea interface. Ecol. Lett. 11, 1294-1303.

Cloern, J.E., Jassby, A.D., 2009. Patterns and Scales of Phytoplankton Variability in
Estuarine-Coastal Ecosystems. Estuaries Coasts.

Delgado, M., 1987. Fitoplancton de las bahias del delta del Ebro. Inv. Pesq. 51, 517-548.

Delgado, M., Alcaraz, M., 1999. Interactions between red tide microalgae and
herbivorous zooplankton: the noxious effects of Gyrodinium corsicum (Dinophyceae)
on Acartia grani (Copepoda: Calanoida). J. Plankton Res. 21, 2361-2371.

Delgado, M., J.V.F,, 1995. Proliferacién de un dinoflagelado del género Gyrodinium an la
bahia de Alfacs (Delta del Ebro) asociado a mortandad de peces. In: Castelld, F.,
Calderer, A. (Eds.), Actas del V Congreso Nacional de Acuicultura, pp. 700-704.

Delgado, M., Camp, ]., 1987. Abundancia y distribuciéon de nutrientes inorganicos
disueltos en las bahias del delta del Ebro. Inv. Pesq. 51, 441-527.

Delgado, M., Estrada, M., Camp, ., Fernandez, ].V., Santmarti, M., Lleti, C., 1990. Development
of a toxic Alexandrium minutum Halim (Dinophyceae) bloom in the harbour of Sant
Carles de la Rapita (Ebro Delta, Northwestern Mediterranean). Sci. Mar. 54, 1-7.

Delgado, M., Fernandez, M., Diogéne, J., Furones, D., 2004. Seguimiento del fitoplancton
téxico en las bahias del Delta del Ebro en los afios 2001-2003. In: Norte, M.,
Fernandez, J. (Eds.), Actas de la VIII Reunién Ibérica sobre fitoplancton téxico y
biotoxinas November 2003, pp. 159-166.

D'Ortenzio, F., d'Alcala, M.R., 2009. On the trophic regimes of the Mediterranean Sea: a
satellite analysis. Biogeosciences 6, 139-148.

Estrada, M., 1979. Observaciones sobre la heterogeneidad del fitoplancton en una zona
costera del mar Catalan. Inv. Pesq. 43, 637-666.

Estrada, M., Berdalet, E., Vila, M., Marrasé, C., 2003. Effects of pulsed nutrient
enrichment on enclosed phytoplankton ecophysiological and successional
responses. Aquat. Microb. Ecol. 32, 61-71.

Farnés, A., Ribas, X., Reverté, ].T., 2007. El Canal Porta Vida. Exhibition, Museu Comarcal
del Montsia.

Fernandez-Tejedor, M., Delgado, M., Vila, M., Sampedro, N., Camp, ]., Furones, D.,
Diogene, ]., 2008. Resultados del programa de seguimiento de fitoplancton téxico y
biotoxinas en las zonas de produccién de bivalvos de Cataluiia: afios 2003-2006 y
primer trimestre del 2007. In: Gilabert, J. (Ed.), Actas de la IX Reunién Ibérica sobre
fitoplancton téxico y biotoxinas Cartagena 7-10 May 2007, pp. 37-46.

Garcés, E., Ferndndez, M., Penna, A., Lenning, K.V., Gutiérrez, A., Camp, ]., Zapata, M.,
2006. Characterization of NW Mediterranean Karlodinium spp. (Dinophyceae)
strains using morphological, molecular, chemical and physiological methodologies.
J. Phycol. 42, 1096-1112.

Grossman, G.D., Nickerson, D.M., Freeman, M.C., 1991. Principal component analyses of
assemblage structure data: utility of tests based on eigenvalues. Ecology 72, 341-347.

Hansen, D.V., Ratray, MJ., 1966. New dimensions in estuary classification. Limnol.
Oceanogr. 11, 319-326.

Huang, N.E,, Shen, Z., Long, S.R., Wu, M.C, Shih, H.H., Zheng, Q., Yen, N., Tung, C.C, Liu, H.H.,
1998. The empirical mode decomposition and the Hilbert spectrum for nonlinear and
non-stationary time series analysis. Proc. R. Soc. Lond. A 454, 903-995.

Jeffrey, S.W., Humphrey, G.F., 1975. New spectrophotometric equations for determining
chlorophylls a, b, c# and c# in higher plants, algae and natural phytoplankton.
Biochem. Physiol. Pflanz. 167, 191-194.

Ji, R, Davis, CS., Chen, C., Townsend, D.W., Mountain, D.G., Beardsley, R.C., 2007.
Influence of ocean freshening on shelf phytoplankton dynamics. Geophys. Res. Lett.
34, 124607.

Le Quéré, C., Rodenbeck, C., Buitenhuis, E.T., Conway, T.J., Langenfelds, R., Gomez, A.,
Labuschagne, C., Ramonet, M., Nakazawa, T., Metzl, N., Gillett, N., Heimann, M.,
2007. Saturation of the southern ocean CO, sink due to recent climate change.
Science 316, 1735.

Legendre, P., Legendre, L., 1998. Numerical Ecology. Elsevier Science BV, Amsterdam.
second English edition.

Llebot, C., Spitz, Y., Solé, ]., Estrada, M., 2010. The role of inorganic nutrients and
dissolved organic phosphorus in the phytoplankton dynamics of a Mediterranean
Bay, a modeling study. ]. Mar. Syst. 83, 192-209.

Lopez, ]., Arté, P., 1973. Hidrografia y fitoplancton del puerto del Fangar (delta del Ebro).
Inv. Pesq. 37, 17-56.

Loureiro, S., Garcés, E., Fernandez-Tejedor, M., Vaqué, D., Camp, J., 2009. Pseudo-
nitzschia spp. (Bacillariophyceae) and dissolved organic matter (DOM) dynamics in
the Ebro Delta (Alfacs Bay, NW Mediterranean Sea). Estuar. Coast. Shelf. Sci. 83,
539-549.

Malone, T.C,, 1977. Environmental regulation of phytoplankton productivity in the
lower Hudson Estuary. Estuar. Coast. Mar. Sci. 5, 157-171.

Margalef, R., 1969. Composicion especifica del fitoplancton de la costa catalano-
levantina (Mediterraneo Occidental) en 1962-1967. Inv. Pesq. 33, 345-380.

Martin-Vide, ]., 2005. Factors geografics, regionalitzacié climatica i tendéncies de les séries
climatiques a Catalunya. In: Llebot, J.E. (Ed.), Informe sobre el canvi climatic a
Catalunya, Generalitat de Catalunya. Institut d'Estudis Catalans, Barcelona, pp. 81-111.

Morales-Blake, A.R., 2006. Estudio Multitemporal de la clorofila superficial en el mar
Mediterraneo Noroccidental, evaluada a partir de datos SeaWIFS: Septiembre de
1997 a agosto del 2004. Ph.D. thesis. University de Barcelona, Barcelona.

Noiri, Y., Kudo, I, Kiyosawa, H., Nishioka, J., Tsuda, A., 2005. Influence of iron and
temperature on growth, nutrient utilization ratios and phytoplankton species
composition in the western subarctic Pacific Ocean during the SEEDS experiment.
Prog. Oceanogr. 64, 149-166.

Paerl, H.W., 1988. Nuisance phytoplankton blooms in coastal, estuarine, and inland
waters. Limnol. Oceanogr. 33, 823-847.

de Pedro, X., 2007. Anoxic situations in estuarine zones without tidal forcing. An
approach to the oxygen production/consumption budgets. Ph.D. thesis. Ecology
department, University of Barcelona, Barcelona.

Quijano-Sheggia, S., Garcés, E., Flo, E., Fernandez-Tejedor, M., Diogéne, J., Camp, J., 2008.
Bloom dynamics of the genus Pseudo nitzschia (Bacillariophyceae) in two coastal
bays (NW Mediterranean Sea). Sci. Mar. 72, 577-590.

Sarmiento, J.L., Hugues, T.M.C,, Stouffer, RJ., Manabe, S., 1998. Simulated response of the
ocean carbon cycle to anthropogenic climate warming. Nature 393, 245.

Serra, P., Moré, G., Pons, X., 2007. Monitoring winter flooding of rice fields on the coastal
wetland of Ebre Delta with multitemporal remote sensing images. International
Geoscience and Remote Sensing Symposium. IGARSS, Barcelona, pp. 1-4.

Short, F.T., Neckles, H.A., 1999. The effects of global climate change on seagrasses.
Aquat. Bot. 63, 169-196.

Smayda, T., 1990. Novel and Nuisance Phytoplankton Blooms in the Sea: Evidence for a
Global Epidemic. Elsevier, New York.

Smayda, T., 1997. Harmful algal blooms: their ecophysiology and general relevance to
phytoplankton blooms in the sea. Limnol. Oceanogr. 42, 1137-1153.

Solé, ]., Estrada, M., Garcia-Ladona, E., 2006a. Biological controls of harmful algal
blooms: a modelling study. J. Mar. Syst. 61, 165-179.

Solé, J., Garcia-Ladona, E., Estrada, M., 2006b. The role of selective predation in harmful
algal blooms. J. Mar. Syst. 62, 46-64.

Solé, J., Turiel, A., Estrada, M., Llebot, C., Blasco, D., Camp, ]., Delgado, M., Fernandez-
Tejedor, M., Diogéne, J., 2009. Climatic forcing on hydrography of a Mediterranean
bay (Alfacs Bay). Cont. Shelf Res. 29, 1786-1800.

Solé, J., Turiel, A., Llebot, J., 2007. Using Empirical Mode Decomposition to correlate
paleoclimatic time-series. Nat. Hazards Earth Syst. Sci. 62, 46-64.

Sverdrup, H.U., 1953. On conditions for the vernal blooming of phytoplankton. ICES J.
Mar. Sci. 18, 287-295. http://icesjms.oxfordjournals.org/cgi/reprint/18/3/287.pdf.

Utermohl, H., 1958. Zur Vervollkommung der quantitativen Phytoplankton. Methodik.
Mitt. Inter. Ver. Limonol. 9, 1-38.

Vargas-Yafiez, M., Martinez, M.C.G., Ruiz, F.M,, Tel, E., Parrilla, G., Plaza, F., Lavin, A,
2007. Cambio climdtico en el Mediterraneo Espaifiol. Instituto Espafiol de
Oceanografia. Ministerio de Educacion y Ciencia, Madrid.



