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Abstract Eutrophication is a major threat to coastal
ecosystems. Within Europe, the Water Framework
Directive (WFD) has established the need of devel-
oping methods of assessment. Bulk chlorophyll “a”
is used world-wide as an indicator of eutrophication.
However, the size structure of the phytoplankton
communities has not been investigated, in detail, in
relation to eutrophication pressures. This study
investigates the suitability of fractionated chlorophyll
“a” (<10 and >10 pm), as an indicator of eutrophi-
cation. Along the Basque coast (northern Spain)
several water bodies, ranging from offshore waters to
the heads of the estuaries, were surveyed during
2008. Physico-chemical conditions and chlorophyll
“a” showed a distinct spatial gradient. Trophic
richness increased towards the middle and inner parts
of the estuaries, where nutrient inputs, from natural or
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anthropogenic sources, together with the residence
time of the water are usually higher. In summer,
phytoplankton biomass and abundance decreased,
generally, in offshore and coastal waters; in estuaries,
they tended to increase. The chlorophyll distribution
within the two size fractions was coherent with the
phytoplankton taxonomic composition. In summer,
the relative abundance of small-sized cells (diatoms
and non-siliceous taxa) increased. The relationships
between size-fractionated chlorophyll and physico-
chemical variables differed, when comparing the
offshore and coastal waters, with the estuaries. In the
offshore and coastal waters, a strong seasonality was
observed; in estuaries, an important spatial compo-
nent was found. Fractionated chlorophyll provided
complementary useful information on anthropogenic
pressures. However, more research is necessary to
utilise this variable as a tool for ecological status
assessment, within the WFD.
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Introduction
Primary producers play a very important role in

maintaining the healthy structure and functioning of
the marine coastal ecosystems, as they support all
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other trophic levels. Nutrients in adequate propor-
tions and quantities are essential for these organisms.
However, excessive anthropogenic nutrient inputs
can result in an accumulation of extra biomass, which
would have a negative impact on the ecosystems
(European Commission 2005; Painting et al. 2007;
Zaldivar et al. 2008). Many attributes are considered
to be symptoms of negative impacts of nutrient
enrichment. Some of these undesirable impacts
include: the increased growth of different algae; the
loss of submerged vegetation, due to shading; the
development of hypoxic and anoxic conditions, due
to decomposition of extra biomass; and changes in
the community structure of benthic animals, due to
oxygen deficiency or the presence of toxic phyto-
plankton species (Tett 1987; Bricker et al. 2003,
2008; Heisler et al. 2008). In addition, this process
includes also alterations of the natural phytoplankton
community composition; these may, in turn, change
ecosystem food webs and nutrient cycling dynamics
(Devlin et al. 2007a).

The European Directive 91/271/EEC, which con-
cerns urban waste water treatment, defined eutrophi-
cation as ‘the enrichment of water by nutrients,
especially compounds of nitrogen and/or phospho-
rus, causing an accelerated growth of algae and
higher forms of plant life to produce an undesirable
disturbance to the balance of organisms present in
the water and to the quality of the water concerned’
(European Commission 1991). Also, other European
and international conventions, such as the Water
Framework Directive (WFD; European Commission
2000) and the Common Procedure for the Identifi-
cation of the Eutrophication Status of the OSPAR
Maritime Area (OSPAR 2001) address eutrophica-
tion as a requirement, to assess water quality or
a priority issue for water protection. Although the
assessment of eutrophication is not the main objec-
tive of the WFD; this Directive has an implicit
requirement to assess eutrophication caused by
anthropogenic pressure, when classifying the eco-
logical status of surface water bodies (Borja et al.
2006). One of the objectives of the WFD is to
achieve, at least, ‘good ecological quality status’ for
all water bodies, by 2015. The ecological quality
status should be based on biological quality elements
and supported by physico-chemical and hydromor-
phological elements (European Commission 2000).
Water bodies that fail to achieve “good ecological
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quality status”, due to an adverse change in the
phytoplankton quality element and, subsequently,
indirect effects on the physico-chemical elements
(i.e., oxygen and turbidity) and other biota (i.e.,
macroinvertebrates) as a result of anthropogenic
nutrient enrichment can be considered to be ‘eutro-
phic’ (European Commission 2005).

Although the phytoplankton communities present
many complexities, there are attributes that have been
used widely as indicators of ecosystem function. Bulk
measurements of biomass and abundance (CSTT
1994, 1997; European Commission 2000; OSPAR
2003), taxon diversity (Karydis and Tsirtsis 1996),
seasonal succession (Belin et al. 1995; Gailhard
et al. 2002) and indicator species (European Com-
mission 2000; Edwards et al. 2001; OSPAR 2003;
Paerl et al. 2003) are some of the most common
phytoplankton attributes utilised in water quality
assessment (Devlin et al. 2007a). Chlorophyll “a”
concentration, as a proxy for phytoplankton biomass,
is the most usual attribute because it represents a very
simple and integrative measure of the phytoplankton
community response to nutrient enrichment; at the
same time, it is arguably the single most responsive
indicator of N and P enrichment in marine systems
(Harding 1994). Indicators of ecological quality based
upon chlorophyll measurements have the advantage
also of being time- and cost-efficient, which makes
them suitable for application in extensive monitoring
programmes. However, relevant information can be
missed, if only bulk chlorophyll data are used in the
assessment. The size distribution of the phytoplankton
is a fundamental aspect of pelagic ecosystems that
reflects the source and cycling of nutrients; it influ-
ences the pathways through which production is
transferred to consumers. The conceptual models
predict that most of the primary production in the
communities dominated by small-sized phytoplank-
ton is mineralised in situ; these communities present a
high microbial activity and the nutrients are regener-
ated rapidly. In contrast, the communities dominated
by large-sized phytoplankton can export their pro-
duction directly to the mesozooplankton, to the
sediments or to the adjacent waters. These commu-
nities require external nutrient inputs and produce an
excess of biomass, which is not coupled completely
with the grazing of the microheterotrophs (Tremblay
and Legendre 1994; Legendre and Rassoulzadegan
1995, 1996; Tamigneaux et al. 1999). However,
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higher nutrient loading and the consequent increase in
the amount of primary production available do not
imply necessarily a linear and proportionate transfer
in the pelagic food webs. Turner (2001) has reviewed
the possible consequences of increased nutrient load-
ing and changing nutrient ratios, to marine food webs,
concluding that: eutrophication will be accompanied
by greater carbon burial rates and larger hypoxic/
anoxic zones; and fisheries production should not be
anticipated, with eutrophication. Anthropogenic nutri-
ent loads are characterised usually by low Si:N atomic
ratios, which can produce modifications in the phy-
toplankton taxonomic composition and ‘“cascade
effects” within the pelagic food webs. Due to
“bottom-up” processes, as well as complex preda-
tor—prey interactions, the reformed phytoplankton
community is more likely to be composed of flagel-
lated species (including noxious bloom-forming taxa)
and smaller cells (Turner 2001).

Several studies have addressed size-fractionated
chlorophyll biomass along the Basque coast (Orive
et al. 2004; Seoane et al. 2006; Butrdn et al. 2009).
However, this research has focused upon only a few
estuaries (Oka, Butrén and Nervion), out of the 12
estuaries present within this region: so far, no
investigations have been published describing this
attribute of the phytoplankton communities within
offshore and coastal waters over the Basque shelf. In
addition, although different approaches have been
developed for the use of phytoplankton as an
element for ecological quality assessment within
the WFD (e.g., Nielsen et al. 2003; Borja et al.
2004, 2009a; Sagert et al. 2005; Loureiro et al.
2006; Devlin et al. 2007a; Domingues et al. 2008;
Revilla et al. 2009), phytoplankton is one of the
least studied elements, compared to other elements,
such as the benthic macroinvertebrates (Borja et al.
2009b).

Hence, the aims of this contribution are: (i) to
describe seasonal and spatial variability in the
composition and biomass size structure (fractionated
chlorophyll “a”) of the phytoplankton communities
within the offshore, coastal and estuarine waters of
the Basque Country; (ii) to examine the relationships
between phytoplankton and physico-chemical vari-
ables; and (iii) to investigate the suitability of
fractionated chlorophyll “a” (<10 and >10 pm) as
an indicator of eutrophication, together with its
potential use within the WFD.

Materials and methods
The study area

The Basque coast is located in the southeastern Bay
of Biscay (Fig. 1); it extends over 150 km and it is
oriented E-W. The climate is temperate, oceanic,
with moderate winters and warm summers. Accord-
ing to Koppen’s classification, the area is associated
with a Cfb climate (marine west coast-mild). The
rivers are short in length and have high slopes. The
Nervion, Oria and Bidasoa rivers have the highest
flows (26-36 m> s~!, annual mean) throughout the
Basque coast. Under average conditions, river flows
are at their minimum during summer and early
autumn (Valencia et al. 2004). The Oka River has a
low flow (3.6 m> s_l, annual mean). The estuaries in
this study are shallow (<10 m), except for the outer
zone of the Nervion, which is 20-30 m in depth. The
Oka and Oria estuaries present extensive intertidal
flats whereas, in the Nervion and Bidasoa estuaries,
the subtidal area is more important (Borja et al.
2004). Tides are semi-diurnal and tidal amplitudes
vary between 1 m on neap tides, to more than 4.5 m
on springs tides. As such, they can be considered as
generally mesotidal systems, although they present
some features which are characteristic of macrotidal
estuaries (Hayes 1975). The adjacent coastal water
bodies are euhaline and are exposed. A submarine
outfall, which receives the treated sewage from a
population of 300,000 inhabitants, discharges in the
eastern coast (Fig. 1).

The present study draws on data from 2 offshore,
7 coastal and 13 estuarine stations (Fig. 1). The
estuarine and coastal stations have been selected in
order to characterise the systems receiving the major
nutrient inputs, either from natural or anthropogenic
origin, along the Basque coast. The offshore stations
(lying in approx. 110 m water depth) are those least
influenced by terrestrial nutrient inputs, in relation to
their distance from land, 7.6 km (L-RF30) and
13.1 km (L-RF10) (Fig. 1).

Sampling strategy and stations grouping
In order to describe winter, spring, summer and
autumn conditions, throughout 2008, surveys were

undertaken on a quarterly basis (8 Jan—13 Feb; 5-22
May; 27 Aug-15 Sep; 20 Oct—5 Nov). In winter and
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Fig. 1 Map of the Basque
coast, showing the sampling
stations. Key: White
circles—offshore stations
(L-RF30, L-RF10); light-
grey circles—coastal
stations (L-N10, L-N20,
L-OK10, L-010, L-020,
L-UR20, L-BI10); deep-
grey circles—stations in
euhaline-transitional waters
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Basque Coast
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(E-N30, E-N20, E-N17,
E-OK20); and black
circles—stations in
transitional waters (E-N15,
E-N10, E-OK5, E-OK10,
E-O5, E-O10, E-BI5,
E-BI10, E-BI20)
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autumn, phytoplankton variables were not recorded at
some of the estuarine stations (Supplementary Elec-
tronic Material): frequent rain events and high river
flows characterised the winter and autumn seasons;
these were not appropriate to obtain samples repre-
sentative of the estuarine communities. Samples were
collected in the surface waters (0—1 m), at fixed
stations. The estuaries were surveyed, always, during
high tide. In this way: interference of some of the
measurements, by suspended sediments in the water
column, was avoided; and tidal influence was min-
imised throughout the surveys, as the longitudinal
distribution of the water masses can vary consider-
ably within these estuaries, throughout the semidiur-
nal tidal cycle (Valencia et al. 2004).

The stations were grouped into four classes, to
study the patterns of spatial variability (Fig. 1).
Firstly, following Bald et al. (2005) the sampling
stations were assigned to different salinity stretches.
Subsequently, the stations assigned to the oligo-,
meso- or polyhaline stretches of the estuaries were
grouped, as representing transitional waters (TW).
The stations ascribed to the euhaline stretches of the
estuaries were grouped separately, being representa-
tive of euhaline-transitional waters (ETW). Likewise,
the stations located within the coastal waters (CW)
were differentiated from stations located in the
offshore waters (OW). These 4 groups were further
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differentiated into two groups: the offshore and
coastal stations (OW and CW); and by integrating
all of the estuarine stations (ETW and TW). This
approach resulted from 3 ANOVA tests, performed
with the total and fractionated chlorophyll “a” data.

Physico-chemical conditions

Temperature, salinity and dissolved oxygen were
measured in the field using a CTD (Seabird25), in the
offshore and coastal waters and in the Nervion estuary.
Within the remaining shallower estuaries, a Handheld
Multiparameter Instrument (YSIS56) was used. The
Secchi disc depth (of disappearance) was measured as
an indicator of water transparency. Water samples
were collected using a clean bucket. Turbidity was
measured directly in the water samples using a
turbidimeter (2100 Turbidimeter, HACH; Loveland,
Colorado, USA). Suspended solids (SS) were esti-
mated as described in Clesceri et al. (1989), after
filtration of the water through Whatman GF/C filters.
Total Organic Carbon (TOC) was estimated in Non-
Purgable Organic Carbon (NPOC) mode, with a TOC
Analyzer (TOC-V CSH/CSN, Shimadzu Corporation,
Kyoto, Japan) as described in Grasshoff et al. (1983)
and recommended by the supplier. Total N, total P,
ammonium, nitrate, nitrite, silicate and phosphate were
measured using a Continuous-Flow Autoanalyzer
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(Bran 4+ Luebbe Autoanalyzer 3; Norderstedt, Ger-
many), using the colorimetric methods described in
Grasshoff et al. (1983). The concentration of dissolved
inorganic nitrogen (DIN) was calculated as the sum of
the ammonium, nitrate and nitrite concentrations.

Phytoplankton abundance and composition

Water samples were preserved with 1 ml of 25%
glutaraldehyde, in 125 ml borosilicate bottles; these
were maintained cold (4°C) and in the dark until their
analysis, which were undertaken within 3 months
after their collection. Standard methods were used for
the identification and counting (inverted microscopy
and Utermohl). In order to calculate the percentage
contribution of the major taxonomic groups, to total
cell abundance, the groups that contributed less than
10% were excluded (euglenophytes, cyanobacteria
and unidentified autotrophic coccoids). The summed
contribution of the excluded taxa, at any station, was
always <7%. Eight major groups were established:
diatoms; heterokontophytes (chrysophyceans, dicty-
ochophyceans and raphidophyceans); dinoflagellates;
cryptophytes; haptophytes; chlorophytes; small fla-
gellates; and unidentified cells (10 um).

Total and size-fractionated chlorophyll “a”

Total chlorophyll “a” was measured by filtering a
volume of water (0.2-2.5 1), until the filter (Whatman
GF/F) showed colour. The chlorophyll due to the
small-sized phytoplankton (<10 pm fraction) was
estimated by performing a reverse filtration with a
10 pm-mesh (Revilla et al. 2002); subsequently,
filtration (0.2—4.0 1) through a Whatman GF/F filter.
The chlorophyll due to the large-sized phytoplankton
(>10 pum fraction) was estimated by subtracting the
concentration of the <10 um fraction, from the total
concentration. Pigments were extracted in 10 ml of
90% acetone, for 48 h, in dark and cold conditions. The
absorbance of the extract was measured in a UV/VIS
spectrophotometer (UV 2401PC Spectrophotometers,
Shimadzu Corporation, Kyoto, Japan). Concentration
was estimated according to the equations of Jeffrey and
Humphrey (1975).

There is no general agreement concerning the
threshold between small and large phytoplankton,
which ranges usually between 1 and 20 pm (Tremb-
lay and Legendre 1994). Several models of structure

and ecological functioning of pelagic ecosystems use
a threshold of 5 pum, instead of the more common
pico-, nano- and microplankton (<2, 2-20 and
>20 pum); this is because these models take into
account trophic interactions and mesozooplankton
generally do not graze efficiently particles <5 pum
(e. g., Legendre and Rassoulzadegan 1995, 1996).
Within the present study, filters of 5 um were tried
initially, but they were not suitable to perform the
filtration, within a reasonable time, with some of the
TW samples. Other authors have used also similar
diameters as in the present study (i.e. 8 and 10 um),
to perform size-fractionated biomass studies under-
taken in estuaries and river plumes (e.g., Butrén et al.
2009; Maguer et al. 2009).

Statistical analysis

The M-estimator of the location of Huber, together
with the Median Absolute Deviation (MAD), was
calculated for each of the station categories (OW, CW,
ETW and TW), for: physico-chemical variables;
chlorophyll “a” concentration (total and size-fraction-
ated); and the abundance of general phytoplankton
groups (diatoms, dinoflagellates and others). These
estimators are more robust than the more commonly-
used location and scale estimators (e.g., the average
and the standard deviation), which are very sensitive to
anomalous data (Huber 1981; Venables and Ripley
2002; Garcia 2005). The estimators were run in R
software.

Seasonal differences (spring versus summer), in
the total and size-fractionated chlorophyll concentra-
tions were analysed, on the basis of Repeated
Measured ANOVA tests. In those cases where the
difference was significant (a: 0.05), a Multiple
Comparison Procedure (Tukey-test) was run. The
winter and autumn data were not included in these
statistical analyses, together with the analyses of the
relationships between phytoplankton and physico-
chemical variables, because the biological variables
showed generally very low values and the data sets
were incomplete for the estuaries (Supplementary
Electronic Material).

Prior to the study of the relationships between the
variables, an exploratory analysis of each variable
was performed, to check variances and to test
normality. Variables failing this test were log-trans-
formed. Those variables that did not fit a log-normal
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distribution were treated with Box—Cox transforma-
tion, in Statgraphics Plus 5.0 software. Phytoplankton
variables were related to physico-chemical variables
on the basis of the Pearson correlation analysis. This
analysis was used also to select an appropriate
multivariate technique, between linear and unimodal
models. Since the chlorophyll data did not show a
unimodal response to the environmental variables and
the data set did not present many zeros, Redundancy
Analyses (RDA) was performed later.

Redundancy analyses were performed in CANO-
CO 4.5, to identify the environmental predictors that
best explained the variance of chlorophyll “a”.
Following each analysis, a plot representative of the
model was obtained in CanoDraw 4.0 (Ter Braak and
Similauer 2002). The RDA is a constrained linear
ordination method. In constrained ordination, axes
correspond to the directions of the greatest variability
of the data set that can be explained by the
environmental variables. When performing the
RDA, chlorophyll “a” variables were included as
dependent variables, whilst physico-chemical vari-
ables were included as independent variables. Finally,
total phytoplankton abundance and abundance of
diatoms, dinoflagellates and other groups were
included as supplementary variables (these do not
influence the ordination, although they are shown in
the diagrams). The variables were transformed
beforehand, as described above, to stabilise the
variance and to make the distribution closer to
normal. Dependent variables were centred and stand-
ardised, whilst the Monte Carlo permutation test
(with manual forward selection procedure, under
1999 permutations) was used to select significant
(o 0.05) environmental variables.

Results
Physico-chemical conditions

General physico-chemical conditions in the surface
waters are listed for different seasons and water
categories in Table 1. Temperature showed a marked
seasonality, with minima in winter (10-13°C) and
maxima in summer (21-22°C). Salinity decreased
from OW to TW. In autumn, the salinity reduced to
values below 18 psu in ETW and below 2 psu in
TW. Dissolved oxygen concentration ranged usually
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between 5 and 6 ml 1='. The range of variation was
larger within TW, from 4.0 ml 17! in summer to
69 ml1™" in autumn. The minimum in oxygen
saturation was observed in summer within TW
(76%); the maxima were found in spring, within
OW and CW (106-108%). The Secchi disc depth
decreased from OW to TW. The highest turbidity
was observed always in TW. Turbidity was very low
in CW, of similar magnitude as in OW. The
concentration of SS presented low spatial variability
during winter and spring, peaking in the estuaries
during summer and autumn. TOC, total N and total
P increased towards the estuaries. The maxima in
total N were observed in winter, summer and
autumn, within the estuaries. The minima in total
N were found in spring and summer, within OW and
CW (7-11 uM). The maxima in total P were
observed in spring and summer, within ETW and
TW, respectively. The minima in total P were
found in summer and autumn, within OW and CW
(0.4-0.5 uM).

The spatial and temporal variability in the con-
centration of dissolved inorganic nutrients is shown
in Fig. 2. A strong spatial gradient was observed in
DIN and silicate, increasing from OW to TW,
inversely to the salinity. The concentration of phos-
phate was lower in the marine waters, than in the
estuaries. However, phosphate did not present a
strong relationship with salinity and some peaks
could be observed in ETW. The maximum M-esti-
mator values of DIN and silicate were observed
during winter and autumn in TW (70-90 pM)
(Fig. 2a, d). The phosphate maximum was found in
spring in ETW (2.8 uM) (Fig. 2b). In OW and CW,
the measured concentrations ranged from 1-18 uM
DIN, 1-9 uM silicate and 0.1-1.5 puM phosphate
(Supplementary Electronic Material).

Phytoplankton abundance and composition

The spatial and seasonal variability of the three
general phytoplankton groups (diatoms, dinoflagel-
lates and other groups) is shown in Fig. 3. During the
winter and autumn surveys, the community was
dominated by other groups (non-siliceous taxa,
usually of small size), with relatively low abundance
values (Fig. 3a, d). In spring, the abundance of
diatoms increased (Fig. 3b). Diatoms and small non-
siliceous taxa presented low spatial variability and
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Fig. 2 The M-estimator for (a)

the concentration of 100

dissolved inorganic
nitrogen (DIN), phosphate
and silicate in: (a) winter;
(b) spring; (¢) summer; and
(d) autumn. Key:
OW—offshore waters;
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the summed M-estimator values ranged over approx-
imately 0.3-0.6 o 10° cells 17", In summer, a strong
spatial gradient was observed in cell abundance, due
to a substantial increment in diatoms, dinoflagellates
and other groups within the ETW and TW stations
(Fig. 3c). The small non-siliceous taxa presented the
highest cell abundance, followed by the diatoms and,
then, the dinoflagellates. In summer, the total abun-
dance (M-estimator) was >1 e 10° cells 17! for the
estuarine waters, ~0.5 o 10 cells 17! for the coastal

the abundance of diatoms,

Station Group

waters and ~ 0.1010° cells 17! for the offshore
waters.

The spatial and seasonal variation in the phyto-
plankton community composition has been studied in
more detail for the bloom seasons (spring and
summer). At each sampling station, the percentage
contribution of the major phytoplankton groups is
shown in Fig. 4. Composition at the species or
genus level can be consulted in the Supplementary
Electronic Material.
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In OW and CW, spring peaks were caused by
many species of chain-forming diatoms (Chaetoceros
spp., Leptocylindrus danicus and Thalassiosira spp.),
together with solitary diatoms (Chaetoceros sp.) and
small non-siliceous cells (Fig. 4a, c, e, g, i; Supple-
mentary Electronic Material). Dinoflagellates were
only occasionally important; for example, at the
L-BI10 station, the community was dominated by
several species of diatoms, together with the dinofla-
gellate Scrippsiella spp. (>20 pm cell diameter)
(Fig. 4g; Supplementary Electronic Material).

In summer, phytoplankton abundance tended to
decrease within OW and most of the CW stations.
However, some CW stations presented high densi-
ties of small cells (Fig. 3c; Supplementary Elec-
tronic Material). The maximum was recorded
near the submarine outfall station (L-UR20), with
24 ¢ 10%cells I”'. This community was com-
posed mainly of narrow chain-forming diatoms
(Pseudo-nitzschia delicatissima complex), crypto-
phytes of the genus Plagioselmis, chlorophytes of
the genera Tetraselmis and Pyramimonas and
small flagellates (Fig. 4j; Supplementary Electronic
Material). The contribution of the diatoms was very
low at the OW stations (Fig. 4j).

Within the estuaries, during summer, the relative
abundance of the non-siliceous species tended to
increase and the dinoflagellates became more impor-
tant, with the exception of the Oka estuary, where
diatoms dominated during both seasons (Fig. 4). The
blooming species in the estuaries consisted of small
solitary diatoms of the genus Cyclotella and uniden-
tified centric diatoms; larger solitary diatoms of the
genus Chaetoceros and pennales 10-50 pm in
length; the dinoflagellate Kryptoperidinium foliace-
um and other dinoflagellates of the genus Hetero-
capsa and Pfiesteria-like; and cryptophytes of the
genera Hemiselmis, Plagioselmis and Teleaulax
(Supplementary Electronic Material). The maximum
in TW was recorded in the Oka estuary, related to a
bloom of Cyclotella (67 o 10° cells 17"). Within this
estuary, the chain-forming diatom Thalassiosira
guillardii peaked also in spring (9.2 e 10° cells 17")
(Supplementary Electronic Material). The Nervion
estuary presented also high phytoplankton abun-
dance in summer (up to 3.9 e 10° cells 1_1); in this
case, the community was dominated by non-sili-
ceous taxa (Fig. 4b; Supplementary Electronic
Material).

Total and size-fractionated chlorophyll “a”

During winter and autumn, the M-estimator for the
total chlorophyll and for both size-fractions presented
low values and low spatial variability (Fig. 5a, d).
Total chlorophyll varied between 0.5 and 1.8 pg 17!
and the size-fractions ranged over 0.1-1.0 ug 1='. In
spring, a peak of 3.8 ug 1™' was found in TW, due
mainly to the large-size fraction (Fig. 5b). In sum-
mer, the spatial variability was more pronounced.
From the marine waters to the estuaries, a progressive
increase was observed in the total chlorophyll and in
both size-fractions (Fig. 5c). Total chlorophyll varied
between 0.2 and 5.6 pug 17", in summer (Fig 5c).

The contribution of the large-size fraction to the
total chlorophyll was important in OW and CW
stations, during winter and spring (Fig. 5a, b). In
contrast, the small-size fraction contributed relatively
more in these waters during summer and autumn
(Fig. 5c, d). Within ETW, the small-size fraction
contributed always >50% to the total concentration.
In TW, the contribution of both size fractions was
similar in winter and autumn (Fig. 5 a, d); during the
blooming seasons, the contribution of the large-size
fraction was relatively more important (Fig. 5b, c).

Significant statistical differences (p < 0.05) in
chlorophyll concentration, between spring and sum-
mer, are shown in Table 2 for the marine waters
(OW and CW) and the estuaries. Within the marine
waters, total chlorophyll “a” was significantly higher
in spring (1.4 pg 171, than in summer (0.6 pg 17');
the large-size fraction showed also significantly
higher concentration in spring (1.0 pg 17"), than in
summer (0.1 pg 1_1). In the estuaries, the small-size
fraction increased between spring (0.8 pg 17') and
summer (1.6 pg 171).

Relationships between phytoplankton
and physico-chemical variables

In the offshore and coastal waters, the total and the
large-size fraction (>10 pm) chlorophyll showed
significant (a: 0.05), positive, correlations with P
nutrients (Table 3). The large-size fraction was also
correlated negatively with temperature, and corre-
lated positively with dissolved oxygen concentration
and nitrite. The total and the small-size fraction
(<10 pm) chlorophyll were correlated, inversely,
with Secchi disc depth and salinity (Table 3).
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Fig. 4 The abundance of the main phytoplankton groups, as a
percentage of the total phytoplankton abundance. For each
river basin (X-axes), the stations are ordered from the inner part
of the estuaries, to the coastal zone. Key: Nervion river basin in
spring (a) and summer (b); Oka river basin in spring (c¢) and
summer (d); Oria river basin in spring (e) and summer (f);
Bidasoa river basin in spring (g) and summer (h); and the
offshore stations and the submarine outfall station in spring (i)
and summer (j)

Within the estuaries, a higher number of signifi-
cant correlations were observed (Table 4). The total
and the large-size fraction chlorophyll were corre-
lated, positively, with some nutrients (nitrite, ammo-
nium, total P) and with TOC. The small-size fraction
was correlated positively with N, P and Si nutrients,
TOC and temperature; it was correlated negatively

with oxygen. The chlorophyll variables were also
correlated negatively with Secchi disc depth; they
were correlated positively with turbidity and sus-
pended solids (Table 4).

The RDA for the offshore and coastal stations
retained only Secchi disc depth and total P (o: 0.05)
(Fig. 6). These variables explained 54.3% of the
variance in all of the chlorophyll data (p = 0.001).
The small-size fraction was related negatively to
Secchi disc depth; other structural parameters of the
community, such as the abundance of the major
phytoplankton groups (diatoms, dinoflagellates and
others), followed the same pattern. The large-size
fraction chlorophyll was related positively to total P.
Total chlorophyll was related also positively to total P
and related negatively to Secchi disc depth; however,

Table 2 Differences in the total and the size-fractionated chlorophyll “a” concentration between spring and summer

Chlorophyll “a” concentration

Offshore and coastal waters

Estuaries

Total Spring > Summer
F =6.608; p = 0.033
Spring ~ Summer
F = 0437, p = 0.527
Spring > Summer
F = 8.006; p = 0.022

Small-size fraction

Large-size fraction

Spring ~ Summer
F = 0.396; p = 0.541
Spring < Summer
F =21.492; p < 0.001
Spring ~ Summer
F =0.002; p = 0.968

Results of an ANOVA test are showed for two water categories: (i) offshore and coastal waters and (ii) estuaries

the concentration of total

Fig. 5 The M-estimator for (a)
6

and size-fractionated
chlorophyll “a” in: (a)
winter; (b) spring; (c)
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Table 3 Significant correlations (o: 0.05) between chlorophyll
“a” and physico-chemical variables in offshore and coastal
waters

Chlorophyll “a” Physico-chemical r p
variables

Total Salinity —0.537  0.022
Secchi disc —0.536  0.022
Phosphate 0.495 0.037
Total P 0.595  0.009

Small size-fraction Salinity —0.653 0.003
Secchi disc —-0.516  0.029

Large-size fraction =~ Temperature —0.538  0.021
DO conc. 0.527 0.025
Nitrite 0.672  0.002
Phosphate 0.506 0.032
Total P 0.751 0.000

Only spring and summer data have been included. The Pearson
coefficient (r) and the probability (p) are showed

DO conc. dissolved oxygen concentration

these relationships were weaker than in the case of the
fractionated chlorophyll. In addition, although the
RDA did not retain temperature (o: 0.05), the stations
sampled in spring were separated clearly from the
stations sampled in summer (Fig. 6).

For the estuaries, more variables were retained by
the RDA (Fig. 7). Phosphate, total P, TOC, sus-
pended solids and salinity explained 74.1% of the
variance in all of the chlorophyll data (p = 0.0005).
However, silicate and N nutrients, together with the
variables related to light availability (turbidity and
Secchi disc), which showed significant Pearson
correlations with the chlorophyll variables (Table 4),
were not retained by the RDA. In the RDA, the total
and the large-size fraction chlorophyll were associ-
ated with suspended solids concentration and, to a
lesser extent, TOC. The small-size fraction chloro-
phyll was related positively to TOC and P nutrients; it
was related inversely to salinity (Fig. 7).

Discussion

Physico-chemical conditions and eutrophication
risk in the Basque coast

The Basque coast has been conditioned strongly,
historically, by different anthropogenic pressures.

@ Springer

Table 4 Significant correlations (a: 0.05) between chlorophyll
“a” and physico-chemical variables in estuaries

Chlorophyll “a” Physico-chemical r 4
variables

Total Secchi disc —0.551 0.004
Turbidity 0466  0.016
SS 0.581 0.002
TOC 0.581 0.002
Ammonium 0.511 0.008
Nitrite 0.552  0.004
DIN 0444  0.023
Total P 0419  0.033

Small-size fraction =~ Temperature 0.529  0.006
Salinity —0.440  0.025
DO conc. —0.421 0.032
DO sat. —0.443 0.023
Secchi disc —0.413 0.036
Turbidity 0.579  0.002
SS 0.485 0.012
TOC 0.661 0.000
Ammonium 0.716 0.000
Nitrite 0.696  0.000
Nitrate 0.561 0.003
DIN 0.613 0.001
Silicate 0.618  0.001
Phosphate 0.735 0.000
Total N 0.695 0.000
Total P 0.778  0.000

Large-size fraction Salinity —0.483 0.013
Secchi disc —0.604  0.001
Turbidity 0.511 0.008
SS 0468  0.016
TOC 0.522  0.006
Ammonium 0.408 0.039
Nitrite 0.443 0.023
Total P 0422  0.032

Only spring and summer data have been included. The Pearson
coefficient (r) and the probability (p) are showed

SS Suspended solids, TOC total organic carbon, DIN dissolved
inorganic nitrogen, DO conc. dissolved oxygen concentration,
DO sat. dissolved oxygen saturation

Reclamation of estuarine areas, for agricultural
purposes and subsequent occupation of those areas
for urban, industrial and port developments have
provoked a dramatic reduction in size and the
degradation of water quality in the estuaries (Cearreta
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et al. 2004; Franco et al. 2004). This situation began
to improve during the last decade, due to the closure
of many industries and the implementation of sew-
erage schemes (Garcia-Barcina et al. 2006; Borja
et al. 2009a). The spatial patterns observed in oxygen
and optical conditions (Secchi disc depth and turbid-
ity) could reflect the high anthropogenic pressures
that some of the estuaries have suffered. In the
offshore and coastal waters, the oxygen and optical
conditions were within the range described, typically,
for surface waters in the Bay of Biscay (Valencia
et al. 2004). However, the oxygen saturation values in
the estuaries, during summer, deviated from the
reference conditions (i.e., those typical of non-
impacted ecosystems), if they are compared to the
quality standards derived by Bald et al. (2005) for the
Basque estuaries (98.57% for the euhaline zone and
81.57% for the oligohaline zone). Also, the Secchi
disc depth in TW was below the reference conditions
established by Bald et al. (2005) (2.0 m). Oxygen
saturation was lower in the transitional waters, related
probably to: (i) nutrient and organic matter inputs that
these estuaries still receive; (ii) the hydromorpholog-
ical modifications, resulting in higher retention times
of bottom waters within the inner part of these
estuaries (Borja et al. 2006; Painting et al. 2007); (iii)
higher oxygen demand produced by the bottom
sediments (reduced and enriched in organic matter);
and (iv) low diffusion of oxygen to the bottom
waters, due to stratification, as described by Valencia
and Franco (2004). Optical properties showed also
the same spatial pattern, since the inputs increase
directly the turbidity and decrease the transparency,
in response to the supply of particulate matter (Fries
et al. 2007; Bilotta and Brazier 2008; Devlin et al.
2008) and, indirectly, through the enhancement of the
phytoplankton growth.

Although nutrient inputs to the Basque coast have
reduced dramatically in recent years, some of the
estuaries still receive discharges. In terms of water
quality, according to Bald et al. (2005), ammonium
and phosphate concentrations measured within ETW
and TW showed important deviations from the
reference conditions. The treated sewage from a
population of about 800,000 inhabitants is discharged
into the middle part of the Nervion estuary. Biolog-
ical treatment has reduced the ammonium loads to the
estuary by up to 70% (Garcia-Barcina et al. 2006).
However, it is possible still that some nutrient-rich
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effluents are discharged sporadically by the waste-
water treatment plant (Butrén et al. 2009). The Oka
estuary supports a much lower population and has not
suffered such strong industrialisation. However, it
presents usually very high concentrations of ammo-
nium and phosphate over its upper and middle parts,
which result from wastewater discharges at the head
of the estuary (Franco 1994; Revilla et al. 2000,
2002).

Apart from the WFD, other international policies
have addressed physico-chemical variables as assess-
ment parameters of eutrophication. One of the most
holistic assessment methods is that proposed by the
OSPAR Common Procedure, for the identification of
eutrophication status. If the dissolved oxygen levels
along the Basque coast are compared to the quality
standards described by Best et al. (2007), the
estuaries could suffer only some impairment in
summer (TW would be at “good status”, but lying
close to the boundary between “good” and “moder-
ate status”). For the winter DIN concentrations, the
Basque offshore and coastal waters did not show any
deviation from the reference conditions proposed by
Devlin et al. (2007b) (13 uM for coastal waters),
whereas the Basque estuaries showed a marked
deviation from the reference conditions within the
TW zone (20 uM for transitional waters, Devlin et al.
(2007b)).

It may be concluded that the physico-chemical
variables measured along the Basque coast, during
this study, did not indicate eutrophication within the
offshore and coastal waters. However, based upon the
water oxygen, transparency and nutrient conditions,
in general, the inner and middle parts of some of the
estuaries could present a risk of eutrophication, at
least during the summer season.

Seasonal and spatial variability in the phytoplankton
taxonomic composition

Different factors controlling the dynamics of different
phytoplankton taxa could explain the variability
patterns observed in phytoplankton composition,
along the Basque coast. Offshore and coastal waters,
in general, showed the typical seasonal cycle
observed in the southern Bay of Biscay, with
maximum phytoplankton abundance in spring and
minimum abundance in summer (Fernandez and
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Bode 1992; Varela 1996). As there is not any nutrient
limitation during winter and early spring (Valencia
et al. 2004; Revilla et al. 2009), light availability
would be the triggering factor for the diatom spring
bloom along the Basque coast. On the other hand,
there is increasing evidence supporting the theory of
trophic control in the oceans, which considers blooms
as events generated by a failure of the microzoo-
plankton grazers to contain phytoplankton production
(Zarauz et al. 2009). During the summer stratification
period, nutrient concentrations in the water layer
above the thermocline are comparable to those found
in oligotrophic areas (Valencia et al. 2004); this
would lead to a summer minimum in phytoplankton
abundance. However, some coastal stations showed
relatively high phytoplankton abundance in summer.
This pattern was particularly noticeable at the
L-UR20 station, where a potentially domoic acid
producer of the Pseudo-nitzschia delicatissima com-
plex was the most abundant species. This fast-
growing species has been associated widely with
anthropogenic nutrient pulses, such as large coastal
runoff or discharge events (Smith et al. 1990; Liefer
et al. 2009). The nutrient pulses from the submarine
outfall, together with the optimal light and temper-
ature conditions in summer, could be the main causes
of the bloom observed at this station.

Within the estuaries, a different pattern was
observed, with higher phytoplankton densities in
summer. Butrén et al. (2009) have described also
summer maxima within small estuaries in the Bay of
Biscay, explaining them as the result of an increase in
the water residence-time and the lowering of turbid-
ity. Nutrients could also play an important role.
Silicate inputs are mainly fluvial, unlike those of
phosphate and ammonium. Therefore, during dry
periods, Si could be a limiting factor within the lower
parts of the estuaries (Butrén et al. 2009). This
relationship would explain the relative increase in the
abundance of dinoflagellates and other non-siliceous
species in summer. Overall, this was not the case for
the Oka estuary, which was dominated by diatoms,
both in spring and summer. The collapse of the
diatom spring bloom is a very common feature in
temperate estuaries, due to Si depletion (Fisher et al.
1992; Kocum et al. 2002; Domingues et al. 2005).
The Si depletion promotes usually a shift from
diatom-dominated communities, to flagellate-domi-
nated communities (Conley et al. 1993; Sommer
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1994). The key factor supporting the diatom popu-
lation in the Oka estuary, in summer, seems to be the
continuous availability of Si within this estuary
(Trigueros and Orive 2001). The sources are probably
both nutrient recycling and freshwater discharges. It
has been hypothesised that the mixed nature of the
macrotidal systems makes the silic acid, originating
from dissolution of the settled frustules in summer,
readily available in the water column (Del Amo et al.
1997). In addition, the wastewater treatment plant at
the head of the Oka estuary is another additional Si
source (Franco 1994). Cyclotella sp. was the species
with the highest cell density within the Oka estuary.
This small diatom (5-10 pm) is capable of tolerating
a wide range of salinities and temperatures, as well as
high levels of organic matter (Trigueros et al. 2000).
Apart from Si availability, the selective control that
the zooplankton grazing exerts could be another
factor influencing the dominance of the diatoms; they
might not be an optimal prey, due to the presence of
siliceous setae (Haigh et al. 1992).

Seasonal and spatial variability in chlorophyll
biomass and size-structure

In the offshore and coastal waters, the results of the
fractionated chlorophyll “a” have indicated that in
winter and spring the large-sized phytoplankton
(>10 pm) constituted a high percentage of the total
chlorophyll. In view of the taxonomic information,
large diatoms were the major contributors to total
phytoplankton biomass. In spring, light availability,
the relatively turbulent water-column that assures
nutrient inputs and reduces sedimentation, the weak
coupling between grazers and large-sized phyto-
plankton, are all favourable factors for blooms of
large diatoms (Margalef 1978; Legendre 1990; Bode
and Fernandez 1992; Maguer et al. 2009; Zarauz
et al. 2009). In the present study, although the small-
sized phytoplankton contributed little to the total
chlorophyll in spring, the abundance of small non-
siliceous taxa was relatively high. As the survey took
place in mid-spring (5-22, May), the community
composition was reflecting, probably, the succession
towards the thermal stratification period. During
summer, the contribution of the small-sized phyto-
plankton (diatoms and/or non-siliceous taxa) was
higher in OW and CW. Other investigators have
observed a higher contribution of the small-size

chlorophyll fractions (<2 pm, <5 pm), when total
phytoplankton biomass is at low levels in coastal
systems, such as: in the Gulf of St Lawrence during
summer stratification (Tamigneaux et al. 1999); in the
Ria de Vigo during winter mixing (Cermefo et al.
2006); and in the central Cantabrian Sea during early
winter and autumn (Calvo-Diaz et al. 2008). Physi-
ological processes have been suggested as controlling
the size structure of the phytoplankton communities,
under specific environmental conditions. It may be
anticipated that smaller cells compete better than
larger cells for nutrients and light acquisition, under
unfavourable conditions, due to their surface-
to-volume ratio (Fogg 1991; Finkel et al. 2004).
However, under favourable conditions for growth,
larger cells (in particular, diatoms) may have a higher
photosynthetic efficiency (Cermefio et al. 2005).

During summer, the thermal stratification and
consequent oligotrophy above the nutricline could
explain the chlorophyll minima observed in the
surface OW; this has been described previously for
temperate coastal seas and, in particular, for the
southern Bay of Biscay (e.g., Serret et al. 1999;
Valencia et al. 2004; Calvo-Diaz et al. 2008). In
ETW and at some of the coastal stations, nutrient
depletion is less likely to occur, due to anthropogenic
inputs and summer storms; these activate the export
of nutrients from the rivers and estuaries, to the
coastal waters (Revilla et al. 2009). The location of
the chlorophyll maxima in the oligo- and mesohaline
regions of the Basque estuaries has been described in
previously studies (Orive et al. 2004; Seoane et al.
2005; Butrén et al. 2009). The shallowness of these
estuaries and the higher nutrient concentrations and
water residence times within their middle and inner
parts appear to be responsible for this axial chloro-
phyll distribution, during periods of low river runoff
(usually the summer season). These hydrological
conditions are characteristic of the Nervion, Oka and
Bidasoa estuaries. In contrast, the Oria estuary has
shorter water residence times, related to its geomor-
phology; this makes it more of a supplier of nutrients
to the coast, than an in situ production area (Valencia
et al. 2004).

In the ETW, the small-size fraction constituted a
relatively high percentage of the total chlorophyll,
especially in summer. In contrast, in TW, the large-size
fraction contributed importantly to the total chloro-
phyll. Previous studies conducted in the Nervion and
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Oka estuaries have shown a similar spatial pattern
(Revilla et al. 2002; Butron et al. 2009). The seasonal
shift in ETW, from a community with an important
contribution of the large-sized phytoplankton in
spring, towards a community dominated by small
phytoplankton in summer has been observed also by
Revilla et al. (2002), within the Oka estuary. Else-
where, in the eutrophic system of the Thames (U.K.)
plume, Weston et al. (2008) observed a high contribu-
tion of the large-size fraction (>5 pm) to the total
chlorophyll; this fraction responded also to nutrient
enrichment in incubation experiments, but not the
small-size fraction (<5 pm). These authors explained
the suppression of the small-size fraction growth as
being due to the high rates of microzooplankton
grazing. The balance between small and large cells in
estuaries might be determined also, by: (i) the inputs of
exogenous nutrients, from their watersheds that would
favour new-production based-systems; (ii) the strength
of grazing by suspension-feeders, which typically
select larger cells; (iii) the temperature-driven differ-
ences in growth rates, between picoplankton and larger
cells (Ning et al. 2000). All these factors could explain
the spatial and temporal dynamics observed in the
fractionated chlorophyll within the Basque estuaries.

Relationships between phytoplankton
and physico-chemical variables

Within the offshore and coastal waters, the temporal
variability in the phytoplankton communities (bio-
mass and composition) was linked with nutrient
availability. Total chlorophyll increased with P-nutri-
ents and decreased with salinity and water transpar-
ency. Salinity and water transparency can indicate
episodic freshwater inputs, which would have a
fertilisation effect. Also, the biomass of the large-
size fraction increased with P-nutrients; this incre-
ment took place in spring. In the Basque coastal
waters, the annual cycle of dissolved nutrients in the
upper layers is related to the thermal cycle and the
succession of homogeneity together with stratifica-
tion conditions. Further, riverine inputs modulate the
nutrient cycle, together with the pulses of phyto-
plankton production (Valencia et al. 2004). During
winter, silicate and nitrate concentrations can be high,
due to the mixing conditions in the water column and
the freshwater inputs to the continental shelf. The
onset of the late-winter and spring blooms, which are
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composed usually of large diatoms at these latitudes,
is expected to cause a high demand of the inorganic
nutrient forms of Si and N (GI€ et al. 2008). In this
respect, the Redfield ratios measured in spring
indicate a potential limitation, firstly by Si and,
secondly, by N (Supplementary Electronic Material).
Therefore, the results of the statistical analysis should
not be interpreted as a direct cause-effect relation-
ship, between P and phytoplankton biomass, but as a
seasonal covariance of these two variables. The
diatoms and small non-siliceous taxa (others) were
not associated with any particular season. In contrast,
the dinoflagellates were associated with the samples
collected in summer. The Redfield ratios indicated
that, at this time, the first potentially limiting nutrient
was again the Si, then P. These conditions would
enable the growth of dinoflagellates, as high N:P
ratios are favourable for slow-growing species
(Skjodal 1993) and the Si potential limitation would
favour the growth of non-siliceous species.

In estuaries, correlation and RDA analyses have
indicated a strong spatial gradient marked by salinity,
where phytoplankton biomass and abundance
increased in the same direction as turbidity, nutrients,
TOC and suspended solids concentration. This axial
pattern is not uncommon in other estuaries, elsewhere
(Butrén et al. 2009). However, along the Basque
coast it is enforced by the anthropogenic pressures
which some of the estuaries still support, since the
highest chlorophyll and abundance values were found
at the head of the Oka estuary; this is the water body
with the strongest nutrient inputs of anthropogenic
origin.

Suitability of fractionated chlorophyll,
as an indicator of eutrophication within the WFD

When using phytoplankton as a biological quality
element, in assessing the ecological status within the
WEFD, some authors have expressed their concerns.
Hence, the setting of reference conditions for water
quality, the sampling frequency and the use of
chlorophyll “a” as a proxy of phytoplankton bio-
mass and abundance have been discussed elsewhere
(Domingues et al. 2008). Chlorophyll “a” should be
used with care as an alternative for phytoplankton
abundance and biomass, especially when pico- and
nanophytoplankton are important components of the
community. In order to counteract these limitations,
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the use of combined microscopy techniques (Utermdohl
and fluorescence), together with biovolume measure-
ments, have been proposed (Domingues et al. 2008).
However, a high degree of expertise is needed to
obtain good-quality information on phytoplankton
taxonomic composition and biovolume; this makes
difficult the comparison between results obtained by
different Member States, as data sets can be labora-
tory-dependent.

In turn, some successful methodologies for assess-
ing phytoplankton quality status within the WFD in
coastal areas have been described (Nielsen et al.
2003; Borja et al. 2004, 2009a; Sagert et al. 2005;
Devlin et al. 2007a; Revilla et al. 2009). Moreover,
the use of phytoplankton indicators within the Marine
Strategy Directive has been discussed (McQuatters-
Gollop et al. 2009). However, there is a lack of
methodologies for the WFD within transitional
waters (Borja et al., 2004; Zaldivar et al. 2008;
Giordani et al. 2009). Most of the methods used in
assessing the status of phytoplankton in estuaries use
chlorophyll as a primary indicator (Bricker et al.
2003; USEPA 2006); other investigators have sug-
gested alternative approaches, with taxonomic indi-
ces based upon body size or size spectra (Mouillot
et al. 2006). However, for phytoplankton, even
though there is evidence of variation in phytoplank-
ton size structure as a function of environmental
conditions, there is no methodological standardisa-
tion yet for its application as an ecological status
classification tool (Mouillot et al. 2006; Zaldivar
et al. 2008).

Therefore, there is a need for the development of
indicators based upon phytoplankton attributes that
are ecologically-relevant, time and cost-efficient,
reproducible and suitable for comparison. In this
study, size-fractionated chlorophyll is addressed as a
potential tool. The partition of the bulk chlorophyll in
the <10 and >10 pm size fractions reflected, well, the
spatial and temporal dynamics of the community
composition, between systems of different nutrient
richness along the Basque coast. In some situations,
under anthropogenic pressure conditions, fractionated
chlorophyll would provide useful information, as total
chlorophyll may not reflect any anomaly. For exam-
ple, in the case of the submarine outfall station
(L-UR20), during summer, the phytoplankton abun-
dance showed unusual numbers; however, it did not
cause a response in the total chlorophyll concentration,

due to the small cellular size of the phytoplankton taxa
involved. Nevertheless, the need for more studies
should be highlighted, comparing systems under
different pressure level, using a more intensive sam-
pling frequency; likewise, applying experimental
approaches (such as, nutrient addition bioassays), in
order to establish reference conditions and suitable
indicators, based upon fractionated chlorophyll.

Conclusions

Overall, a spatial gradient in the fractionated chloro-
phyll “a” (<10 and >10 pm) was observed, with
generally lower concentrations in offshore and
coastal marine waters and higher within the estuaries.
However, the spatial and temporal patterns of vari-
ation, as well as their relationships with the environ-
mental variables, differed between the two size
fractions. Seasonality was the main factor explaining
the variability in phytoplankton biomass and compo-
sition in the marine zone, controlling the changes in
the chlorophyll concentration of the large-size frac-
tion. In estuaries, total chlorophyll and the large-size
fraction presented a strong spatial gradient, increas-
ing from the outer euhaline zone, to the inner
transitional waters; the small-size fraction varied
more seasonally, increasing during the warmest
season. In transitional waters (oligo-, meso- or
polyhaline stretches of the estuaries), the supply of
nutrients all year round induced the dominance of the
large-size fraction, during spring and summer, as
light and water residence times were favourable for
growth in these seasons.

Although further research is needed, fractionated
chlorophyll “a” is a useful attribute of the phyto-
planktonic community, for ecological quality assess-
ment; it is a simple indicator of the community
composition and a rapid indicator of the way the
community responds to nutrient inputs. Summarising,
it could facilitate the understanding of the structure
and functioning of phytoplankton communities dur-
ing different seasons and at different trophic states.
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