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Abstract This study describes, for the ﬁrst time, the annual variability of phytoplankton
community in different layers of the water column in open waters off the Basque coast
(southeastern Bay of Biscay). Phytoplankton composition, abundance and biomass, together
with size-fractionated chlorophyll a, nutrients, and optical and hydrographic conditions were
measured in an experimental bivalve culture area from May 2014 to June 2015. Water column
conditions showed the typical dynamics previously described for temperate areas, characterised
by winter homogeneity and summer stratiﬁcation. Phytoplankton temporal variability was
studied at depths of 3, 17 and 33 m, and was found to be related to those processes. In particular,
temperature and nutrients (mostly nitrate and silicate) were the environmental variables which
signiﬁcantly explained most of the variability of chlorophyll concentration, whereas river ﬂow
was the main driver of abundance variability. Total chlorophyll was generally low (0.6 mg L1 on
average). Of the 194 registered taxa, 47.4% belonged to dinoﬂagellates and 35.1% to diatoms. In
addition, diatoms showed the highest biomass values, and haptophytes represented the greatest
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contribution to cell-abundance. This fact, despite the low chlorophyll values indicating low
phytoplankton biomass, could favour mussel growth given the high fatty acid content reported
for diatoms and haptophytes.
© 2018 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by
Elsevier Sp. z o.o. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Phytoplankton constitute an important component of the
diet of suspension feeding bivalves (Grant, 1996; MacDonald
and Ward, 1994; Petersen et al., 2008; Shumway and Cucci,
1987). In fact, microalgae have long been used as food
resource for mollusc bivalves at all growth stages (Brown,
2002). This interaction of mollusc bivalves with phytoplankton as a food source has been studied extensively. For
instance, it is known that the quantity and size of the
phytoplankton can inﬂuence the recruitment of oysters,
as well as the survival of bivalve larvae (Bourlès et al.,
2009; Robert and Trintignac, 1997). Moreover, phytoplankton blooms have been directly related to the increase of
mussel growth and condition index (i.e., the ratio between
the dry weight of the meat and the shell) (Blanton et al.,
1987; Hickman et al., 1991; van der Veer, 1989). However,
not all phytoplankton species are equal in terms of nutritional quality for bivalves. Several bivalves (including mussels) have shown a preferential utilisation of phytoplankton
species which depends on both their food value and cell size
(Cucci et al., 1985; Kiørboe and Mohlenberg, 1981;
Møhlenberg and Riisgård, 1978; Rouillon and Navarro,
2003). In this sense, lipids are the main source of energy
for larvae and lipid content of phytoplankton varies depending on the species or group (Marshall et al., 2010; Volkman
et al., 1991, 1989). Feeding experiments on Mytilus galloprovincialis carried out by Pettersen et al. (2010) showed
that alterations in phytoplankton species composition can
produce variations in mortality and settlement rates. Also,
in ﬁeld studies, Wall et al. (2013) found that the growth rates
of bivalves were more related to the density of certain
cellular types than to the total phytoplankton biomass.
Therefore, the study of phytoplankton community composition is essential from the standpoint of bivalve nutrition in
shellﬁsh production areas.
Currently, there is an increasing interest in developing
offshore aquaculture in regions where sheltered coastal
areas are scarce or sustain activities incompatible with
aquaculture (Azpeitia et al., 2016). This interest prompted
the installation of an experimental bivalve farm in open
waters off the Basque coast (southeastern Bay of Biscay).
However, temporal variability of phytoplankton nutritional
attributes and their relationships with environmental conditions needed further investigation. It is widely recognised
that both top-down regulation, such as grazing (Burkill et al.,
1987), and bottom-up processes driven by meteorological
and hydrographic factors play a major role in the control and
dynamics of phytoplankton populations (Nogueira et al.,
2000; Smayda, 1998).

The Bay of Biscay is located at mid-latitude of the Northeast Atlantic Ocean and thus, here, the annual cycle corresponds to that of temperate sea areas. Winter is
characterised by water column mixing, which is generated
by a combination of cooling, turbulence and downwelling.
This mixing process modiﬁes the properties of the upper
waters and leads to great nutrient input from deep waters
to the surface. In spring, solar irradiance heats the surface
resulting in an increase in the temperature of these waters
and a relative stabilisation. However, the stratiﬁcation of the
water column depends also on the relaxation of wind, turbulence and downwelling. Summer is characterised by stratiﬁcation resulting from greater solar irradiance. Finally,
during autumn the surface waters cool down and the southerly and westerly winds prevail, resulting in the mixing of the
water column (Fontán et al., 2008; Valencia et al., 2004).
Many studies worldwide have highlighted the seasonal
periodicity of phytoplankton assemblages linked to seasonal
variations in physical forcing of mixing dynamics, temperature and light regime (Agirbas et al., 2017; Diehl, 2002; Diehl
et al., 2002; Leterme et al., 2014; Vajravelu et al., 2017). In
the Bay of Biscay in particular, according to the seasonal
cycle of hydrographic conditions, phytoplankton biomass
shows two main periods related to two main events: winter
mixing and summer stratiﬁcation (Valdés and Moral, 1998;
Varela, 1996). On the one hand, the nutrient input caused by
the winter mixing leads to favourable conditions for the
proliferation of the phytoplankton community and, thus,
biomass peaks are usually recorded during late winter and
spring. On the other hand, heating of the surface waters
during summer leads to a stratiﬁed water column. The
thermocline acts as a physical barrier that prevents the
supply of nutrients, and phytoplankton production and biomass show the lowest values (Calvo-Díaz et al., 2008; Fernandez and Bode, 1991; Varela, 1996).
Although previous studies on phytoplankton communities had
been carried out in the southern Bay of Biscay ([130_TD$IF]e.g., Bode and
Fernández, 1992; Fernández and Bode, 1994; Varela, 1996) and,
in particular, in [13_TD$IF]open waters off the Basque coast (Estrada, 1982;
Garmendia et al., 2011; Muñiz et al., 2017), further research [132_TD$IF]was
needed. The relevance of the present study is based on the
inclusion of novel issues, such as the importance of phytoplankton
community composition as a food resource for bivalves in waters
off the Basque coast, which was not addressed before, and the
variability through the water column, since most of the previous
studies were limited to surface waters.
In this context, our study aims to characterize phytoplankton composition and annual variability within an experimental aquaculture farm, in relation [13_TD$IF]with the good growth rates
observed in mussels. Recent studies developed in that experi-
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mental site indicate that mussels present good growth rates,
biometry and nutritional quality (Azpeitia et al., 2016, 2017).
Although chlorophyll values in the area are known to be
relatively low (Estrada, 1982; Garmendia et al., 2011; Revilla
et al., 2009), we hypothesise that the composition and
contribution of the different major taxonomic groups could
be favourable for bivalve growth. To this end, we examined
phytoplankton community composition, abundance and biomass, as well as environmental conditions, through the whole
water column from May 2014 to June 2015. Since the period
of study covered more than one year, a complete seasonal
cycle was investigated.

2. Material and methods
2.1. Study area
The Basque coast extends 100 km along the Cantabrian Sea
(southeastern Bay of Biscay) (Fig. 1). The climate of the area
is rainy, temperate and oceanic, with moderate winters and
warm summers (Fontán et al., 2009). The Basque coast can be
described as a littoral coast exposed to waves, mostly formed
of cliffs and inﬂuenced by 12 short rivers. Although no large
coastal plumes are formed (Diez et al., 2000), this freshwater
supply modiﬁes the chemical composition of the shelf waters
and often leads to increased nutrient levels in inner shelf
waters (Ferrer et al., 2009; Valencia et al., 2004).
Field samplings were carried out at a station (43821,4110 N;
2826,9180 W) immediately outside an experimental bivalve
farm located at 2 nautical miles off the Basque coast, at a
depth of approximately 45 m. The experimental farm used a
longline system, based on a subsurface structure, from which
bivalve ropes and lanterns were suspended. In particular, the
installation consisted of three long lines, occupying a total
area of 1 ha. Each longline sustained 100 vertical hanging
ropes. The organisms cultured at the farm during the study
were mainly mussels (Mytilus galloprovincialis) and, to a
lesser extent, oysters (Crassostrea gigas and Ostrea edulis).

2.2. Sampling/laboratory strategy and data
acquisition
Samplings took place from May 2014 to June 2015. CTD
(conductivity,
temperature and depth device) casts and
[(Figure_1)TD$IG]

Figure 1

Secchi disk measurements were usually performed twice
per month, whereas water samples were collected monthly,
except for February when sampling could not be carried out
due to meteorological conditions.
In the ﬁeld, a Seabird25 CTD was employed for the
measurement of temperature, salinity, chlorophyll a and
photosynthetically active radiation (PAR) at every meter of
the water column. The Secchi disk depth was measured as an
indicator of the water transparency. Water samples were
collected using Niskin bottles at six discrete depths through
the water column: 3, 10, 17, 24, 33 and 42 m.
Water samples were used for the analysis of nutrients and
fractionated chlorophyll a, as well as phytoplankton identiﬁcation and counting. Inorganic nutrients (ammonium,
nitrite, nitrate, silicate and phosphate) were measured using
a continuous-ﬂow autoanalyser (Bran + Luebbe Autoanalyzer
3, Norderstedt, Germany), according to colorimetric methods described in Grasshoff et al. (1983).
In order to obtain the concentrations of the different
chlorophyll a fractions, sequential ﬁltrations were performed. Three size fractions were differentiated: smaller
than 3 mm, between 3 and 20 mm, and larger than 20 mm, to
quantify the chlorophyll contained in the pico-, nano- and
microphytoplankton. Whatman Nuclepore track-etched
membrane ﬁlters (pore size 3 and 20 mm) and Whatman
GF/F glass microﬁber ﬁlters were used, diameter 47 mm.
Firstly, approximately 4.5 L of water was ﬁltered through the
polycarbonate 20 mm ﬁlter to retain the largest fraction.
Then, the ﬁltrate was passed through the polycarbonate
3 mm pore size ﬁlter to obtain the 3—20 mm fraction. Finally,
the smallest fraction (<3 mm) was retained using a Whatman
GF/F ﬁlter. The nominal pore size of GF/F ﬁlters is 0.7 mm,
but the effective pore size of the glass-ﬁbre ﬁlters is substantially smaller (Sheldon, 1972) and these are routinely
used for picophytoplankton (Morán et al., 1999). Pigments
were extracted in 10 ml of 90% acetone for 48 h in dark and
cold conditions. The absorbance of the extract was measured
using a UV—vis spectrophotometer (UV-2401PC Spectrophotometer, Shimadzu Corporation, Kyoto, Japan). The chlorophyll concentration was estimated according to the
equations of Jeffrey and Humphrey (1975). The sum of the
three fractions was used to determine if the total chlorophyll
concentration was above 0.5 mg L1[129_TD$IF]; this [134_TD$IF]was considered the
threshold below which bivalves do not ﬁlter (Dolmer, 2000;
Riisgård, 2001; Riisgård et al., 2011).

Map of the study area, located in the southeastern Bay of Biscay. The triangle shows the location of the experimental bivalve farm.
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Phytoplankton identiﬁcation and counting were conducted
for three depths: 3, 17 and 33 m. Samples were preserved
immediately after collection with acidic Lugol[135_TD$IF]'s solution (0.4%
v/v) and maintained in 125-mL borosilicate bottles under dark
and cool conditions (48C) until analysis. Taxonomic identiﬁcation and cell counting were performed on subsamples of
50 mL, following the Utermöhl method (Edler and Elbrächter,
2010; Hasle, 1978; Utermöhl, 1958) under a Nikon diaphot TMD
inverted microscope. Depending on the organism size, 100 or
400 magniﬁcation was used; the detection limit of microscope counts for microplankton organisms was 20 cells
L1. Small nanophytoplankton cells that could not be assigned
to any taxonomic group were assigned to a group named
“unidentiﬁed forms <10 mm”. The minimum cell size that
could be detected was 2—3 mm; therefore, picophytoplankton
could not be identiﬁed and counted.
Three variables were used to describe hydrographic conditions: light extinction coefﬁcient, depth of the photic zone
and river ﬂow. Light extinction coefﬁcient (k) was estimated
from the PAR measured by the CTD using the equation derived
from the Beer—Lambert law:
Iz ¼ I f  ekz ;
where Iz [E m-2 d1] is the radiation received at a speciﬁc
depth, If is the radiation right below the surface, and z is the
speciﬁc depth [m].
The k was then used to calculate the depth of the photic
layer using the following equation: photic zone [m] = 4.605/
k. Information on the ﬂow rate of one of the rivers closest to
the experimental site, Artibai river (Fig. 1), was obtained from
a regional website (“Diputación Foral de Bizkaia”, http://
www.bizkaia.eus). Information on the other river surrounding
the farm, Lea river, was not included due to missing data on the
time series. To account for a delay in the inﬂuence of river ﬂow
on the water column conditions, ﬂow rates were averaged for
the seven days prior to the sampling day.

2.3. Data analysis
The variability of temperature and salinity was represented
using a temperature-salinity (TS) diagram. The temporal
variation of chlorophyll a through the water column (up to
45 m depth) was presented as a contour map.
Regarding phytoplankton data, the species list was standardised prior to statistical analysis according to AlgaeBase (Guiry
and Guiry, 2015). The phytoplankton community was analysed
according to cell concentration [cell L1] and biomass [mg C
L1]. In order to calculate the latter, the biovolume of each
taxon was ﬁrst calculated from its equivalent spherical diameter (ESD) using the equation of the sphere's volume. Information on phytoplankton cell size was collected from two sources:
(i) the ESD measured in phytoplankton species from the northwest Spanish coast by investigators from other institutions (M.
Huete from the Spanish Institute of Oceanography — A Coruña
Centre, and M. Varela, L. Mene and J. Lorenzo from the University of Vigo) and (ii) the report by Olenina et al. (2006). Then,
biomass was determined using the equation reported by Montagnes et al. (1994) for marine phytoplankton: Biomass = 0.109
 Volume0.991[136_TD$IF], where Biomass is expressed in pg C cell1 and
Volume is expressed in mm3. For the data analyses, the speciﬁc
results on abundance and biomass were combined to obtain
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total data for the following groups: chlorophytes, kleptoplastidic ciliates (Mesodinium spp.), cryptophytes, diatoms, dinoﬂagellates, euglenophytes, haptophytes, ochrophytes
(chrysophyceans, dictyochophyceans, raphidophyceans and
xanthophyceans), heterotrophic nanoﬂagellates (including
the taxa Ebria tripartita, Katablepharis remigera, Leucocryptos
sp. and Telonema sp., traditionally considered in phytoplankton
studies) and unidentiﬁed forms <10 mm. For the description of
phytoplankton abundance and biomass, some of these groups
were merged into a group called “others”. This group was
primarily comprised of unidentiﬁed forms, but also included
the following minority groups (i.e. those contributing less than
6.5% to total abundance and biomass): chlorophytes, euglenophytes, ochrophytes and heterotrophic nanoﬂagellates.
For the study of relationships between the environment
and phytoplankton community, exploratory analysis was conducted by means of biplots representing environmental variables against phytoplankton. Correlation matrices (Pearson
correlation coefﬁcient, alpha = 0.05) were also performed.
Two separate analyses were undertaken: the ﬁrst one for
abundance of phytoplankton groups and the second one for
chlorophyll a fractions, as a proxy for phytoplankton biomass.
The group “unidentiﬁed forms” was excluded from the correlation analysis due to its heterogeneity.
Among the environmental variables, only those that a
priori could be considered most explanatory of phytoplankton variability were included in the analysis, namely Secchi
disk depth, light extinction coefﬁcient, temperature, salinity, Artibai river ﬂow and nutrient concentration (ammonium, nitrite, nitrate, phosphate and silicate).
Environmental variables were previously transformed in
order to attain a distribution close to normal.
Phytoplankton data were processed as follows: prior to
analysis, phytoplankton rare taxa, deﬁned here as those occurring in less than 10% of the samples, were removed to avoid noise
data (Austin and Greig-Smith, 1968). A total of 78 of the 194 taxa
were excluded from the analysis. Phytoplankton abundance
data were log-transformed (after adding one to avoid taking
the log of zero values) and relationships with environmental
variables were studied at depths of 3, 17 and 33 m.
Finally, chlorophyll a was also log-transformed prior to
analysis and relationships between the three size fractions of
chlorophyll and environmental variables were studied at
depths of 3, 10, 17, 24, 33 and 42 m.
In ecological research, when multiple statistical tests are
undertaken, each at the same signiﬁcance level (alpha), the
probability of achieving at least one signiﬁcant result is greater
than that signiﬁcance level. In this context, to avoid a “Type I”
error, one strategy is to correct the alpha level when performing
multiple tests. The most well-known correction is called Bonferroni correction; in this study, Bonferroni sequential correction, described by Holm (1979), was applied. Statgraphics
Centurion XVI software was used for the correlation matrices.

3. Results
3.1. Hydrographic, physico-chemical conditions
and bulk chlorophyll a
The TS diagram shows the prevalence of thermohaline stratiﬁcation due to spring warming and the presence of waters
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Figure 2
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Temperature-Salinity diagram of the waters off the Basque coast, in the SE Bay of Biscay, from May 2014 to June 2015.

of continental origin in May 2014 (Fig. 2). The thermal
stratiﬁcation prevailed from June to October in relation to
the progression of the summertime warming. Moreover, more
or less extended haline stratiﬁcation was present throughout
this period. In November, a reduction of the vertical gradients of temperature and salinity was observed induced by
vertical mixing and cooling. December was characterised by
thermohaline homogeneity of the water column and, more
importantly, by high water column temperatures (above
168C) associated with previous warm conditions. Conversely,
in January 2015, the entire water column cooled due to
extremely cold winter months. This change, together with
high precipitation, resulted in the prevalence of haline
stratiﬁcation and thermal inversion in January. The haline
stratiﬁcation was especially enhanced in March and April.
Again, the thermal stratiﬁcation was observed in May and

[(Figure_3)TD$IG]

June, induced by an extremely warm spring in 2015. Again,
relatively strong haline stratiﬁcation could be observed in
spring 2015.
Overall, [138_TD$IF]thermohaline stratiﬁcation could be observed
throughout the period, with a few exceptions in November—December 2014 and January—April 2015 where homogeneity and haline stratiﬁcation of the water column
prevailed, respectively. Additional information on river ﬂows
is included in Fig. 1 of the Supplementary Material.
Chlorophyll a (obtained from the ﬂuorescence measured
by the CTD) showed several peaks during the studied period
(Fig. 3). At the end of May and beginning of June 2014, two
deep chlorophyll peaks were observed at depths of 34 and
41 m, respectively, with values between [137_TD$IF]1.6 and 2.0 mg L1.
Three other sub-surface chlorophyll increases were then
detected at the end of July, beginning of August and mid-

Figure 3 Contour map of chlorophyll a in the waters off the Basque coast from the surface to 45 m in depth. The period from May
2014 to June 2015 is represented. Arrows on the top of the plot point the dates of the samplings.

O. Muñiz et al./Oceanologia 61 (2019) 114—130
September, ranging from 1.1 to 1.4 mg L1. These were
followed by a period with low values (<0.8 mg L1) from
October to March. The maximum value reported was
detected in March at approximately 12 m depth, reaching
2.6 mg L1. In April, a surface peak was observed (2 mg L1).
Subsequently, chlorophyll concentrations decreased reaching the lowest surface values during spring 2015, although
higher concentrations were detected around 20—35 m depth
in June.
Table 1 shows the mean values and standard deviations of
the parameters relating to the physico-chemical conditions
of the study area at the different depths studied and for the
whole water column. Secchi disk depth mean value was
11 m. Mean light extinction coefﬁcient (k) [139_TD$IF]was 0.1 m1.
Photic layer depth had a mean value of 43.7 m. Mean temperature values for each depth ranged from 17.4 to 14.38C,
showing a decreasing trend from the surface to the deeper
waters. In contrast, salinity increased towards the deeper
water, with mean values ranging from 34.5 to [140_TD$IF]35.4. The mean
chlorophyll concentrations measured by the CTD were very
similar between the six depths, approximately 0.6—
0.7 mg L1. The concentration of several inorganic nutrients
did not present great dissimilarities between the mean
values of the different sampled depths, showing ranges of
1.4—1.8 mM (ammonium), 0.3—0.4 mM (nitrite), 0.2—
0.3 mM (phosphate) and 0.9—1.5 mM (silicate). However,
nitrate concentration varied more through the water column, with mean values close to 1 mM within the shallower
and intermediate layers (3, 10, 17 and 24 m) to a maximum
of 3.0 mM at 42 m depth (additional information on nutrient
concentrations is shown in Fig. 2 of the Supplementary
Material).

3.2. Phytoplankton composition, abundance and
biomass
With regard to phytoplankton richness, a total of 194 phytoplankton taxa were identiﬁed during these surveys. Dinoﬂagellates and diatoms represented the most diverse groups,
comprising 47.4% and 35.1% of the total taxa described,
respectively.
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Phytoplankton total abundance ranged from 3.4  104
cells L1 to 5.1  106 cells L1. Differences were found in
relation to the different taxonomic groups. Putting aside the
group of “unidentiﬁed forms”, which in several samplings was
the most abundant due to its heterogeneity, haptophytes
were the most abundant group in 46% of the samples, followed by dinoﬂagellates (26%), cryptophytes (15%) and diatoms (13%). Table 2 shows the most abundant taxon in each
phytoplankton group at the three sampled depths and during
the two main seasons (i.e., winter and summer).
The phytoplankton community differed in composition as
well as in total cell density between the three sampled
depths (Fig. 4). Firstly, at 3 m depth, where the highest
abundance values were found, showed a maximum of
approximately 5  106[71_TD$IF] cells L1 in May 2014 (Fig. 4a), which
was characterised by a large proportion of the group called
“others” (mainly, unidentiﬁed forms <10 mm). During June
and July, the abundance at 3 m depth dropped to just over
half of that registered in May, followed by a period of low
densities from August 2014 to January 2015, ranging from
1.8  105[14_TD$IF] to 5.0  105 cells L1. The end of the studied
period was characterised by a ﬁrst peak dominated by diatoms, contributing to more than 50% of the total abundance
in March 2015, followed by an increase of the haptophyte
community representing 60% of the total abundance in April
2015 (maximum abundance of 2.8  106 cells L1).
Similarly, at 17 m depth the highest cell densities were
found at the beginning of the study period, from May to July
2014 (Fig. 4b). However, here maximum values were much
lower compared to those at the 3 m depth, with the highest
value of 1.3  106 cells L1 occurring in July. This peak was
dominated by the group labelled as “others”. Two more
increases in abundance were detected in October 2014 and
April 2015, with very low values during the intervening period.
The three peaks observed at 17 m depth involved an important
contribution from the haptophytes, ranging from 40% to 47% of
the total abundance. Dinoﬂagellates gradually raised their
contribution within the three peaks.
The greatest depth (33 m) produced the lowest total
abundance values, with a maximum of approximately
8.4  105 cells L1 (Fig. 4c). The cell density increases

Table 1 Description (mean values and standard deviations) of the water column conditions in a bivalve culture experimental site
off the Basque coast for the period May 2014—June 2015. Water-column weighted mean values, as well as the values for the six
discrete sampled depths, are shown. k: light extinction coefﬁcient; Chl a CTD: chlorophyll a obtained from the ﬂuorescence
measured by the CTD.
Variable

Secchi disk depth [m]
k [m1]
Photic layer depth [m]
Temperature [8C]
Salinity
Chl a CTD [mg L1[126_TD$IF]]
Ammonium [mM]
Nitrite [mM]
Nitrate [mM]
Phosphate [mM]
Silicate [mM]

Mean  SD
Water column

3m

10 m

17 m

24 m

33 m

42 m

11.0  3.5
0.1  0.0
43.7  9.3
15.6  2.6
35.1  0.4
0.6  0.4
1.5  0.6
0.3  0.2
1.4  1.5
0.2  0.1
1.1  0.6

—
—
—
17.4  3.4
34.5  0.5
0.6  0.5
1.4  0.7
0.3  0.2
1.0  1.7
0.2  0.1
1.5  1.1

—
—
—
16.8  2.7
34.9  0.3
0.6  0.6
1.4  0.7
0.3  0.2
0.9  1.6
0.2  0.1
1.2  0.9

—
—
—
16.1  2.4
35.1  0.2
0.7  0.5
1.8  0.9
0.3  0.2
0.9  1.3
0.2  0.1
1.0  0.6

—
—
—
15.4  2.1
35.2  0.1
0.7  0.3
1.7  1.2
0.4  0.3
1.1  1.4
0.2  0.1
0.9  0.5

—
—
—
14.7  2.0
35.3  0.1
0.7  0.4
1.4  0.5
0.4  0.2
1.9  2.2
0.2  0.1
1.1  0.7

—
—
—
[127_TD$IF]14.3  1.7
35.4  0.1
0.6  0.3
1.4  0.8
0.4  0.2
3.0  2.6
0.3  0.1
1.5  0.8
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Table 2 List of the most abundant taxon in each phytoplankton group at three different sampled depths and during the two main
seasons (i.e.[128_TD$IF], winter and summer). The winter season includes two surveys (January and March 2015) and the summer season
includes four surveys (July, August and September 2014 and June 2015).
Season

Depth [m]

Group

Taxon

Abundance [cells L1]

Winter

3

Cryptophytes
Dinoﬂagellates
Diatoms
Haptophytes
Ciliates
Others
Cryptophytes
Dinoﬂagellates
Diatoms
Haptophytes
Ciliates
Others
Cryptophytes
Dinoﬂagellates
Diatoms
Haptophytes
Ciliates
Others

Teleaulax spp.
Heterocapsa sp.
Thalassiosira sp.
Prymnesiales
Mesodinium sp.
Unidentiﬁed forms
Cryptophycophyta
Heterocapsa sp.
Pennales 10-50 mm
Prymnesiales
Mesodinium sp.
Unidentiﬁed forms
Cryptophycophyta
Gymnodiniales <20 mm
Pennales <10 mm
Prymnesiales
Mesodinium sp.
Unidentiﬁed forms

1.2
3.1
1.3
1.4
4.2
1.9
1.9
1.2
4.2
8.5
2.2
2.2
9.6
7.8
3.5
9.6
80
1.5


















Cryptophytes
Dinoﬂagellates
Diatoms
Haptophytes
Ciliates
Others
Cryptophytes
Dinoﬂagellates
Diatoms
Haptophytes
Ciliates
Others
Cryptophytes
Dinoﬂagellates
Diatoms
Haptophytes
Ciliates
Others

Plagioselmis sp.
Gymnodiniales <20 mm
Pseudo-nitzschia galaxiae
Prymnesiales
Mesodinium sp.
Unidentiﬁed forms
Plagioselmis sp.
Gymnodiniales <20 mm
Chaetoceros sp.
Prymnesiales
Mesodinium sp.
Unidentiﬁed forms
Plagioselmis sp.
Gymnodiniales <20 mm
Pennales <10 mm
Prymnesiales
Mesodinium sp.
Unidentiﬁed forms

4.9
6.6
2.5
9.8
1.1
7.4
2.5
8.9
6.8
5.4
40
6.1
3.6
8.5
4.7
3.3
9.6
3.1
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observed in July and October 2014 were concurrent with the
ﬁrst two peaks observed at the 17 m depth. Very low abundances were registered from December 2014 to May 2015,
between 1.1  105 and 1.4  105 cells L1, followed by a
six-fold increase in June 2015. As with the intermediate
depth (17 m), dinoﬂagellate abundance slightly increased
during the peaks.
The comparison of biomass variability with abundance
variability showed that most of the peaks or increases were
simultaneous in time and space (Fig. 5). However, the greatest difference was the relative contribution of each group.
The highest biomass values were observed at 3 m, with a
maximum of 435 mg C L1. The contribution of the different
phytoplankton groups to the peaks of May and July 2014 was
similar compared to abundance values, being dominated by
small unidentiﬁed forms and haptophytes. Nevertheless,
from December 2014 to March 2015 diatoms dominated

10 5
10 5
10 6
10 5
10 3
10 5
10 4
10 4
10 3
10 3
10 2
10 4
10 3
10 3
10 3
10 3

 10 4

the community, representing between 54% and 78% of the
total biomass (Fig. 5a).
At the intermediate depth (17 m), biomass values were
notably lower than at the 3 m depth, ranging from 9 to
104 mg C L1[142_TD$IF] (Fig. 5b). Similar to the shallower depth studied, diatoms were the dominant group from December
2014 to March 2015 (44—79% of the total biomass). The
occasional and signiﬁcant contribution of ciliates (represented by the genus Mesodinium) during the peak of April
2015 was also notable, representing 30% of the total biomass.
Dinoﬂagellates gained importance during the biomass
increases, especially in September when they represented
33% of the total biomass.
Finally, the range of biomass values at the 33 m depth was
similar to that at 17 m, with the exception of the occurrence
of a larger peak which reached 153 mg C L1 in May 2014
(Fig. 5c). Diatoms dominated the community in May and June
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Total chlorophyll concentration was above the 0.5 mg L1
threshold in 62% of the samples. The depth of 42 m showed
the highest proportion of values below that value (67%
of the samples). Overall, chlorophyll concentrations
below 0.5 mg L1 were found during the summer.

3.4. Relationship between environmental
variables and phytoplankton community

Figure 4 Contribution of each of the major phytoplankton
groups to the total abundance per sample at three different
depths (3, 17 and 33 m). The group “others” consisted of chlorophytes, euglenophytes, ochrophytes, heterotrophic nanoﬂagellates and unidentiﬁed forms. Note that plots have different
scaled y axes.

2014 and from January to May 2015, representing 74—95% of
the total biomass. In August 2014, ciliates contributed 44% of
the total biomass.

3.3. Size-fractionated chlorophyll a
The relative contribution of the three chlorophyll size fractions was studied at six depths (Fig. 6). Overall, the picophytoplankton made the greatest contribution. However, an
increase in the nanophytoplankton was observed towards the
greatest depths (33 and 42 m). Results for May 2014 at the
33 m depth were remarkable, with 58% of the total chlorophyll provided by the microphytoplankton (Fig. 6e).
Total chlorophyll a concentrations, estimated from the
sum of the three size fractions studied, showed values lower
than 1 mg L1 in most of the samples. The highest concentrations were observed in March 2015, with approximately
6 mg L1 at the 3 m depth and 2.5 mg L1 at the 10 m depth,
although values were still low in deeper samples. One month
later, in April 2015, secondary peaks were found at depths of
3 to 24 m. Similar peaks were also detected in late spring
2014 at depths of 33 m and 42 m.

Several strong linear relationships were found between some
environmental variables and both phytoplankton abundance
and chlorophyll a measured in the laboratory (as a proxy for
phytoplankton biomass).
Firstly, the relationships between environment and abundance of phytoplankton groups at each depth were studied
(Table 3). Biplots for each signiﬁcant correlation are shown in
Fig. 3 of the Supplementary Material.
At 3 m, total abundance of phytoplankton was not signiﬁcantly correlated with any environmental variable. Some of the
minor groups, such as chlorophytes and heterotrophic nanoﬂagellates, showed inverse correlations with different environmental variables. Ciliates (Mesodinium spp.) appeared to reach
higher abundance at higher values of light extinction coefﬁcient.
Overall, at 17 m depth, some nutrients were the main
variables that explained phytoplankton abundance. Ammonium concentration signiﬁcantly explained the variability of
chlorophytes and dinoﬂagellates, showing a direct correlation. Nitrate showed a strong inverse relationship with total
abundance of phytoplankton and, in particular, with dinoﬂagellates and haptophytes. Finally, silicate partly explained
the variability of heterotrophic nanoﬂagellate abundance
(inverse correlation). In addition, Artibai river ﬂow showed
inverse correlation with total abundance.
Finally, the greatest number of signiﬁcant linear correlations
was found at a depth of 33 m. However, some of these correlations should be viewed with caution since there were several
'zero' values in the dependent variable. Similar to the pattern
observed at the 17 m depth, Artibai river ﬂow showed inverse
correlation with total abundance of phytoplankton and, in
particular, with diatom abundance. Cryptophytes showed
greater abundance at higher temperature and lower salinity.
Similarly, relationships between environment and different chlorophyll size fractions were ascertained at six depths:
3, 10, 17, 24, 33 and 42 m (Table 4). Biplots for each
signiﬁcant correlation are shown in Fig. 4 to Fig. 9 of the
Supplementary Material.
At the 3 m depth, temperature, nitrate and silicate concentration were the variables explaining most of the variability of the different chlorophyll fractions: higher
chlorophyll values were found at lower temperatures and
higher nitrate concentrations. Higher concentrations of the
chlorophyll fraction of 3—20 mm were found at lower Secchi
disk depths and at higher silicate concentrations. Similar
results were obtained at the 10 m depth: higher chlorophyll
values were observed at lower temperatures and at higher
nitrate and silicate concentrations. In addition, the chlorophyll fraction of 3—20 mm was associated with lower Secchi
disk depths, whereas the larger fraction (>20 mm) was
directly related to Artibai river ﬂow.
At the 17 m depth, variability of chlorophyll was
explained to a lesser extent by environmental variables
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Figure 5 Contribution of each of the major phytoplankton groups to the total biomass per sample at three different depths. The
group “others” consisted of chlorophytes, euglenophytes, ochrophytes, heterotrophic nanoﬂagellates and unidentiﬁed forms. The
black line represents total chlorophyll a concentration [mg L1] obtained by means of chemical analysis (right axis).

compared to the shallower depths. Only the chlorophyll
fraction of 3—20 mm showed signiﬁcant correlation with
the environment, with higher values at lower temperatures
and higher silicate concentrations. At the 24 m depth, silicate was the only variable explaining chlorophyll variability:
the 3—20 mm fraction was directly correlated with silicate
concentration.
At the 33 m depth, temperature, nitrate and silicate
concentrations signiﬁcantly explained the variability of the
small chlorophyll fraction, but with the opposite pattern to
that observed at 3, 10, 17 and 24 m: higher chlorophyll values
were found at higher temperatures and lower nutrient concentrations. The large fraction (>20 mm) was directly
related to salinity. Finally, at the 42 m depth, the small
(<3 mm) and large (>20 mm) chlorophyll fractions were
inversely correlated with silicate concentration. Higher concentrations of the intermediate chlorophyll fraction (3—
20 mm) were found at lower Secchi disk depths. In contrast,
the large fraction presented lower values as the light extinction coefﬁcient increased.

4. Discussion
The study area showed the typical hydrographic conditions of
temperate coastal zones (Mann and Lazier, 1991), previously
described for the Bay of Biscay (Valdés and Moral, 1998;
Valencia et al., 2004; Varela, 1996). The sea surface
appeared stratiﬁed during summer months, due to heating
by solar irradiation (Varela, 1996). Late autumn and winter
were mostly characterised by vertical mixing, which might be
generated by a combination of cooling, turbulence and downwelling processes (Valencia and Franco, 2004; Valencia et al.,
2004). The low surface salinity values observed in the present
study were explained by river discharges mostly during late
winter and spring.
Mixing processes are usually accompanied by changes in
light and nutrient availability and, thus, growth performance
of phytoplankton species within the water column is partly
deﬁned by vertical mixing (Diehl, 2002; Huisman et al.,
2004). In this study, a well-mixed homogeneous water column
was observed in November, December and January, when
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Figure 6 Chlorophyll a size fraction (<3 mm, 3—20 mm and >20 mm; i.e. pico-, nano- and micro-phytoplankton, respectively)
contribution at the six depths for the period May 2014 to June 2015. Total chlorophyll a (sum of fractions) is shown on the right axis. The
dotted line shows the chlorophyll threshold below which mussels do not ﬁlter (Dolmer, 2000; Riisgård, 2001; Riisgård et al., 2011). This
threshold should be viewed with caution since it was not developed for open waters (see Section 4).

phytoplankton abundance and biomass showed the lowest
values or a decreasing trend. As described by Fernandez and
Bode (1991), during this period, although an upward ﬂux of
nutrients from deep water layers occurs as a consequence of
the mixing, phytoplankton biomass is expected to be low due
to limited light. From January onwards, surface phytoplankton abundance and biomass, as well as chlorophyll concentration, started to increase. This increase notably coincided
with nutrient input, reaching a maximum in March—April. In
particular, these peaks in surface waters were characterised
by a high contribution of diatoms, as shown in other late
winter blooms previously described in the southern Bay of
Biscay (Guillaud et al., 2008; Labry et al., 2001). This fact
also agrees with Margalef (1978), who found that strong
vertical mixing favours the dominance of diatoms. According
to Margalef[14_TD$IF]'s mandala, dinoﬂagellates are expected to be
favoured in stratiﬁed water columns, where they show com-

petitive advantage over other groups based on their ability to
swim to zones rich in light and nutrients (Glibert, 2016;
Margalef, 1978; Smayda and Reynolds, 2003). Here, a slight
increase in the contribution of dinoﬂagellates was detected
during August—September 2014, when the water column was
stratiﬁed.
Among the studied environmental variables, temperature
and nutrients (mostly nitrate and silicate) seemed to be the
variables that explained most of chlorophyll annual variability. The results at depths of 3 m and 10 m coincided with
the winter conditions, when deeper cold and nutrient-rich
water is mixed with surface waters leading to the increase in
phytoplankton biomass (Valdés and Moral, 1998; Varela,
1996). According to this, the observed chlorophyll peak at
these depths in March 2015 might be explained by the contemporaneous increase in nitrate and silicate concentrations
and low temperatures.
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Table 3 Signiﬁcant correlations (alpha = 0.05, adjusted by sequential Bonferroni correction) between abundance of major
phytoplankton groups and environmental variables at depths of 3 m, 17 m and 33 m. The Pearson coefﬁcient (r) and the probability
( p) are shown. k: light extinction coefﬁcient estimated for the whole water column. Correlations with an * should be viewed with
caution since there were several 'zero' values in the dependent variable.
Depth

Phytoplankton abundance

Environmental variable

r

p

3m

Chlorophytes
Ciliates
Heterotrophic nanoﬂagellates

Temperature
k
Nitrate
Phosphate

0.553
0.686
0.745
0.638

0.0497
0.0096 *
0.0035
0.0190

17 m

Chlorophytes
Dinoﬂagellates

Ammonium
Ammonium
Nitrate
Nitrate
Silicate
Artibai ﬂow
Nitrate

0.621
0.658
0.628
0.651
0.559
0.684
0.749

0.0236
0.0145
0.0214
0.0159
0.0471
0.0099
0.0032

Phosphate
Temperature
Salinity
Artibai ﬂow
Nitrite
k
Ammonium
Secchi disk depth
Artibai ﬂow

0.749
0.688
0.755
0.687
0.686
0.644
0.705
0.589
0.570

0.0032 *
0.0093
0.0028
0.0095
0.0095 *
0.0175 *
0.0071 *
0.0340 *
0.0419

Haptophytes
Heterotrophic nanoﬂ.
Total abundance
33 m

Chlorophytes
Cryptophytes
Diatoms
Euglenophytes
Heterotrophic nanoﬂagellates
Ochrophytes
Total abundance

In contrast, different results were obtained for phytoplankton abundance. Neither temperature nor silicate
explained the variability in total abundance. Among the
signiﬁcant correlations between environmental variables
and abundance of phytoplankton groups, the fewest number
of correlations was found at the 3 m depth. In fact, previously it [145_TD$IF]had been found that environmental variables
explained little about phytoplankton group variability
(usually <16%, except in winter when this was 24%) in surface
waters off the Basque coast, although the explained variability was higher at the species level (Muñiz et al., 2018). At
17 m, a reduced total abundance coincided with higher river
ﬂow and nitrate concentrations. Nitrate has been found to be
linked to river discharges into the Basque coastal waters
(Borja et al., 2016). This situation would reﬂect winter
conditions, when river ﬂows are high and phytoplankton
abundance is low. Indeed, the low abundance of dinoﬂagellates during winter conditions (and its inverse relation with
nitrate) is consistent again with the reported preference of
this group for summer stratiﬁed waters. Variability in the
abundance of dinoﬂagellates at 17 m was also explained by
ammonium concentrations. This observed direct relationship
is in accordance with the well-established concept that
ammonium is the preferred nitrogen source for marine phytoplankton, with the exception of diatoms, that have shown
higher nitrate uptake rates (Heil et al., 2007; Walsh and
Dugdale, 1971). Speciﬁcally, in the case of dinoﬂagellates, Li
et al. (2010) found the higher acquisition of reduced forms of
nitrogen, such as ammonium.
As mentioned before, the variability explained by the
environment was different for chlorophyll concentration
and for phytoplankton abundance. Although chlorophyll a
has long been used as a proxy for phytoplankton biomass, it is

well known that chlorophyll a concentration, phytoplankton
biomass (in carbon units) and cell abundance are three
different attributes of the phytoplankton community (Domingues et al., 2008). Therefore, different results can be
expected from each of them. In the present study, marked
differences were found between chlorophyll concentrations
and biomass (determined from biovolumes and cell densities). It should be considered that there is an associated error
when biomass is calculated from the ESD and the abundance.
In addition, the ratio of carbon biomass to chlorophyll in the
cell is highly variable, both at intra- and inter-speciﬁc levels,
and also depending on environmental conditions, mainly light
and nutrients (Domingues et al., 2008; Ríos et al., 1998;
Taylor et al., 1997).
Overall, chlorophyll values were low compared to adjacent areas, such as the Atlantic French coast with median
values from 1.2 to 3.2 mg L1[143_TD$IF] (Fariñas et al., 2015); the
euhaline zone of Basque estuaries with median values about
2 mg L1 from spring to autumn (Garmendia et al., 2011), or
the Galician Rias with values up to 20 mg L1 (Varela et al.,
2008). For two stations off the Basque coast located at a
depth of nearly 50 m, similar to the one studied here, Estrada
(1982) found similar results to the ones described above:
overall, chlorophyll values ranged between 0 and 1 mg L1
during the year, showing occasional peaks in the winter. In the
present study, during most of the year phytoplankton biomass
was dominated by picophytoplankton. However, at the time
of maximum biomass, a relative decrease in the contribution
of the smallest fraction compared to the larger ones could be
noticed. This is in accordance with the ﬁndings by Calvo-Díaz
et al. (2008) reported for the central Cantabrian Sea.
Similarly, for an eventual estimation of the capacity of the
Basque coast for bivalve aquaculture, it is also relevant the
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Table 4 Signiﬁcant correlations (alpha = 0.05, adjusted by sequential Bonferroni correction) between chlorophyll a size fractions
analysed at the laboratory and environmental variables at depths of 3, 10, 17, 24, 33 and 42 m. The Pearson coefﬁcient (r) and the
probability ( p) are shown. k: light extinction coefﬁcient estimated for the whole water column.
Depth

Chlorophyll a

Environmental variable

r

p

3m

Chl <3 mm

Temperature
Nitrate
Secchi disk depth
Temperature
Nitrate
Silicate
Temperature
Nitrate
Silicate

0.833
0.621
0.759
0.864
0.783
0.839
0.814
0.806
0.696

0.0004
0.0236
0.0026
0.0001
0.0015
0.0003
0.0007
0.0009
0.0082

Temperature
Secchi disk depth
Temperature
Nitrate
Silicate
Temperature
Artibai ﬂow
Nitrate
Silicate

0.654
0.796
0.870
0.785
0.899
0.864
0.687
0.830
0.813

0.0152
0.0011
0.0001
0.0015
0.0000
0.0001
0.0095
0.0004
0.0007

Chl 3—20 mm

Chl >20 mm

10 m

Chl <3 mm
Chl 3—20 mm

Chl >20 mm

17 m

Chl 3—20 mm

Temperature
Silicate

0.800
0.735

0.0010
0.0042

24 m

Chl 3—20 mm

Silicate

0.714

0.0061

33 m

Chl <3 mm

Temperature
Nitrate
Silicate
Salinity

0.677
0.718
0.895
0.633

0.0111
0.0057
0.0000
0.0201

Silicate
Secchi disk depth
k
Silicate

0.755
0.747
0.662
0.648

0.0045
0.0052
0.0189
0.0226

Chl >20 mm
42 m

Chl <3 mm
Chl 3—20 mm
Chl >20 mm

information about the phytoplankton primary production in
this area, and how it compares with other coastal areas (e.g.,
Figueiras et al., 2002). Maps of primary production depicted
from recent satellite-based data are available at http://
www.bio-oracle.org/explore-data.php (Assis et al., 2018;
Tyberghein et al., 2012). These maps show relatively low
values in the surface waters of the Basque coast in comparison with other coastal areas within the Bay of Biscay, which is
in accordance with the low values of chlorophyll “a” found in
this study, and previously reported by other authors. As
regards for direct measurements of primary production in
the marine environment of the Basque Country, these have
been undertaken mostly in estuaries and only one study can
be cited for open marine waters (Orive et al., 2004; Valencia
et al., 1989). An additional study can be considered representative of these waters, as it was conducted in the Cap
Ferret Canyon, about 150 km off the Basque coast, on the
French shelf (Laborde et al., 1999). The values obtained in
surface waters of these two locations resulted lower than
those measured in the nearby estuarine environments of
Plencia and Urdaibai (Basque Country) and Arcachon Bay
(France) (Table 5). However, primary production rates per
unit area measured in both studies were of similar magnitude

that those obtained, some years later, by Labry et al. (2002)
in a northward location inﬂuenced by the discharges of the
Gironde river, one of the two largest rivers on the French
Atlantic coast, and also by Glé et al. (2008) in the mesotrophic Arcachon Bay. The photic layer-integrated production rates can result more similar among those systems due to
the occurrence of sub-surface peaks in the offshore waters,
as those described by Laborde et al. (1999). In any case, the
highest photic layer integrated rates that have been cited for
open waters off the Basque coast and for the Cap Ferret
Canyon waters are much lower than the maxima cited in the
Galician rias, an area of the Iberian coast inﬂuenced by
upwelling (Bode and Varela, 1998; Cermeño et al., 2006;
Figueiras et al., 2002; Tilstone et al., 1999).
In relation to mussel ﬁltration, not all of the seston is
available as food for these bivalves. Although controversy
still exists, it has been reported by some authors that mussels
do not ﬁlter below a chlorophyll threshold of around 0.5 mg
L1 (Dolmer, 2000; Riisgård, 2001). This threshold should be
viewed with caution since it was not developed for open
waters. Although on some occasions chlorophyll concentrations were below this limit, the annual average value was
slightly above this value. Nevertheless, despite chlorophyll
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Table 5 Phytoplankton primary production rates cited for some locations selected within the Bay of Biscay and the northwest coast of the Iberian Peninsula. Most methods involved
the 14C incorporation technique. The incubation period has been indicated, as it can affect primary production estimates (Regaudie-de-Gioux et al., 2014).
Environment

Location

Study period

Surface
[mg C m3 d1]

Photic zone
integrated rates
[mg C m2 d1]

Method and
incubation time

Reference

Bay of Biscay

Open marine
waters

Basque coast
(438250 N, 28W)
Cap Ferret Canyon
(448450 N, 28W)

April 1986 to April
1987
Spring, summer
and autumn
(1989—1991)
Early winter to late
spring (1998)
Early winter to late
spring (1998)
February to June
(1985)

<1—47 a

<50—600 a

14

C (2 h)

Valencia et al. (1989)

4—144

262—1537

14

C (2 h)

Laborde et al. (1999)

—

15—990

14

C (8—14 h)

Labry et al. (2002)

—

28—1329

14

C (8—14 h)

Labry et al. (2002)

0.8—153 a

—

14

C (3 h)

Elósegui et al. (1987)

Annual cycle
(1996—1997)
Annual cycle
(2003)
Annual cycle
(2001—2002)
Spring, summer
and autumn (1993)
March, August and
December (1993)

38—387 b

—

Revilla et al. (2000)

<50—497

<175—1740 c

Dark-Light method
(24 h)
14
C (24 h)

16.5—1100 a

224—9950 a

14

C (2 h)

Cermeño et al. (2006)

—

65—3690

14

C (2 h)

Tilstone et al. (1999)

—

Maximum > 3000

14

C (2 h)

Bode and Varela (1998)

Oceanic waters off
the Gironde
Gironde plume
Euhaline and
polyhaline waters
in partially
enclosed systems

Plencia Bay

Urdaibai estuary
(lower station)
Arcachon Bay
Northwest Iberian
Peninsula

Upwellinginﬂuenced systems

Rías Baixas (Vigo)
Rías Baixas (Vigo)
Rías Altas (Ares,
Ferrol, La Coruña
Bay)

a
b
c

Glé et al. (2008)

Original data were expressed in hour units. For comparative purposes, daily rates have been derived assuming a constant photoperiod of 10 h (Cermeño et al., 2006).
Gross oxygen production has been transformed to particulate carbon production using a photosynthetic quotient of 2.2 obtained by Iriarte et al. (1997) in the Urdaibai estuary.
Rates per surface area have been calculated using 3.5 m, the approximate mean depth of Arcachon Bay (Glé et al., 2008).
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concentrations being not very high in comparison to other
areas where bivalve aquaculture has traditionally developed
(Figueiras et al., 2002; Varela et al., 2008), it has previously
been reported that mussels from the experimental site off
the Basque coast show good growth and biochemical performance, with similar mean chlorophyll values to the ones
described here (Azpeitia et al., 2016, 2017).
In addition, the dominance of the diatoms during spring
peaks in biomass, together with the relevant contribution of
dinoﬂagellates to the sub-surface abundance and biomass,
suggests favourable conditions for mussel culture, since some
of the important fatty acids for bivalve growth (EPA, Eicosapentaenoic acid; and DHA, Docosahexaenoic acid) are
known to be synthesised by these two groups (e.g., Azpeitia
et al. (2016)). Experiments on mussel nutrition, in terms of
carbon biomass, have also shown highest retention of diatoms and dinoﬂagellates, together with ciliates, compared to
other phytoplankton groups (Trottet et al., 2008). Moreover,
direct correlations have been reported between diatoms and
bivalve growth (Beukema and Cadée, 1991; Pernet et al.,
2012; Wall et al., 2013; Weiss et al., 2007). Thompson et al.
(1993) found that diets containing high levels of saturated
fats were more nutritious for oyster larvae. The observed
high contribution of haptophytes also suggests favourable
conditions for bivalve growth, since they have been reported
to contain, on average, the highest proportion of saturated
fats (33%), followed by diatoms (27%) (Volkman et al., 1991,
1989). In this study, one genus of ciliates (Mesodinium spp.)
and four taxa of heterotrophic nanoﬂagellates (Ebria tripartita, Katablepharis remigera, Leucocryptos sp. and Telonema
sp.) were taken into account. However, for future studies it
would be of interest to account for all the [146_TD$IF]nanoheterotrophs
and ciliates, given their signiﬁcant role as a food source for
mussels (Trottet et al., 2008).
Some of the observed results from the water column, such
as the higher phytoplankton abundance and biomass registered at shallower depths in comparison to the greater
depths, suggest that bivalves would grow better in shallower
waters. Furthermore, abundance and biomass of diatoms,
dinoﬂagellates and haptophytes (i.e. the groups with the
highest fatty acid content) were lower at the 33 m depth. In
contrast, some subsurface chlorophyll maxima were found
during the summer. Also, as previously mentioned, the chlorophyll size fractions above 3 mm (corresponding to nano- and
micro-phytoplankton) appeared to increase slightly towards
the greatest depths that were sampled. These size fractions
are the ones of interest for the correct growth of bivalves as,
although there is still considerable controversy, the majority
of the studies indicate that the minimum particle size for
efﬁcient retention is 4 mm (Jørgensen, 1990; Møhlenberg and
Riisgård, 1978; Riisgard, 1988). Azpeitia et al. (2016) analysed mussels from the same experimental site to compare
whether there were differences between two culture depths.
They found signiﬁcant differences between mussels cultured
at 5 m and at 15 m in terms of dry weight, length, shell shape
and density, but not for any of the biochemical parameters
analysed, such as fatty acid content. Nevertheless, they
concluded that these differences might not lessen the quality
of the ﬁnal product.
In summary, the water column conditions in open waters
off the Basque coast were characterised by the classical
seasonal cycle of temperate areas at mid-latitudes of the
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Northeast Atlantic. These hydrographic and environmental
conditions inﬂuenced to a great extent the [147_TD$IF]vertical distribution and temporal variability of the phytoplankton community. The overall phytoplankton community found through
the water column in the experimental site seemed to be
suitable for bivalve aquaculture, based on the dominance of
diatoms, dinoﬂagellates and haptophytes, and a chlorophyll
concentration that was above the reported threshold for
bivalve ﬁltration in most of the samples collected. Composition and contribution of the major groups were in accordance
with the reported requirements for mussel growth. Although
chlorophyll values were found to be relatively low during
some periods, this may not be a problem for the good
performance of mussels, as other authors who found very
similar average chlorophyll values have previously reported
good growth and biochemical composition in mussels from
the experimental site.

Acknowledgements
This work was supported by the projects “IM13OSTREA”,
“IM16SIMMA” and “IM17MUSSELS”, funded by the Department of Economic Development and Competitiveness of the
Basque Government. O. Muñiz was funded by a grant from
the same Department (BOPV núm. 201; 2013/4467). Useful
suggestions and comments by two anonymous reviewers
greatly improved the manuscript. We thank Proof-ReadingService for their great professional proof reading and editing service. This paper is contribution 872 from AZTI-Tecnalia (Marine Research Division).

Appendix A. Supplementary data
Supplementary material related to this article can be
found, in the online version, at doi:https://doi.org/10.
1016/j.oceano.2018.08.001.

References
Agirbas, E., Koca, L., Aytan, U., 2017. Spatio-temporal pattern of
phytoplankton and pigment composition in surface waters of
south-eastern Black Sea. Oceanologia 59 (3), 283—299, http://
dx.doi.org/10.1016/j.oceano.2017.03.004.
Assis, J., Tyberghein, L., Bosch, S., Verbruggen, H., Serrao, E.A., De
Clerck, O., 2018. Bio-ORACLE v2.0: extending marine data layers
for bioclimatic modelling. Glob. Ecol. Biogeogr. 27 (3), 277—284,
http://dx.doi.org/10.1111/geb.12693.
Austin, M.P., Greig-Smith, P., 1968. The application of quantitative
methods to vegetation survey: II. Some methodological problems
of data from rain forest. J. Ecol. 56 (3), 827—844, http://dx.doi.
org/10.2307/2258109.
Azpeitia, K., Ferrer, L., Revilla, M., Pagaldai, J., Mendiola, D., 2016.
Growth, biochemical proﬁle, and fatty acid composition of mussel
(Mytilus galloprovincialis Lmk.) cultured in the open ocean of the
Bay of Biscay (northern Spain). Aquaculture 454, 95—108, http://
dx.doi.org/10.1016/j.aquaculture.2015.12.022.
Azpeitia, K., Ríos, Y., Garcia, I., Pagaldai, J., Mendiola, D., 2017. A
sensory and nutritional validation of open ocean mussels (Mytilus
galloprovincialis Lmk.) cultured in SE Bay of Biscay (Basque
Country) compared to their commercial counterparts from Galician Rías (Spain). Int. Aquat. Res. 9 (2), 1—18, http://dx.doi.org/
10.1007/s40071-017-0159-0.

128

O. Muñiz et al./Oceanologia 61 (2019) 114—130

Beukema, J., Cadée, G., 1991. Growth rates of the bivalve Macoma
balthica in the Wadden Sea during a period of eutrophication:
relationships with concentrations of pelagic diatoms and ﬂagellates. Mar. Ecol. Prog. Ser. 68 (3), 249—256, http://dx.doi.org/
10.3354/meps068249.
Blanton, J.O., Tenore, K.R., Castillejo, F., Atkinson, L.P., Schwing, F.
B., Lavin, A., 1987. The relationship of upwelling to mussel
production in the rias on the western coast of Spain. J. Mar.
Res.
45
(2),
497—511,
http://dx.doi.org/10.1357/
002224087788401115.
Bode, A., Fernández, E., 1992. Inﬂuence of water-column stability on
phytoplankton size and biomass succession patterns in the central
Cantabrian Sea (Bay of Biscay). J. Plankton Res. 14 (6), 885—902,
http://dx.doi.org/10.1093/plankt/14.6.885.
Bode, A., Varela, M., 1998. Primary production and phytoplankton in
three Galician Rias Altas (NW Spain): seasonal and spatial variability. Sci. Mar. 62 (4), 319—330.
Borja, A., Chust, G., Rodríguez, J.G., Bald, J., Belzunce-Segarra, M.
J., Franco, J., Garmendia, J.M., Larreta, J., Menchaca, I., Muxika, I., Solaun, O., Revilla, M., Uriarte, A., Valencia, V., Zorita, I.,
2016. 'The past is the future of the present': learning from longtime series of marine monitoring. Sci. Total Environ. 566—567,
698—711, http://dx.doi.org/10.1016/j.scitotenv.2016.05.111.
Bourlès, Y., Alunno-Bruscia, M., Pouvreau, S., Tollu, G., Leguay, D.,
Arnaud, C., Goulletquer, P., Kooijman, S., 2009. Modelling growth
and reproduction of the Paciﬁc oyster Crassostrea gigas: advances
in the oyster-DEB model through application to a coastal pond. J.
Sea Res. 62 (2), 62—71, http://dx.doi.org/10.1016/j.
seares.2009.03.002.
Brown, M.R., 2002. Nutritional value and use of microalgae in
aquaculture. In: Cruz Suárez, L.E., Ricque Marie, D., Tapia Salazar, M., Gaxiola Cortés, M.G., Simoes, N. (Eds.), Avances en
Nutrición Acuícola VI. Memorias del VI Simposium Internacional
de Nutrición Acuícola. 3 al 6 de Septiembre de 2002. Cancún,
Quintana Roo, México. Universidad Autónoma de Nuevo Léon,
Monterrey, 281—292.
Burkill, P., Mantoura, R., Llewellyn, C., Owens, N., 1987. Microzooplankton grazing and selectivity of phytoplankton in coastal
waters. Mar. Biol. 93 (4), 581—590, http://dx.doi.org/10.1007/
BF00392796.
Calvo-Díaz, A., Morán, X.A.G., Suárez, L.Á., 2008. Seasonality of
picophytoplankton chlorophyll a and biomass in the central Cantabrian Sea, southern Bay of Biscay. J. Mar. Syst. 72 (1), 271—281,
http://dx.doi.org/10.1016/j.jmarsys.2007.03.008.
Cermeño, P., Marañón, E., Pérez, V., Serret, P., Fernández, E.,
Castro, C.G., 2006. Phytoplankton size structure and primary
production in a highly dynamic coastal ecosystem (Ría de Vigo,
NW-Spain): seasonal and short-time scale variability. Estuar.
Coast. Shelf Sci. 67 (1—2), 251—266, http://dx.doi.org/
10.1016/j.ecss.2005.11.027.
Cucci, T.L., Shumway, S.E., Newell, R.C., Selvin, R., Guillard, R.R.,
Yentsch, C.M., 1985. Flow cytometry: a new method for characterization of differential ingestion, digestion and egestion by
suspension feeders. Mar. Ecol. Prog. Ser. 24, 201—204, http://
dx.doi.org/10.3354/meps024201.
Diehl, S., 2002. Phytoplankton, light, and nutrients in a
gradient of mixing depths: theory. Ecology 83 (2), 386—398,
http://dx.doi.org/10.1890/0012-9658(2002)083[0386:PLANIA]2.0.CO;2.
Diehl, S., Berger, S., Ptacnik, R., Wild, A., 2002. Phytoplankton,
light, and nutrients in a gradient of mixing depths: ﬁeld experiments. Ecology 83 (2), 399—411, http://dx.doi.org/10.1890/
0012-9658(2002)083[0399:PLANIA]2.0.CO;2.
Diez, I., Secilla, A., Santolaria, A., Gorostiaga, J.M., 2000. The north
coast of Spain. In: Sheppard, C. (Ed.), Seas at the Millennium: An
Environmental Evaluation. Pergamon Press of Elsevier Science,
Oxford, 135—150.

Dolmer, P., 2000. Feeding activity of mussels Mytilus edulis related to
near-bed currents and phytoplankton biomass. J. Sea Res. 44 (3),
221—231, http://dx.doi.org/10.1016/S1385-1101(00)00052-6.
Domingues, R.B., Barbosa, A., Galvão, H., 2008. Constraints on the
use of phytoplankton as a biological quality element within the
Water Framework Directive in Portuguese waters. Mar. Pollut.
Bull. 56 (8), 1389—1395.
Edler, L., Elbrächter, M., 2010. The Utermöhl method for quantitative phytoplankton analysis. In: Karlson, B., Cusack, C., Bresnan,
E. (Eds.), Microscopic and Molecular Methods for Quantitative
Phytoplankton Analysis. Intergovernmental Oceanographic Commission of UNESCO, Paris, 13—20.
Elósegui, A., Pozo, J., Orive, E., 1987. Plankton pulses in a temperate
coastal embayment during the winter-spring transition. Estuar.
Coast. Shelf Sci. 24 (6), 751—764, http://dx.doi.org/10.1016/
0272-7714(87)90150-8.
Estrada, M., 1982. Ciclo anual del ﬁtoplancton en la zona costera
frente a Punta Endata (golfo de Vizcaya). Investigación Pesquera
46, 469—491.
Fariñas, T.H., Bacher, C., Soudant, D., Belin, C., Barillé, L., 2015.
Assessing phytoplankton realized niches using a French national
phytoplankton monitoring network. Estuar. Coast. Shelf Sci. 159,
15—27, http://dx.doi.org/10.1016/j.ecss.2015.03.010.
Fernandez, E., Bode, A., 1991. Seasonal patterns of primary production
in the Central Cantabrian Sea (Bay of Biscay). Sci. Mar. 55, 629—636.
Fernández, E., Bode, A., 1994. Succession of phytoplankton assemblages in relation to the hydrography in the southern Bay of
Biscay: a multivariate approach. Sci. Mar. 58 (3), 191—205.
Ferrer, L., Fontán, A., Mader, J., Chust, G., González, M., Valencia,
V., Uriarte, A., Collins, M., 2009. Low-salinity plumes in the
oceanic region of the Basque Country. Cont. Shelf Res. 29 (8),
970—984, http://dx.doi.org/10.1016/j.csr.2008.12.014.
Figueiras, F.G., Labarta, U., Reiriz, M.F., 2002. Coastal upwelling,
primary production and mussel growth in the Rías Baixas of
Galicia. Hydrobiologia 484 (1—3), 121—131, http://dx.doi.org/
10.1023/A:1021309222459.
Fontán, A., Valencia, V., Borja, Á., Goikoetxea, N., 2008. Oceanometeorological conditions and coupling in the southeastern Bay of
Biscay, for the period 2001—2005: a comparison with the past two
decades. J. Mar. Syst. 72 (1—4), 167—177, http://dx.doi.org/
10.1016/j.jmarsys.2007.08.003.
Fontán, A., González, M., Wells, N., Collins, M., Mader, J., Ferrer, L.,
Esnaola, G., Uriarte, A., 2009. Tidal and wind-induced circulation
within the Southeastern limit of the Bay of Biscay: Pasaia Bay,
Basque Coast. Cont. Shelf Res. 29 (8), 998—1007, http://dx.doi.
org/10.1016/j.csr.2008.12.013.
Garmendia, M., Revilla, M., Bald, J., Franco, J., Laza-Martínez, A.,
Orive, E., Seoane, S., Valencia, V., Borja, Á., 2011. Phytoplankton
communities and biomass size structure (fractionated chlorophyll
“a”), along trophic gradients of the Basque coast (northern
Spain). Biogeochemistry 106 (2), 243—263, http://dx.doi.org/
10.1007/s10533-010-9445-2.
Glé, C., Del Amo, Y., Sautour, B., Laborde, P., Chardy, P., 2008.
Variability of nutrients and phytoplankton primary production in a
shallow macrotidal coastal ecosystem (Arcachon Bay, France).
Estuar. Coastal Shelf Sci. 76 (3), 642—656, http://dx.doi.org/
10.1016/j.ecss.2007.07.043.
Glibert, P.M., 2016. Margalef revisited: a new phytoplankton mandala incorporating twelve dimensions, including nutritional physiology. Harmful Algae 55, 25—30, http://dx.doi.org/10.1016/j.
hal.2016.01.008.
Grant, J., 1996. The relationship of bioenergetics and the environment to the ﬁeld growth of cultured bivalves. J. Exp. Mar. Biol.
Ecol. 200 (1), 239—256, http://dx.doi.org/10.1016/S0022-0981
(96)02660-3.
Grasshoff, K., Ehrhardt, M., Kremling, K., 1983. Methods of Seawater
Analyses. Verlag Chemie, Weinheim, 419 pp.

O. Muñiz et al./Oceanologia 61 (2019) 114—130
Guillaud, J.-F., Aminot, A., Delmas, D., Gohin, F., Lunven, M., Labry,
C., Herbland, A., 2008. Seasonal variation of riverine nutrient
inputs in the northern Bay of Biscay (France), and patterns of
marine phytoplankton response. J. Mar. Syst. 72 (1), 309—319,
http://dx.doi.org/10.1016/j.jmarsys.2007.03.010.
Guiry, M.D., Guiry, G.M., 2015. AlgaeBase. World-wide Electronic
Publication, National University of Ireland, Galway, http://www.
algaebase.org.
Hasle, G.R., 1978. The inverted-microscope methods. In: Sournia, A.
(Ed.), Phytoplankton Manual. UNESCO, Paris, 88—96.
Heil, C.A., Revilla, M., Glibert, P.M., Murasko, S., 2007. Nutrient
quality drives differential phytoplankton community composition
on the southwest Florida shelf. Limnol. Oceanogr. 52 (3), 1067—
1078, http://dx.doi.org/10.4319/lo.2007.52.3.1067.
Hickman, R.W., Waite, R.P., Illingworth, J., Meredyth-Young, J.L.,
Payne, G., 1991. The relationship between farmed mussels, Perna
canaliculus, and available food in Pelorus-Kenepuru Sound, New
Zealand, 1983—1985. Aquaculture 99 (1), 49—68, http://dx.doi.
org/10.1016/0044-8486(91)90287-H.
Holm, S., 1979. A simple sequentially rejective multiple test procedure. Scand. J. Stat. 6 (2), 65—70.
Huisman, J., Sharples, J., Stroom, J.M., Visser, P.M., Kardinaal, W.E.
A., Verspagen, J.M.H., Sommeijer, B., 2004. Changes in turbulent
mixing shift competition for light between phytoplankton species. Ecology 85 (11), 2960—2970, http://dx.doi.org/10.1890/
03-0763.
Iriarte, A., de Madariaga, I., Diez Garagarza, F., Revilla, M., Orive, E.,
1997. Primary plankton production, respiration and nitriﬁcation
in a shallow temperate estuary during summer. J. Exp. Mar. Biol.
Ecol. 208 (1—2), 127—151, http://dx.doi.org/10.1016/s00220981(96)02672-x.
Jeffrey, S.W., Humphrey, G.F., 1975. New spectrophotometric equations for determining chlorophylls a, b, c1 and c2 in higher plants,
algae and natural phytoplankton. Biochemie und Physiologie der
Pﬂanzen 167 (2), 191—194.
Jørgensen, C.B., 1990. Functional morphology of bivalve feeding. In:
Jørgensen, C.B. (Ed.), Bivalve Filter Feeding: Hydrodynamics,
Bioenergetics, Physiology and Ecology. Olsen & Olsen, Fredensborg, 4—10.
Kiørboe, T., Mohlenberg, F., 1981. Particle selection in suspensionfeeding bivalves. Mar. Ecol. Prog. Ser. 5, 291—296, http://dx.doi.
org/10.3354/meps005291.
Laborde, P., Urrutia, J., Valencia, V., 1999. Seasonal variability of
primary production in the Cap-Ferret Canyon area (Bay of
Biscay) during the ECOFER cruises. Deep Sea Res. Pt. II 46
(10), 2057—2079, http://dx.doi.org/10.1016/s0967-0645(99)
00055-7.
Labry, C., Herbland, A., Delmas, D., Laborde, P., Lazure, P., Froidefond, J., Jegou, A.-M., Sautour, B., 2001. Initiation of winter
phytoplankton blooms within the Gironde plume waters in the Bay
of Biscay. Mar. Ecol. Prog. Ser. 212, 117—130, http://dx.doi.org/
10.3354/meps212117.
Labry, C., Herbland, A., Delmas, D., 2002. The role of phosphorus on
planktonic production of the Gironde plume waters in the Bay of
Biscay. J. Plankton Res. 24 (2), 97—117, http://dx.doi.org/
10.1093/plankt/24.2.97.
Leterme, S.C., Jendyk, J.-G., Ellis, A.V., Brown, M.H., Kildea, T.,
2014. Annual phytoplankton dynamics in the gulf saint Vincent,
south Australia, in 2011. Oceanologia 56 (4), 757—778, http://dx.
doi.org/10.5697/oc.56-4.757.
Li, J., Glibert, P.M., Zhou, M., 2010. Temporal and spatial variability
in nitrogen uptake kinetics during harmful dinoﬂagellate blooms
in the East China Sea. Harmful Algae 9 (6), 531—539, http://dx.
doi.org/10.1016/j.hal.2010.03.007.
MacDonald, B.A., Ward, J.E., 1994. Variation in food quality and
particle selectivity in the sea scallop Placopecten magellanicus
(Mollusca: Bivalvia). Mar. Ecol. Prog. Ser. 108, 251—264, http://
dx.doi.org/10.3354/meps108251.

129

Mann, K.H., Lazier, J.R.N., 1991. Dynamical of Marine Ecosystems,
Biological—Physical Interactions in the Oceans. Blackwell Sci.
Publ., Oxford, 466 pp.
Margalef, R., 1978. Life-forms of phytoplankton as survival alternatives in an unstable environment. Oceanol. Acta 1 (4), 493—
509.
Marshall, R., McKinley, S., Pearce, C.M., 2010. Effects of nutrition on
larval growth and survival in bivalves. Rev. Aquacult. 2 (1), 33—
55, http://dx.doi.org/10.1111/j.1753-5131.2010.01022.x.
Møhlenberg, F., Riisgård, H.U., 1978. Efﬁciency of particle retention
in 13 species of suspension feeding bivalves. Ophelia 17 (2), 239—
246, http://dx.doi.org/10.1080/00785326.1978.10425487.
Montagnes, D.J.S., Berges, J.A., Harrison, P.J., Taylor, F.J.R.L., 1994.
Estimating carbon, nitrogen, protein, and chlorophyll a from
volume in marine phytoplankton. Limnol. Oceanogr. 39 (5),
1044—1060, http://dx.doi.org/10.4319/lo.1994.39.5.1044.
Morán, X.A.G., Gasol, J.M., Arin, L., Estrada, M., 1999. A comparison
between glass ﬁber and membrane ﬁlters for the estimation of
phytoplankton POC and DOC production. Mar. Ecol. Prog. Ser. 187,
31—41, http://dx.doi.org/10.3354/meps187031.
Muñiz, O., Revilla, M., Rodríguez, J.G., Laza-Martínez, A., Seoane,
S., Franco, J., Orive, E., 2017. Evaluation of phytoplankton
quality and toxicity risk based on a long-term time series previous
to the implementation of a bivalve farm (Basque coast as a case
study). Reg. Stud. Mar. Sci. 10, 10—19, http://dx.doi.org/
10.1016/j.rsma.2016.12.012.
Muñiz, O., Rodríguez, J.G., Revilla, M., Laza-Martínez, A., Seoane,
S., Franco, J., 2018. Seasonal variations of phytoplankton community in relation to environmental factors in an oligotrophic
area of the European Atlantic coast (southeastern Bay of Biscay).
Reg. Stud. Mar. Sci. 17, 59—72, http://dx.doi.org/10.1016/j.
rsma.2017.11.011.
Nogueira, E., Ibanez, F., Figueiras, F.G., 2000. Effect of meteorological and hydrographic disturbances on the microplankton community structure in the Ría de Vigo (NW Spain). Mar. Ecol. Prog.
Ser. 203, 23—45, http://dx.doi.org/10.3354/meps203023.
Olenina, I., Hajdu, S., Edler, L., Andersson, A., Wasmund, N., Busch,
S., Göbel, J., Gromisz, S., Huseby, S., Huttunen, M., Jaanus, A.,
Kokkonen, P., Ledaine, I., Niemkiewicz, E., 2006. Biovolumes and
size-classes of phytoplankton in the Baltic Sea. Helsinki Commission. Baltic Marine Environ. Prot. Comm., 144 pp.
Orive, E., Franco, J., de Madariaga, I., Revilla, M., 2004. Chapter
15 — Bacterioplankton and phytoplankton communities. In: Borja,
Á., Collins, M. (Eds.), Oceanography and Marine Environment of
the Basque Country. Elsevier, Amsterdam, 367—393.
Pernet, F., Malet, N., Pastoureaud, A., Vaquer, A., Quéré, C.,
Dubroca, L., 2012. Marine diatoms sustain growth of bivalves
in a Mediterranean lagoon. J. Sea Res. 68, 20—32, http://dx.doi.
org/10.1016/j.seares.2011.11.004.
Petersen, J.K., Nielsen, T.G., Van Duren, L., Maar, M., 2008. Depletion of plankton in a raft culture of Mytilus galloprovincialis in Ría
de Vigo, NW Spain. I. Phytoplankton. Aquat. Biol. 4, 113—125,
http://dx.doi.org/10.3354/ab00124.
Pettersen, A.K., Turchini, G.M., Jahangard, S., Ingram, B.A., Sherman, C.D., 2010. Effects of different dietary microalgae on survival, growth, settlement and fatty acid composition of blue
mussel (Mytilus galloprovincialis) larvae. Aquaculture 309 (1),
115—124, http://dx.doi.org/10.1016/j.aquaculture.2010.09.024.
Regaudie-de-Gioux, A., Lasternas, S., Agustí, S., Duarte, C.M., 2014.
Comparing marine primary production estimates through different
methods and development of conversion equations. Front.
Mar. Sci. 1 (19), 1—14, http://dx.doi.org/10.3389/fmars.2014.00019.
Revilla, M., Iriarte, A., Madariaga, I., Orive, E., 2000. Bacterial and
phytoplankton dynamics along a trophic gradient in a shallow
temperate estuary. Estuar. Coast. Shelf Sci. 50 (3), 297—313,
http://dx.doi.org/10.1006/ecss.1999.0576.
Revilla, M., Franco, J., Bald, J., Borja, Á., Laza, A., Seoane, S.,
Valencia, V., 2009. Assessment of the phytoplankton ecological

130

O. Muñiz et al./Oceanologia 61 (2019) 114—130

status in the Basque coast (northern Spain) according to the
European Water Framework Directive. J. Sea Res. 61 (1—2),
60—67, http://dx.doi.org/10.1016/j.seares.2008.05.009.
Riisgard, H.U., 1988. Efﬁciency of particle retention and ﬁltration
rate in 6 species of Northeast American bivalves. Mar. Ecol. Prog.
Ser. 45, 217—223, http://dx.doi.org/10.3354/meps211275.
Riisgård, H.U., 2001. On measurement of ﬁltration rates in bivalves–
—the stony road to reliable data: review and interpretation. Mar.
Ecol. Prog. Ser. 211, 275—291, http://dx.doi.org/10.3354/
meps211275.
Riisgård, H.U., Egede, P.P., Barreiro Saavedra, I., 2011. Feeding
behaviour of the mussel, Mytilus edulis: new observations, with
a minireview of current knowledge. J. Mar. Biol. 2011, Art Id.
312459, 13 pp., http://dx.doi.org/10.1155/2011/312459.
Ríos, A.F., Fraga, F., Pérez, F.F., Figueiras, F.G., 1998. Chemical
composition of phytoplankton and particulate organic matter
in the Ría de Vigo (NW Spain). Sci. Mar. 62 (3), 257—271.
Robert, R., Trintignac, P., 1997. Substitutes for live microalgae in
mariculture: a review. Aquat. Living Resour. 10 (5), 315—327,
http://dx.doi.org/10.1051/alr:1997035.
Rouillon, G., Navarro, E., 2003. Differential utilization of species of
phytoplankton by the mussel Mytilus edulis. Acta Oecol. 24 (S1),
S299—S305, http://dx.doi.org/10.1016/S1146-609X(03)00029-8.
Sheldon, R.W., 1972. Size separation of marine seston by membrane
and glass-ﬁber ﬁlters. Limnol. Oceanogr. 17 (3), 494—498, http://
dx.doi.org/10.4319/lo.1972.17.3.0494.
Shumway, S.E., Cucci, T.L., 1987. The effects of the toxic dinoﬂagellate Protogonyaulax tamarensis on the feeding and behaviour
of bivalve molluscs. Aquat. Toxicol. 10 (1), 9—27, http://dx.doi.
org/10.1016/0166-445X(87)90024-5.
Smayda, T.J., 1998. Patterns of variability characterizing marine
phytoplankton, with examples from Narragansett Bay. ICES J.
Mar. Sci. 55 (4), 562—573, http://dx.doi.org/10.1006/
jmsc.1998.0385.
Smayda, T.J., Reynolds, C.S., 2003. Strategies of marine dinoﬂagellate survival and some rules of assembly. J. Sea Res. 49 (2), 95—
106, http://dx.doi.org/10.1016/s1385-1101(02)00219-8.
Taylor, A.H., Geider, R.J., Gilbert, F.J.H., 1997. Seasonal and latitudinal dependencies of phytoplankton carbon-to-chlorophyll a
ratios: results of a modelling study. Mar. Ecol. Prog. Ser. 152
(1), 51—66, http://dx.doi.org/10.3354/meps152051.
Thompson, P.A., Guo, M., Harrison, P.J., 1993. The inﬂuence of
irradiance on the biochemical composition of three phytoplankton species and their nutritional value for larvae of the Paciﬁc
oyster (Crassostrea gigas). Mar. Biol. 117 (2), 259—268, http://
dx.doi.org/10.1007/BF00345671.
Tilstone, G.H., Figueiras, F.G., Fermin, E.G., Arbones, B., 1999.
Signiﬁcance of nanophytoplankton photosynthesis and primary
production in a coastal upwelling system (Ria de Vigo, NW Spain).
Mar. Ecol. Prog. Ser. 183, 13—27, http://dx.doi.org/10.3354/
meps183013.
Trottet, A., Roy, S., Tamigneaux, E., Lovejoy, C., Tremblay, R., 2008.
Impact of suspended mussels (Mytilus edulis L.) on plankton
communities in a Magdalen Islands lagoon (Québec, Canada): a
mesocosm approach. J. Exp. Mar. Biol. Ecol. 365 (2), 103—115,
http://dx.doi.org/10.1016/j.jembe.2008.08.001.
Tyberghein, L., Verbruggen, H., Pauly, K., Troupin, C., Mineur, F., De
Clerck, O., 2012. Bio-ORACLE: a global environmental dataset for
marine species distribution modelling. Glob. Ecol. Biogeogr. 21 (2),
272—281, http://dx.doi.org/10.1111/j.1466-8238.2011.00656.x.

Utermöhl, H., 1958. Zur vervollkommnung der quantitativen phytoplankton-methodik. Mitteilungen der Internationale Vereinigung
fuür Theoretische und Angewandte Limnologie 9, 1—38.
Vajravelu, M., Martin, Y., Ayyappan, S., Mayakrishnan, M., 2017.
Seasonal inﬂuence of physico-chemical parameters on phytoplankton diversity, community structure and abundance at Parangipettai coastal waters, Bay of Bengal, South East Coast of India.
Oceanologia 60 (2), 114—127, http://dx.doi.org/10.1016/j.
oceano.2017.08.003.
Valdés, L., Moral, M., 1998. Time-series analysis of copepod diversity
and species richness in the southern Bay of Biscay off Santander,
Spain, in relation to environmental conditions. ICES J. Mar. Sci. 55
(4), 783—792, http://dx.doi.org/10.1006/jmsc.1998.0386.
Valencia, V., Franco, J., 2004. Chapter 8 — Main characteristics of the
water masses. In: Borja, Á., Collins, M. (Eds.), Oceanography and
Marine Environment of the Basque Country. Elsevier, Amsterdam,
197—232.
Valencia, V., Motos, L., Urrutia, J., 1989. Estudio de la variación
temporal de hidrografía y el plancton en la zona nerítica frente a
San Sebastián. Resultados abril 1986 — diciembre 1987. Servicio
central de publicaciones del Gobierno Vasco, Vitoria-Gasteiz,
81 pp.
Valencia, V., Franco, J., Borja, Á., Fontán, A., 2004. Chapter 7 —
Hydrography of the southeastern Bay of Biscay. In: Borja, Á.,
Collins, M. (Eds.), Oceanography and Marine Environment of the
Basque Country. Elsevier, Amsterdam, 159—194.
van der Veer, H.W., 1989. Eutrophication and mussel culture in the
western Dutch Wadden Sea: impact on the benthic ecosystem; a
hypothesis. Helgol. Meeresunter. 43 (3—4), 517—527.
Varela, M., 1996. Phytoplankton ecology in the Bay of Biscay. Sci. Mar.
60, 45—53.
Varela, M., Prego, R., Pazos, Y., 2008. Spatial and temporal variability of phytoplankton biomass, primary production and community
structure in the Pontevedra Ria (NW Iberian Peninsula): oceanographic periods and possible response to environmental changes.
Mar. Biol. 154 (3), 483—499, http://dx.doi.org/10.1007/s00227008-0943-x.
Volkman, J.K., Jeffrey, S.W., Nichols, P.D., Rogers, G.I., Garland, C.
D., 1989. Fatty acid and lipid composition of 10 species of microalgae used in mariculture. J. Exp. Mar. Biol. Ecol. 128 (3), 219—
240, http://dx.doi.org/10.1016/0022-0981(89)90029-4.
Volkman, J.K., Dunstan, G.A., Jeffrey, S.W., Kearney, P.S., 1991. Fatty
acids from microalgae of the genus Pavlova. Phytochemistry 30 (6),
1855—1859, http://dx.doi.org/10.1016/0031-9422(91)85028-X.
Wall, C.C., Gobler, C.J., Peterson, B.J., Ward, J.E., 2013. Contrasting growth patterns of suspension-feeding molluscs (Mercenaria
mercenaria, Crassostrea virginica, Argopecten irradians, and
Crepidula fornicata) across a eutrophication gradient in the
Peconic Estuary, NY, USA. Estuar. Coast. 36 (6), 1274—1291,
http://dx.doi.org/10.1007/s12237-013-9632-1.
Walsh, J.J., Dugdale, R.C., 1971. A simulation model of the nitrogen
ﬂow in the Peruvian upwelling system. Investigación Pesquera 35
(1), 309—330.
Weiss, M.B., Curran, P.B., Peterson, B.J., Gobler, C.J., 2007. The
inﬂuence of plankton composition and water quality on hard clam
(Mercenaria mercenaria L.) populations across Long Island[148_TD$IF][2's south
shore lagoon estuaries (New York, USA). J. Exp. Mar. Biol. Ecol. 345
(1), 12—25, http://dx.doi.org/10.1016/j.jembe.2006.12.025.

