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The Alboran Sea is a highly dynamic basin which exhibits a high spatio-temporal variability of hydrographic
structures (e.g. fronts, gyres, coastal upwellings). This work compares the abundance and composition of
picophytoplankton observed across the northern Alboran Sea among eleven cruises between 2008 and 2012
using flow cytometry. We evaluate the seasonal and longitudinal variability of picophytoplankton on the basis
of the circulation regimes at a regional scale and explore the presence of cyanobacteria ecotypes in the basin.
The maximal abundances obtained for Prochlorococcus, Synechococcus and picoeukaryotes (12.7 × 104,
13.9 × 104 and 8.6 × 104 cells mL−1 respectively) were consistent with those reported for other adjacent marine
areas. Seasonal changes in the abundance of the three picophytoplankton groups were highly significant al-
though they did notmatch the patterns described for other coastal waters. Higher abundances of Prochlorococcus
were obtained in autumn-winter while Synechococcus and picoeukaryotes exhibited a different seasonal abun-
dance pattern depending on the sector (e.g. Synechococcus showed higher abundance in summer in thewest sec-
tor and duringwinter in the eastern study area). Additionally, conspicuous longitudinal gradients were observed
for Prochlorococcus and Synechococcus, with Prochlorococcus decreasing from west to east and Synechococcus
following the opposite pattern. The analysis of environmental variables (i.e. temperature, salinity and inorganic
nutrients) and cell abundances indicates that Prochlorococcus preferred high salinity and nitrate to phosphate
ratio. On the contrary, temperature did not seem to play a role in Prochlorococcus distribution as it was numeri-
cally important during the whole seasonal cycle. Variability in Synechococcus abundance could not be explained
by changes in any environmental variable suggesting that different ecotypeswere sampled during the surveys. In
particular, our data would indicate the presence of at least two ecotypes of Synechococcus: a summer ecotype
widely distributed in the whole Alboran Sea and a winter ecotype adapted to lower temperature and higher
nutrient concentration whose growth is favoured in the eastern sector.

© 2016 Elsevier B.V. All rights reserved.
Keywords:
Prochlorococcus
Synechococcus
Cyanobacteria
Mediterranean Sea
Flow cytometry
Upwelling
1. Introduction

The autotrophic picoplankton (i.e. smaller than 2 μm; Sieburth,
1979) is an important component of the phytoplankton community,
which dominates over larger phytoplankton in vast areas of the open
sea, contributing significantly to the oceanic primary production,
particularly in oligotrophic waters (Agawin et al., 2000;
Gutiérrez-Rodríguez et al., 2011; Silovic et al., 2011). Cyanobacteria of
the genera Prochlorococcus and Synechococcus are normally the most
abundant picophytoplankton cells, although eukaryotes belonging to
the classes Prasinophyceae, Pelagophyceae, Prymnesiophyceae and
o).
oratory Aberdeen, PO Box 101,
Chrysophyceae can also become numerically important (Vaulot et al.,
2008). In the open sea, high abundances of Prochlorococcus have been
reported in deeper layers of stratified oligotrophic waters (Christaki
et al., 2001; Li et al., 1993; Partensky et al., 1999; Zohary et al., 1998).
By contrast, Synechococcus grows optimally in nutrient-enriched and
mixed waters (Campbell et al., 1994). In the Mediterranean Sea, a
chiefly oligotrophic basin, the dominance of picoplankton over larger
phytoplankton in offshore areas has been reported by different authors
(Denis et al., 2010; Siokou-Frangou et al., 2010; Uitz et al., 2012).
However, horizontal distribution of Prochlorococcus and Synechococcus
reveals complex patterns that do not fit completely those described
for other oceanic areas. For instance, Prochlorococcus becomes abundant
in surface waters of the northwestern Mediterranean Sea in a variety of
habitats including not only offshore stratified waters but also mixed
coastal waters (Vaulot et al., 1990). Dominance of Synechococcus has
been reported in upper layers of oligotrophic Mediterranean areas
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Table 1
Cruise dates, sampling stations and geographic sectors (BA, Bay of Algeciras; WS, western
sector; ES, eastern Sector). See Fig. 1 for a more detailed description of the position of the
sampling stations.

Cruise Date of sampling Sampling stations Geographic
sector

0508 9–14 May 2008 M1–M6 WS
0908 9–12 Sep. 2008 M1, M7–M20, WS
0909 23–25 Sep. 2009 M14–M17; AL1–AL3 WS, ES
0710 07–14 July 2010 AG1–AG4; M7–M15; AL1–AL9 BA, WS, ES
1210 28-Nov.–02 Dec. 2010 M14–15; AL1 WS, ES
0311 19–21 March 2011 M12–M14; AL1-AL4 WS, ES
0811 30-July–04-Aug. 2011 M12–M14; AL1–AL3 WS, ES
1211 23 Nov.–02 Dec. 2011 AG2–AG5; M14–M17; AL1–AL4 BA, WS, ES
0312 06–11 March 2012 AG2–AG3; M14–M17; AL1–AL4 BA, WS, ES
0412 16–21 April 2012 M14–M17; AL1–AL3 WS, ES
0712 07–15 July 2012 AG2–AG4; M14–M17; AL1–AL4 BA, WS, ES
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during stratification periods (Marty et al., 2002). This distribution
probably results from the presence of different ecotypes of
Prochlorococcus and Synechococcus growing optimally at specific condi-
tions of temperature, light and nutrients. In fact, Mella-Flores et al.
(2011) found that two low-light adapted clades of Prochlorococcus
were segregated spatially between the northern and southern parts of
the Mediterranean Sea. In the same study, Synechococcus clades domi-
nating in Mediterranean mesotrophic waters showed to be genetically
distinguishable from the clades dominating low nutrient environments
in the southern Mediterranean Sea.

The longitudinal distribution of autotrophic picoplankton in the
Alboran Sea (the westernmost sub-basin in the Mediterranean Sea)
also indicates the presence of complex patterns that apparently do not
respond to variability in a single environmental factor. The Atlantic
water jet that penetrates into the Alboran Sea throughout the Strait of
Gibraltar feeds two quasi-permanent anticyclonic gyres, which occupy
the entire central part of the western and eastern sub-basins (Minas
et al., 1991; Tintoré et al., 1991). At the north edges of both gyres, the
geostrophic fronts promote the upwelling of subsurface water. These
upwellings are frequently enhanced by favourable winds blowing
along the northwestern coast (Mercado et al., 2012; Sarhan et al.,
2000). This physical framework allows distinguishing three geographi-
cal sectors based on the distribution of the main hydrographic
structures and water masses in the basin: i) Gibraltar Strait, character-
ized by the water exchanges between the Mediterranean Sea and the
Atlantic Ocean; ii) the western sector, driven by the presence of the
western anticyclonic gyre (WAG) and the coastal upwelling and the
incoming Atlantic jet (salinity b 36.6); iii) the eastern sector, dominated
by the eastern anticyclonic gyre (EAG) and the gradient between
Atlantic (fresher) and Mediterranean (saltier) waters (Allen et al.,
2001; Lafuente et al., 1998; Renault et al., 2012; Sarhan et al., 2000).
Jacquet et al. (2002) found that Synechococcus dominated the
picophytoplankton community in the EAG core, while Prochlorococcus
dominated in the gyre edge (occupied by nutrient-depleted Mediterra-
nean water). On the other hand, Reul et al. (2005) reported the
dominance of Synechococcus at stations located in the north edge of
the WAG although the abundances of both Prochlorococcus and
Synechococcus increased to the centre of the gyre. Based on their results,
Jacquet et al. (2002) attributed the distribution pattern of Synechococcus
in the eastern Alboran Sea to the nutrient horizontal gradients in
agreement with the paradigm that Synechococcus grows optimally in
nutrient-enriched and mixed waters (Li, 1994). However, Reul et al.
(2005) concluded that Synechococcus abundance in the western
Alboran Sea was negatively correlated with nutrient concentrations.
These divergent observations may indicate the presence of ecotypes of
Synechococcus inhabiting the western and eastern sub-basins of the
Alboran Sea, adapted to the large variations in bio-physiochemical con-
ditions that characterize the basin. In this work this hypothesis is tested
by analysing the spatio-temporal variability of the composition and
abundance of the picophytoplankton communities across the Northern
Alboran Sea. These analyses are based on data obtained during several
oceanographic surveys carried out between 2008 and 2012.
2. Materials and methods

Eleven oceanographic cruises were carried out between 2008 and
2012 in the NW Alboran Sea on board R/V Francisco de Paula Navarro,
R/V Odón de Buen and R/V Emma Bardán (Table 1). In overall, 37
stations from the Bay of Algeciras to the Bay of Almeria (western and
eastern margins of the basin, respectively) were sampled (Fig. 1; note
that not all the stations were sampled during each survey). Sampling
stations were mainly located in coastal waters (depth lower than
100 m), but also included the continental shelf (100–200 m depth;
AG3, AG5, M3, M13–M15, AL6) and off-shore areas (deeper than
200 m; AG4, AG6, M7, M8, M16, M19–20, AL7-9).
At each station, a CTD (Seabird 25) cast was completed to obtain in-
formation of the physical structure of the water column. The euphotic
zone depth (Ze, depth at which the downwelling PAR irradiance is re-
duced to 1% of its value at the surface) was estimated from the Secchi
disc depth (ZSD) by assuming that the PAR attenuation coefficient is
1.7 of the inverse ZSD (Preisendorfer, 1986). Water samples were col-
lected at fixed depths (0, 10, 20, 30, 50, 75 and 100 m) using 5 L Niskin
bottles. At coastal stations and over the continental shelf the number of
sampled levels depended on the topography. To determine inorganic
nutrient concentration, two 10 mL sub-samples of seawater were col-
lected at each depth and immediately frozen at−20 °C. Concentrations
of nitrate plus nitrite, nitrite, phosphate and silicate were analysed by
segmented flow analysis using a Bran–Luebbe AA3 autoanalyser,
following the methods described in Ramírez et al. (2005). Note that
the concentration of ammonia was not available for all cruises and has
not been included for comparative reasons.

In addition, 0.5–1 L of seawater was filtered throughWhatman GF/F
filters and frozen aboard until analysed at the laboratory. Chlorophyll a
concentration (chl a) was determined by spectrophotometry after
extraction in 90% acetone overnight at 4–5 °C.

To analyse picophytoplankton abundance and composition, 5 mL of
seawater was preserved with glutaraldehyde (1% f.c.) and immediately
frozen in liquid nitrogen (Vaulot et al., 1989). The samples were
analysed using a Becton Dickinson FACScan flow cytometer. The analy-
sis was performed based on the orange and red fluorescence signals to-
gether with the forward-light scatter (FSC). The latter allows a better
estimation of the size of the scattering particle than the side scattered
light (SSC), which is mainly associated with granularity (Petersen
et al., 2012). This analysis allowed the identification of Prochlorococcus,
Synechococcus and eukaryotic picoplankton as the main components of
the autotrophic picoplankton community. The FSC BD TrueCOUNT
Tubes were used to determine absolute counts.

Cell carbon biomass was estimated from picophytoplankton cell
biovolume following Morel et al. (1993) for Prochlorococcus, Kana
and Glibert (1987) for Synechococcus and Verity et al. (1992) for
picoeukaryotes. Cell biovolumes of Prochlorococcus, Synechococcus
and picoeukaryotes in the northwestern Mediterranean Sea were
assumed to be 0.128, 0.449 and 1.33 μm3 cell−1, respectively (Ribes
et al., 1999).

To investigate the longitudinal patterns of variability in
picophytoplankton distribution, the data were grouped into three
west–east geographical sectors: Bay of Algeciras (BA), western sector
(WS), eastern sector (ES; Fig. 1). This clustering is consistent with the
geographic distribution of hydrographic structures and themarked gradi-
ent of circulation regimens present in the Alboran Sea (see introduction).
Seasonalmeans of abundance of the three picophytoplankton cell groups
were calculated for the three geographical sectors in order to determine
annual variability patterns (note that there were not available data for



Fig. 1. Sampling area (a) and station location (black points in panel a). The three geographical sectors into which the stations were grouped for statistical analysis are showed: BA, left
panel; WS, central panel; ES, right panel. Black thick line represents the 500 m isobaths. Grey thick arrows show the main hydrological structures normally found in the Alboran Sea:
AJ, Atlantic jet; CG: cyclonic gyres; WAG: western anticyclonic gyre; EAG: eastern anticyclonic gyre. The bottom panels (b, c and d) show more in detail the position of the sampling
stations in the three sectors.
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spring in BA). Data were grouped seasonally according to the period of
the year in which each sample was collected: winter (January–March),
spring (April–June), summer (July–September) and autumn (October–
December). For each area, the statistical significance of the differences
in abundance and biomass among seasons were tested with one-way
ANOVA at p = 0.05. Statistical significance of the differences among the
three areas for each season was also researched with one-way ANOVA.
Similar comparisons were done with the hydrological variables
(temperature and salinity), nutrient and chl a concentration. Additional-
ly, Pearson's correlation analyses between picophytoplankton biomass
and chl a concentration were performed. Previously data were log-
transformed to meet statistical requirements for normality and homoge-
neity of variances. Normality was evaluated from the normal probability
plot of the residuals of each variable. Homogeneity of variances was test-
ed with a Levene's test. The assumptions of the ANOVAwere satisfied by
all the variables.

A factorial (Discriminant Function) analysis was conducted to inves-
tigate the relationship between variation patterns of the environmental
variables and picophytoplankton populations. The Discriminant
Function Analysis allows determining which combination of variables
better discriminate between groups of observations. The variables used
in the analysis were temperature, salinity, nutrients, nitrate:phosphate
molar ratio, chl a concentration and cell abundances. Because of the
diversity of values and ranges all data were standardized to a mean of 0
and standard deviation of 1 for each geographical sector prior to
conducting the factorial analysis. Only the data obtained within the eu-
photic layer were used. The software package Statistica 7.1 (Statsoft,
Inc. 1984–2005) was used for the statistical analyses.
3. Results

3.1. Variability in abundance and composition of the autotrophic
picoplankton communities

Fig. 2 shows the distribution of the abundances of Prochlorococcus,
Synechococcus and picoeukaryotes along the optical depth for the
whole analysed dataset (i.e. 581 samples). The optical depth refers to
the depth of irradiance levels in the water column according to the at-
tenuation experienced by the downwelling irradiance at that level
(Bukata et al., 1995). In other words, it corresponds to different physical
depths but the same overall diminution of irradiance, and can be
derived from the PAR vertical attenuation coefficient. In our work,
optical depths have been estimated from the amount of surface
irradiance remaining at each specific depth as derived from the
corresponding PAR vertical attenuation coefficient calculated from
ZSD (see material and methods). Most samples (75%) were collected
within the first optical layer (euphotic layer, EL), where the maximal
abundances of the three cell groups were obtained (12.7 × 104,
13.9 × 104 and 8.6 × 104 cells mL−1 for Prochlorococcus, Synechococcus
and picoeukaryotes, respectively). In this layer, picoeukaryotes were
the most abundant group in 45% of the samples, while Prochlorococcus
dominated only in 14% of the observations. Below EL (deep layer, DL),
the abundance of Synechococcus and picoeukaryotes decreased by 3.2
and 2.3 times respectively, while the decrease of Prochlorococcus
abundancewas comparatively lower (1.5 times). Consequently, the per-
centage of Prochlorococcus-dominated samples in DLwas higher than in
EL. In terms of carbon biomass, picoeukaryotes, Synechococcus and



Fig. 2. Vertical distribution of raw abundances of a) picoeukaryotes, b) Synechococcus and c) Prochlorococcus in the whole set of analysed samples along the optical depth (dimensionless).
The trend lines fitted to the distribution of raw abundances are shown as black lines.
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Prochlorococcus accounted for 64%, 28% and 6–11% of the total
picophytoplankton biomass in EL, respectively.

EL-averaged abundance of Prochlorococcus was significantly higher
in BA while Synechococcus showed higher concentrations in ES (Fig. 3,
dark bars). In contrast, picoeukaryotes were more abundant in BA and
WS than in ES. The seasonal analysis showed a highest abundance of
Prochlorococcus during autumn in the three geographical sectors, al-
though this annual maximum was comparatively more pronounced in
BA. The temporal patterns of Synechococcus and picoeukaryotes showed
significant differences among sectors. For instance, Synechococcus low-
est valueswere obtained in BA inwinter, coincidingwith the annual pe-
riod of maximum abundance in ES. Similarly, picoeukaryotes annual
variability revealed an inverse pattern between BA and ES, where a con-
comitant increase/decrease of cell abundancewas obtained fromwinter
to autumn, respectively. This group also showed significant higher
abundances in WS during summer.

Dominance patterns of picophytoplankton groups also differed
among geographical sectors, even showing opposite longitudinal
trends. Thus, dominance of Prochlorococcus and picoeukaryotes
(estimated as the percentage of samples dominated by those groups)
was higher in BA than in ES (Fig. 4), where Synechococcus showed a
higher dominance. Differences among groups were not restricted to
sectors, but also extended to seasonal analysis. Prochlorococcus showed
a significant lower dominance during summer along the entire basin, as
well as during winter–spring in ES. On the contrary, its dominance was
more frequent forwinter and autumn than for spring and summer in BA
and WS. It is worth noting that not a single sample collected in ES for
winter was dominated by Prochlorococcus. In this sector, the lowest
dominance of Synechococcus was obtained for spring when
picoeukaryotes were the dominant cell group. The latter were more
dominant in BA and WS for summer.

3.2. Relationship between hydrological variability and shifts in the
communities

Seasonal means of the environmental variables calculated for the
study sectors are showed in Table 2. As expected, temperature was
lower in winter and spring and higher in summer for the three sectors.
The annual cycle amplitude (i.e. the difference between annual maxi-
mum andminimum)was higher in ES. The later also showed higher sa-
linity values for all seasons, being summer the period with fresher
waters in WS and ES, and autumn in BA. Temporal differences among
sectors were also observed for the Secchi disc depths, which showed
deeper values during summer-autumn in BA, spring inWS and autumn
in ES. Secchi depths indicated deeper euphotic layers in ES for most of
the annual cycle, except for WS where the deepest layer was observed
in spring. Nitrate concentration showed a strong seasonal variation
among regionswith the highest values generally obtained inWS, except
for summerwhenwere higher in BA and ES. The lowest levels coincided
withwinter, summer and autumn in ES,WS and BA respectively. In con-
trast, phosphate did not describe a clear seasonal cycle apart from WS
where themean concentrationwas almost double in spring and autumn
compared to winter and summer. Due to the annual changes in nitrate
and phosphate concentrations, N:P molar ratio (note that the concen-
tration of ammonia was not included) varied strongly in all sectors. It
was higher than the Redfield ratio (16:1) in BA and WS during the
first part of the annual cycle (i.e. winter and spring), and lower during
summer and autumn. On the contrary, ES showed relatively high N:P
ratio also for autumn. Average concentrations of silicate were generally
lower in ES than in the study westernmost sectors where silicate
seemed to follow a seasonal cycle, with higher values in WS during
winter–spring and in BA for summer-autumn. Our dataset shows chl a
annual maxima obtained during winter in WS and during spring in ES,
when the shallowest euphotic layers (see Secchi disc depths) were
observed in each sector. Similarly the highest value in BA corresponded
to winter. In this period chl a average concentration was about 2 and
6-fold higher than in WS and ES respectively, coinciding with similar
or even lower nitrate and phosphate concentrations than in those
sectors.

The results of the factorial analysis performed with the physical–
chemical variables and cell abundances are shown in Fig. 5. Three
factors were found to be significant. The first factor (F1) extracted
explained 35% of variability. Temperature contributed negatively to F1
while nutrient concentrations and salinity contributed positively
(Fig. 5a). Most of the samples collected in summer for all sectors had
negative scores of F1 (Fig. 6). Therefore, F1 discriminated the samples
collected in summer period under strong stratification and relatively
low nutrient concentration. The second factor (F2) explained 18% of
variability. Chl a, salinity, N:P ratio and Prochlorococcus abundance con-
tributed positively to F2 while phosphate did negatively (Fig. 5a). Most
ES samples collected during winter and autumn had positive scores for
F2 while most samples collected in WS during spring and autumn had
negative scores. Additionally, F2 discriminated clearly the samples of
BA collected during winter. Accordingly, the samples obtained during
the most productive annual periods in each sector were discriminated
by F2. These samples featured relatively high salinity and N:P ratio.
Chl a was the main variable contributing positively to the third factor
(F3) that explained 12% of variability. Synechococcus abundance, N:P



Fig. 3. Seasonalmeans of a) Prochlorococcus, b) Synechococcus and c) picoeukaryote cell abundance calculated for the euphotic layer of the Bay of Algeciras (BA),Western (WS) and Eastern
sectors (ES) of the Alboran Sea. Grey bars indicate the total mean for each sector. The horizontal lines in each bar indicate the standard error. Numbers next to grey bars indicate significant
differences among the whole mean calculated for the three geographical sectors at p b 0.05. Letters indicate significant differences among the seasons at p b 0.05 in each geographical
sector. Only the samples collected in the euphotic layer were used for these calculations.
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ratio and temperature were the main variables that contributed
negatively to F3 (Fig. 5b). Samples collected in ES during summer and
autumn had the most negative scores for F3 while only a few samples
collected in BA during summer had negative scores. F3 clearly separates
picoeukaryotes and Synechococcus, with the first being more related to
chl a and the later to nitrate and salinity.
4. Discussion

4.1. Physical framework

The Surface Atlantic Water (SAW; S b 36.6), which penetrates into
the Alboran Sea throughout the Strait of Gibraltar, progressively mixes



Fig. 4. Percentages of samples dominated by Prochlorococcus, Synechococcus and
picoeukaryotes in each sector (total) and during each season: a) Bay of Algeciras (BA),
b) Western (WS) and c) Eastern sectors (ES). Only the samples collected in the euphotic
layer were used for those calculations.
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with saltier and colder MediterraneanWater (MW; S N 37.5) during its
displacement eastward (Lafuente et al., 1998; Mercado et al., 2007;
Minas et al., 1991; Ramírez et al., 2005; Rodríguez et al., 1997, 1998;
Sarhan et al., 2000). This mixture explains the occurrence of western-
to-eastern gradients in surface temperature and salinity as a usual
feature at the northern Alboran Sea (off Spanish coast). The physical
framework described in this work is consistentwith that pattern, show-
ing a longitudinal gradient between the ES (with saltier waters) and
BA–WS during most part of the seasonal cycle (only during summer
the salinity showed no significant differences among sectors). Further-
more, temperature and salinity also showed a significant variability
throughout the year within each geographical sector. Our data showed
fresher and warmer waters corresponding to summer in the overall
study area. According to previous studies, the summer period is fea-
tured by strong thermal stratification of thewater column that hampers
the re-supply of new nutrients towards the euphotic zone from the
deep layer (Ramírez et al., 2005). This situation is also revealed by the
Table 2
Seasonal means (±1 SD) of the physical–chemical variablesmeasured in the euphotic layer dur
ical sectors sampled (Bay of Algeciras, BA; Western sector, WS, Eastern sector, ES). T, tempera
(μM); Phos., phosphate concentration (μM); Sil., silicate concentration (μM); N:P, molar ratio o
sector, the seasonal means were compared using a one-way ANOVA. In each cell, the means w

Geographical sector Winter

T (°C)
BA 14.4 ± 0.1a
WS 14.5 ± 0.5a
ES 14.8 ± 0.2a

Sal (PSU)
BA 37.3 ± 0.1a,b
WS 37.2 ± 0.5a
ES 37.5 ± 0.1b

Secchi (m)
BA 6.4 ± 0.5a
WS 6.9 ± 2.9a
ES 10.8 ± 2.3b

Nitrate (μM)
BA 1.0 ± 0.5a
WS 2.8 ± 1.3a
ES 0.4 ± 0.4b

Phos. (μM)
BA 0.04 ± 0.01a,b
WS 0.14 ± 0.1a
ES 0.04 ± 0.02b

Sil. (μM)
BA 0.5 ± 0.2
WS 2.1 ± 2.3
ES 0.9 ± 0.3

N:P
BA 23.8 ± 12.8
WS 20.7 ± 12.5
ES 13.9 ± 13.8

chl a (μg L−1)
BA 5.9 ± 0.4a
WS 2.8 ± 0.7b
ES 0.9 ± 0.4c
structure of the first factor extracted from the factorial analysis
(Fig. 5), which shows that seasonal warming and nutrient-depletion
in the surface layer co-occurred in all sectors during summer, and to a
lesser extent to some samples collected in other periods in each sector.
Similarly, colder and saltier waters characterized the whole study area
during the first part of the annual cycle, probably as a result of more in-
tense mixing processes between SAW and MW. The presence of colder
and saltier surfacewater cores is a common feature in thewestern coast
of the Alboran Sea, where the coastal upwellings are often enhanced by
favourable winds, especially during spring (Sarhan et al., 2000). These
upwelling events fertilize the surface layer favouring the development
of the annual phytoplankton bloom (Mercado et al., 2007; Ramírez
et al., 2005). Our data suggest a temporal decoupling of the phytoplank-
ton bloom between WS and ES, and show the first part of the annual
cycle as the most productive period, particularly in BA. Such productiv-
ity is probably explained by the physical characteristics of BA, a semi-
enclosed bay, which determines a circulation regime with relatively
higher residence times of the water mass (Sánchez-Garrido et al.,
2014). Our analysis (see Table 2) also indicates that the phytoplankton
annual bloom in the whole study area occurs when nitrate availability
increases (as inferred fromN:P ratio), supporting a nutrient-driven phy-
toplankton growth as it has been previously reported for the northern
Alboran Sea (Mercado et al., 2007; Reul et al., 2005).

4.2. Variability of the picoplankton community in the Alboran Sea

Picophytoplankton abundances reported in this work are consistent
with published values for the Alboran Sea and other adjacent marine
areas. Mean abundances of Prochlorococcus and Synechococcus are sim-
ilar to those described by Reul et al. (2005) and Echevarría et al. (2009),
while picoeukaryotes mean abundance is slightly higher than those
obtained by Reul et al. (2005). Seasonal changes of Prochlorococcus
abundance (higher in autumn–winter, Fig. 3) were in agreement with
the annual variation in other coastal waters in the Cantabrian Sea
(Calvo-Díaz et al., 2008), Atlantic and Pacific Oceans (Baltar et al.,
2009; Liu et al., 2002), but contrary to those described in the subtropical
North Atlantic where the annual peak occurs in summer (Durand et al.,
2001; Worden et al., 2004). It is worth noting the almost absence of
ing the oceanographic survey cruises. Means have been calculated for the three geograph-
ture (°C); Sal, salinity (PSU); Secchi, Secchi disc depth (m); Nitrate, nitrate concentration
f nitrate to phosphate; chl a, chlorophyll a concentration (μg L−1). For each geographical
ith different superscripts were significantly different at p b 0.05.

Spring Summer Autumn

– 18.9 ± 1.6a 16.5 ± 0.2a
15.4 ± 1.1a 19.8 ± 2.0b 15.9 ± 1.4b
13.9 ± 0.2b 20.1 ± 2.8b 18.7 ± 0.7c
– 36.9 ± 0.2 36.7 ± 0.1a
37.5 ± 0.7a 37.0 ± 0.2 37.2 ± 0.5b
38.2 ± 0.01b 37.0 ± 0.3 37.8 ± 0.2c
– 11.3 ± 2.5a 11.3 ± 1.9a
21.8 ± 11.6a 15.5 ± 5.9b 9.4 ± 4.2a
10.0 ± 0.0b 17.5 ± 6.4b 18.1 ± 5.1b
– 0.7 ± 1.02a 0.1 ± 0.03a
4.2 ± 2.4 0.4 ± 1.0b 3.0 ± 3.3b
2.9 ± 0.9 0.6 ± 0.8a,b 1.1 ± 0.5a
– 0.10 ± 0.03 0.08 ± 0.01a
0.24 ± 0.11a 0.11 ± 0.07 0.3 ± 0.2b
0.11 ± 0.20b 0.10 ± 0.04 0.05 ± 0.03b
– 0.9 ± 0.5 2.1 ± 0.6a
2.6 ± 1.2 0.8 ± 0.7 2.0 ± 1.5a
1.7 ± 0.4 0.7 ± 0.4 1.0 ± 0.4b
– 5.8 ± 6.8a 1.6 ± 0.3a
17.3 ± 10.1a 5.5 ± 7.3b 8.3 ± 7.0b
25.8 ± 5.9b 5.3 ± 7.2c 29.8 ± 20.5c
– 1.4 ± 0.9a 0.8 ± 0.2
1.0 ± 1.3 0.6 ± 0.6b 1.1 ± 1.2
2.4 ± 1.04 0.5 ± 0.6b 0.8 ± 0.4



Fig. 5. Structure of the three factors, (a) Factor 1 vs. Factor 2 and (b) Factor 1 vs. Factor 3,
extracted from the factorial analysis performedwith the samples collected in the euphotic
layer. T, temperature; Sal, salinity; chl a, chlorophyll a concentration; nitrate, nitrate
concentration; phosphate, phosphate concentration; N:P ratio, molar ratio of nitrate to
phosphate; Proc, abundance of Prochlorococcus; Syn, abundance of Synechococcus; Euk,
abundance of picoeukaryotes.
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Prochlorococcus in such areas in summer and late winter-early spring
respectively, while it was relatively abundant in our study during the
whole seasonal cycle. The annual variation of Synechococcus and
picoeukaryotes showedmarked differences amonggeographical sectors
which did notmatch in any case the patterns described for other coastal
areas. In Blanes Bay (western Mediterranean Sea) and the South
Adriatic Sea, picoeukaryotes were reported as the dominant group in
winter, while Synechococcus and Prochlorococcus dominated in summer
and autumn or late summer, respectively (Gutiérrez-Rodríguez et al.,
2011; Silovic et al., 2011). The cyanobacteria groups were also reported
as dominant in summer in the Central Cantabrian Sea (NE Atlantic), in
contrast to picoeukaryotes that dominated over the rest of the year
(Calvo-Díaz et al., 2008). Due to differences among groups and sectors,
the seasonal succession patterns of picophytoplankton were non-
uniform in the Alboran Sea (Fig. 4).

4.3. Relationship among environmental factors and distribution of
Synechococcus and Prochlorococcus

Regardless of the seasonal and vertical variability, our data indicate
that the structure of the picophytoplankton community varied in the
Alboran Sea following a longitudinal gradient with higher relative
abundance of Prochlorococcus in BA, Synechococcus in ES and a mixed
presence of the three groups in WS. The relatively high variability in
physical–chemical conditions within and among geographical sector
permits to assess the main factors driving the standing stock of
picophytoplankton groups. According to the literature, light and
temperature are the main factors determining the distribution of
Prochlorococcus ecotypes in the water column. The presence of high
(HL) and low-light (LL) adapted ecotypes have been described in the
Atlantic and Pacific oceans (Johnson et al., 2006; Zinser et al., 2007), as
well as in the Mediterranean Sea (Mella-Flores et al., 2011). In this
work, Prochlorococcus showed a wide distribution along depth, with
some maxima located close to the bottom of the euphotic layer (from
20 to 50 m depth), suggesting that both HL and LL ecotypes were
present in the study area. HL ecotypes of Prochlorococcus show a wide
range of growth conditions although its distribution is normally driven
by temperature (Johnson et al., 2006; Mella-Flores et al., 2011; Zinser
et al., 2007; Zwirglmaier et al., 2008). Prochlorococcus is known to
dominate in warm (N20 °C) oligotrophic open oceanic waters, having
limited growth below 12 °C (Partensky et al., 1999). However, high
abundances of Prochlorococcus (higher than 104cells mL−1) have been
described in relatively cold environments (b15 °C) and warm
oligotrophic waters of the South East Atlantic (Jameson et al., 2010;
Zwirglmaier et al., 2008) and North West Atlantic (Zinser et al., 2007).
In this study, abundance of Prochlorococcus in EL was higher at high
salinity and N:P ratio and (to a less extent) colder waters, conditions
that were more frequent during the first half part of the annual cycle.
Nevertheless, variability in Prochlorococcus abundance was poorly
explained by changes in temperature as demonstrated from the results
of the factorial analysis. According to this analysis, Prochlorococcus in the
northern Alboran Sea preferred high salinity and N:P ratio. These
conditions are more frequently found in surface waters during the
upwelling episodes that mainly affect the western sector of the
Alboran Sea. This finding apparently contradicts the paradigm that
Prochlorococcus grows optimally at low nutrient concentration because
it cannot use nitrate, so it depends on its high surface area to volume
ratio to access ammonium more efficiently or to take up organic
nitrogen compounds at high rates (Worden et al., 2004). However,
this hypothesis is partially disregarded by a recent study from Berube
et al. (2015), which shows unequivocally that some strains of
Prochlorococcus are indeed capable of growth using nitrate as the sole
nitrogen source.

The factorial analysis also supports the segregation between
Prochlorococcus and Synechococcus-picoeukaryotes. The latter tended
to be more abundant in warmer, fresher and nutrient poorer waters,
i.e. at surface levels under stratification conditions during summer.
This pattern differs from other marine areas where high abundances
of Synechococcus and picoeukaryotes have been described under colder
and nutrient-rich conditions typical of surface coastalwaters affected by
upwellings (Echevarría et al., 2009; Partensky et al., 1996; Sherr et al.,
2005). Similarly, comparatively high abundance of Synechococcus was
also obtained in ES during winter when temperature was about 5 °C
lower and salinity 0.5 higher compared to summer conditions. Accord-
ingly, the samples obtained during winter in ES featured the lowest
scores for the third factor extracted from the factorial analysis (Fig. 6).
It is worth noting that N:P ratio during this annual period in ES was sig-
nificantly higher thanduring summer. Therefore the nutrient conditions
under which the communities of Synechococcus grew during winter



Fig. 6. Bi-plot of the scores for the first three factors of each sample used in the factorial analysis: a) Bay of Algeciras, b) Western and c) Eastern sectors.
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were also quite different in comparison to summer conditions. These
findings may suggest the presence of at least two ecotypes of
Synechococcus in the euphotic layer of the northern Alboran Sea: a sum-
mer ecotype that is widely distributed in the whole Alboran Sea and a
winter ecotype adapted to lower temperature and higher nitrogen
availability whose growth is favoured in ES. Genetic studies of
Synechococcus worldwide demonstrate that this genus is genetically
complex (Ahlgren and Rocap, 2012; Fuller et al., 2003; Huang et al.,
2012; Rocap et al., 2002; Scanlan et al., 2009; Toledo and Palenik,
1997), with several clades widely distributed in the Mediterranean
Sea (Mella-Flores et al., 2011). Clade I is usually observed in stable,
low-nutrient conditions (Alonso-Sáez et al., 2008; Boras et al., 2009;
Dufresne et al., 2008; Scanlan et al., 2009; Sohm et al., 2015; Toledo
and Palenik, 2003; Zwirglmaier et al., 2008) typical of summer season
in the northern Alboran Sea, or even in low phosphate environments
(Ostrowski et al., 2010). In contrast, clades I and IV seem to be adapted
to high nutrient/low temperature waters of the Mediterranean Sea
(Mella-Flores et al., 2011). This wide range of physical–chemical condi-
tions would make plausible that different clades dominated during the
annual cycle at a given location, as it has beendescribed for some coastal
sites of the Pacific Ocean (Tai and Palenik, 2009). In concordance, our
data may suggest a seasonal segregation of two or more Synechococcus
ecotypes in the Eastern sector of the Alboran Sea. However, it is not
clear why this presumed winter ecotype did not grow in BA where the
physical frameworkwas similar to ES. This discrepancymight be related
to the grazing pressure that can be an important factor in structuring the
picophytoplankton community (Stelfox-Widdicombe et al., 2000).
Autotrophic picoplankton is mainly predated by heterotrophic
nanoflagellates ranging from 3 to 5 μm (Fenchel, 1986; Landry et al.,
2011; Sherr and Sherr, 2002), which dominate the phytoplankton com-
munity in winter but are less abundant in summer in the Alboran Sea
(Echevarría et al., 2009; Mercado et al., 2007). The annual succession
of nanoflagellates and higher predation rates on Synechococcus than
on Prochlorococcus (Christaki et al., 1999) may explain the horizontal
variability of both groups observed in our study, which was contrary
to previous observations in other marine areas (Campbell et al., 1998;
Durand et al., 2001; Shalapyonok et al., 2001). Nevertheless, based on
our data it cannot be discarded that the differences on nutrient uptake
performance of Prochlorococcus and Synechococcus contributed to the
longitudinal variation patterns observed in the Alboran Sea, as
suggested by some authors (Worden et al., 2004).

5. Conclusions

The high variability of picoplankton abundance and composition ob-
served in the northern Alboran Seawas related to the seasonal cycle and
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the permanent physical–chemical longitudinal gradient driven by the
Atlantic–Mediterranean water exchange through the Strait of Gibraltar.
Themain longitudinal pattern is characterized by amore frequent dom-
inance of Prochlorococcus in BA, co-dominance of picoeukaryotes and
Synechococcus in WS and higher dominance of Synechococcus in ES.
Our data demonstrate that Prochlorococcus and Synechococcus are capa-
ble of growing under a wide range of physical and chemical conditions,
suggesting that at least two distinct ecotypes (HL/LL and winter/sum-
mer, respectively) in each genus grow in the Alboran Sea region. Ac-
cording to these results, the Alboran Sea seems to offer a unique
physical framework, with a high variety of hydrodynamic features and
environments, for the growth of several ecotypes of cyanobacteria.
Given the lack of information on the dynamics of picophytoplankton
communities, their importance on nutrient and carbon transfer to
higher trophic levels in such highly dynamic regions (Morales and
Anabalón, 2012) needs further investigation. Considering the genetic
complexity of the diverse ecotypes (Dufresne et al., 2008; Garczarek
et al., 2007), the molecular techniques are probably the most suitable
approaches to resolve those questions. Molecular characterization of
the eukaryotic picoplankton is still in early stages but is starting to re-
veal new lineages and a large phylogenetic diversity (Massana, 2011;
Massana et al., 2004).
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