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Abstract

The Strait of Gibraltar (SG) is the only connection of the Mediterranean Sea with the global circulation. The SG is an outstanding
marine region to explore physical-biological coupling of pelagic communities due to its hydrodynamic complexity, including strong
tidal forcing and marked spatial gradients and fronts. The authors have unravelled the role of the fortnightly tidal scale (spring and
neap tides) and local processes (upwelling and tidal-topographic mixing) that shape planktonic assemblages in the Strait. To do so,
an oceanographic cruise was taken in early autumn 2008 with a high-resolution grid sampling and spring/neap tidal conditions. The
planktonic features were captured using different automatic and semi-automatic techniques of plankton analyses (flow cytometry,
FlowCAM, LOPC and Ecotaxa) that allowed covering a wide range of sizes of the community from pico- to mesoplankton. The SG
was sectorized into two clusters based on the biogeochemical and main water column properties. Cluster 1 (CL1) covered shallow
productive areas around Cape Trafalgar (CT). CL1 presented higher concentrations of chlorophyll and nutrients, and phytoplankton
was mostly represented by Synechococcus and coastal diatoms while zooplankton had the highest percentage of meroplankton (31%).
In contrast, cluster 2 (CL2) covered open ocean waters and presented more oligotrophic features, i.e. nitrogen-depleted waters with
lower chlorophyll concentrations and a picoplankton community dominated by Prochlorococcus and holoplankton predominance in
mesozooplankton. Under early autumn conditions with overall nutrient-depleted and stratified waters, the CT area emerges as an eco-
system where the constant tidal mixing and nutrients supply is coupled with an active production also being favored by high residence

times and finally shaping a plankton community with unique features in the area.

Keywords: plankton community; Strait of Gibraltar; FlowCAM; Ecotaxa; image analysis; size spectra.

Introduction

The SG is the only connection between the Medi-
terrancan Sea and the Atlantic Ocean, therefore, it is a
crucially important place for assessing potential drivers
of the biogeochemical and hydrological budgets of the
Mediterranean basin and their effect on the global circu-
lation (Candela, 2001; Izquierdo & Mikolajewicz, 2019).
The SG is characterized as a narrow passage that is only
14km wide and 280m in depth in its shallowest area, the
Camarinal Sill. The circulation through the SG can be
represented as a two-layer inverse-estuarine exchange
with surface inflowing Atlantic waters and deep outflow-
ing Mediterranean waters (Armi & Farmer, 1985). This
overall pattern presents a high hydrodynamic variability
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that is effectuated by the tides, including a complex array
of energetic undulatory phenomena due to the interac-
tion between tidally-forced flows and the sharp topog-
raphy of the Strait (Bruno et al., 2002; Garcia Lafuente
et al., 2002; Macias et al., 2006). These intense hydro-
dynamics with a prominent role of the large amplitude
internal waves has been described as the main driver
for biogeochemical patterns in the SG and Alboran Sea
(Vazquez-Escobar et al., 2009; Ramirez-Romero et al.,
2014). Tidal mixing and arrested internal waves above
the Camarinall Sill modify the inflowing oligotrophic At-
lantic waters, leading coastal patches advection towards
the channel and later towards the Alboran Sea (Macias et
al., 2007a; Ramirez-Romero ef al., 2014; Gomez-Jakob-
sen et al., 2019).
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The oligotrophic inflow of Atlantic waters from the
Gulf of Cadiz is mainly composed of oceanic picophy-
toplankton such as Prochlorococcus and Synechococ-
cus (Garcia et al., 1994; Echevarria et al., 2009; Leon et
al., 2015; Amorim et al., 2016; Gonzalez-Garcia et al.,
2018). On the other hand, the more productive waters of
the northern Atlantic shore and the Alboran Sea are dom-
inated by microplankton that is composed of primarily
diatoms (Gomez et al., 2000; Gomez et al., 2004; Reul et
al., 2005; Garcia-Gomez et al., 2020). The confluence of
these water masses in the SG results in a marked horizon-
tal gradient in terms of primary production and associated
planktonic assemblages.

Higher trophic levels of the community (mesozoo-
plankton) are also affected in the region by physical
forcing and mesoscale processes (Macias et al., 2010;
Van Haren, 2014; Yebra et al., 2017, 2018). Besides diel
vertical migration (Frassetto et al., 1962), frontal areas
accumulate biomass and alter the composition of the
community forced by internal wave events (Macias et al.,
2010; Garwood et al., 2020). Overall, the main channel
is primarily dominated by medium sized copepods (Vives
et al., 1975; Macias et al., 2010). Nevertheless, under
warmer conditions, there is an increase in the abundances
of cladocerans in both sides of the SG (Sampaio De Sou-
za et al., 2011; Llope et al., 2020) with Penilia avirostris
being the most frequent species.

Although planktonic assemblages in the SG and ad-
jacent areas have been fairly studied, there is a lack of
a general high resolution description at synoptic scales.
In addition, there are only a small number of detailed
taxonomic descriptions and none cover the entire plank-
ton size spectra. The taxonomic analyses are often hin-
dered because they require a high taxonomic qualification
and are particularly very time consuming. Recently, how-
ever, the use of automatic and semiautomatic plankton
analysis techniques have become more popular because
they enable improving the efficiency of these taxonomic
analyses (Hu & Davis, 2006; Culverhouse et al., 2006;
Zheng et al., 2017).

The primary objective of this work was to reduce
insufficiencies in the knowledge about the drivers and
spatial patterns of a planktonic community in a highly
dynamic system such as the Strait of Gibraltar. The au-
thors analysed the role of fortnightly tidal scales (spring/
neap tides) versus local processes (such as wind-driv-
en upwelling or tidal-topographic mixing) shaping the
planktonic assemblages in the Strait. This work aims to
assess, for the first time, the variability in the structure
of the planktonic assemblages with a detailed spatial res-
olution, covering from nanoplankton to mesozooplank-
ton with a combination of automatic and semiautomatic
methods. The specific objectives include: a) assessing the
fortnightly variability of planktonic assemblages in the
SG, b) describing the spatial patterns of the communities
through a regionalization of the study area, and c) detail-
ing the composition of the planktonic community with a
combination of different automatic methodologies.
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Materials and Methods
Field Sampling

Data were aggregated during a cruise between 16
September and 9 October 2008 aboard the research vessel
B/O Sarmiento de Gamboa. The study area covered the
Strait of Gibraltar and the western Alboran Sea with a
total of 75 sampling stations. These stations were sam-
pled twice under two different tidal conditions: spring
and neap tides (Fig. 1).

The CTD profiles were taken in each sampling sta-
tion. Temperature, conductivity, oxygen, turbidity, and
fluorescence were recorded from surface to bottom. The
Atlantic Mediterranean Interface (AMI) was identified by
the 37.3 isohaline as defined by Sala (2021). The stability
of the water column was assessed by examining Brunt-
Viisild frequency (N?) (Sabetta et al., 2008; Roselli &
Basset, 2015) and defining the mixed layer depth (MLD)
where N? is maxima. N? was calculated using “oce” pack-
age for R (R Core Team, 2008; Kelley & Richards, 2016)

Seawater from fixed discrete depths (5, 25, 50, 75,
150, 200 m) and deep chlorophyll maxima (DCM) was
collected using Niskin bottles on a rosette sampler. Total
chlorophyll (TChla) was estimated from 1 L samples fil-
tered through Whatman GF/F filters (0.7 pm). Fraction-
ated chlorophyll (FChla) was sampled by filtering 5 L of
seawater through a 20 um nylon mesh and collecting the
fraction retained with filtered seawater. This fraction was
filtered again (Whatman GF/F). The total and fraction-
ated chlorophyll filters were kept in the dark and frozen
on board at -20 °C until the analysis in the laboratory.
The chlorophyll content in the TChla and FChla samples
was determined by fluorometry following the protocol by
Yentsch & Menzel (1963) and modified by Holm-Hansen
& Hewes (2004). The percentage of active chlorophyll
(AChla) was estimated on board following the procedure
described in Macias et al. (2008b) using a pulse ampli-
tude modulated (PAM) fluorometer (PhytoPAM®©) that
estimates the proportion of total chlorophyll within active
PS II (Kolbowski & Schreiber, 1995).

Inorganic nutrients samples were filtered (Whatman
GF/F) and stored at -20 °C for their analysis in the labo-
ratory. The concentrations of nitrate, silicate, and phos-
phate were measured using a Skalar San ++ System au-
toanalyser following Grasshoff ez al. (1983).

Particles for microplankton analysis were concentrat-
ed on board from 5 L of seawater by filtration using a
10 pm mesh. Mesoplankton samples were collected with
a 250 pum mesh Bongo net. Double oblique hauls were
carried out from the surface to 200 m (or bottom depth
in shallower stations). All samples were fixed (formalde-
hyde f. c. 4%) and stored in darkness for analysis. Sam-
ples for pico-, nano-, and microplankton were taken at 25
m and analysed on board.
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Fig. 1: Top: Map of the study area, sampling stations are denoted by black dots, grey scale represents depth (m). Bottom: Tidal
elevation (m) during the cruise. Solid and dashed boxes mark samplings made during spring and neap tides respectively.

Plankton samples processing
Pico and nanoplankton analysis

Samples for a pico and nanoplankton analysis (20 ml)
were fixed with 5 ml of fixation cocktail (5% formalde-
hyde, 0.25% glutaraldehyde). A nano and picoplankton
analysis was conducted on board with a FACSaria (BD)
flow cytometer using MiliQ water as the evolving flow.
Each sample was pumped at 80 pl min-1 during seven
minutes and analysed twice with different settings that
were intended to properly characterize the pico and nano-
plankton.

For the nanoplankton species, the SSC signal was
converted to biovolume (BV, in pm?) using the empirical
relationship BV = 0.0525 * SSC - 24.688 (r>=0.89, n =
3). The regression equation was obtained by measuring
the BV of different cultures of phytoplankton by optic
imagery and comparing the results to the SSC signal.

Microplankton analysis
The abundance, biovolume, and taxonomic composi-
tion were analysed using a Flow Cytometer and Micro-

scope (FlowCAM®, Fluid Imaging Technologies, Yar-
mouth, ME, USA) (Sieracki ef al., 1998). Concentrated
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samples were divided into two fractions with a 100 pm
mesh. Both of them were analysed in auto image mode
(20 photographs per second, flow rate over 1 ml min™).
The fraction with particles larger than 100 um was prefil-
tered with a 250 um mesh to avoid obstructions and used
for analysis at x40. The remaining fraction (10 — 100 um)
was analysed at x100 magnification. All samples were
pumped through the FlowCAM for at least 30 minutes.
When the counted particles were less than 400 (<10%
counting error, Lund ef al. (1958)), the entire sample was
analysed.

Images were examined by VisualSpreadSheet 2.4.6.
Invalid vignettes (bubbles, detritus, and duplicated imag-
es) were first removed from the database through visual
recognition. Plankton images were classified into groups
according to their taxonomic class, size, and shape as in
Morillo-Garcia et al. (2014). The sorting was performed
with VisualSpreadSheet automatic classification based on
images libraries. Each group was analysed after automat-
ic classification and corrected by visual inspection, plac-
ing wrong vignettes manually into their proper groups.

VisualSpreadSheet provided an estimation of cell vol-
ume based on the Equivalent Spherical Diameter (ESD).
Considering all the cells spherical can bias the biomass
estimation when particles are cylindrical (most of dia-
toms) or photographed in different orientations (Alvarez
et al., 2012) which would lead to an overestimation of
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volume. The authors used the aspect ratio for each cell
(major to minor axis ratio also given by the software) to
correct the spherical volume into ellipsoidal volume ac-
cording to Herman (2009).

Additionally, some samples were selected and in-
spected under the inverted microscope in order to iden-
tify the species’ composition of the major groups used to
classify the FlowCAM images.

Mesoplankton analysis

Mesoplankton samples were analysed with a sub-
mersible Laser Optical Plankton Counter (LOPC) (Her-
man et al., 2004) adapted for laboratory work which
recorded all of the planktonic organisms present in the
samples from 250um to 3000pum. Before the analysis, the
pumping system was inspected for the presence of bub-
bles. Each sample was first observed in order to remove
organisms larger than 3 mm to avoid occlusions. Data for
SEP (Single Element Particle) and MEP (Multi Element
Particle) were processed with R software (R Core Team,
2008) following directions in Herman (2009). As Flow-
CAM, LOPC also measures the cross- sectional area for
each particle, data were corrected as described above.
Fixed samples were not suitable for distinguishing ma-
rine snow from LOPC (Checkley et al., 2008; Jackson &
Checkley, 2011), therefore, in order to obtain taxonomic
information, fourteen samples were imaged with a scan-
ner (Epson Perfection 4490 Photo) at 3200 dpi and pro-
cessed with Zooprocess (Gorsky et al., 2010). Automatic
prediction and manual validation of all of the vignettes
were made with Ecotaxa (Picheral et al., 2017). Mesozo-
oplankton (heterotrophic plankton > 200 um) was classi-
fied into major groups. Copepods were grouped into four
orders (Razouls et al., 2005) and classified in three differ-
ent size ranges: small copepods (< 1 mm), medium cope-
pods (1mm — 2mm), and large copepods (>2mm) (Bacha
& Amara, 2009; Frangoulis et al., 2017).

Data processing

The particles’ biovolume was converted to biomass
with the equations proposed by Verity et al. (1992) for
nanoplankton, Montagnes et al. (1994) for microplank-
ton, and Alcaraz et al. (2003) for mesoplankton. They
were subsequently grouped into octaves size intervals
(Ln2) and normalized according to Platt and Denman
(1978) and Blanco et al. (1994):
NB = (N x S)/(Smax- Smin) Equation 1
where NB is the normalized biomass in pg C m® mm?=,
and N is the total abundance in the size interval (Smin to
Smax) with S as its mean individual biomass.

Plankton NBSS (Normalized Biomass Size Spectrum)
was presented by the log-linear model (Platt & Denman,
1978) and constructed by using the least-square regression
according to the following equation (Kerr & Dickie 2001):
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log(NB) = a + Blog(S) Equation 2
with log to the base 10, where a is the intercept and f3 is
the slope of regression. The NBSS parameters such as
the intercept and slope values can be used to summarise
plankton community properties. A higher intercept value
means a greater abundance of organisms and system pro-
ductivity and vice versa (Kerr & Dickie 2001, Jennings
& Brander 2010). The slope is determined by the energy
transfer efficiency and number of trophic levels (Zhou,
2006). A slope value of -1 represents the hypothetically
steady-state community or system when size is expressed
in terms of volume which means biomass is evenly dis-
tributed in different size fractions (Sheldon et al., 1972).
A slope value flatter than -1 means more biomass oc-
curs at larger size fractions and vice versa according to
Macpherson & Gordoa (1996).

Statistical analysis

Stations were classified on the basis of their hydro-
graphic and biogeochemical conditions by a k-means
clustering algorithm. Variables measured at discrete
depths (temperature, salinity, TChla, % FChla, nitrate,
nitrite, ammonium, and silicate) were averaged down to
the MLD for the analysis. The number of clusters was
validated using the NbClust R Package (Charrad ef al.,
2014) which evaluates the appropriate number of clus-
ters among several indexes. The majority rule was used
to choose that our K would be two (validated by 12 in-
dexes).

The non-parametric Kruskal-Wallis test was run to as-
sess differences between clusters and environmental fac-
tors. Statistical analyses was performed using IBM SPSS
Statistics 22 software.

Results
Physicochemical variables

Biogeochemical variables followed a common pat-
tern showing maxima in coastal stations also being sig-
nificantly higher during spring tides (Fig. 2, Table S1).
TChla ranged from 0.1 to 4.5 mg m? with an average
concentration of 1.3 mg m?(+ 1.2 Standard Deviation,
SD) during spring tides and 0.7 (+ 0.4 SD) during neap
tides. FChla scored 87% of TChla in spring tides at coast-
al stations while concentrations during neap tides and
oceanic stations were lower (Table S1). Nitrate and ni-
trite concentrations presented a similar distribution with
concentrations ranging from 0 to 25 uM for nitrate and
0.1 to 0.9 uM for nitrite (Fig. 2).

Based on the physical and biogeochemical conditions
in the water column, two regions were detected (Fig. 3).
CL 1 stations markedly presented the highest concen-
trations of TChla and the percentage of FChla, nitrate,
nitrite, and ammonium compared to CL2 (Fig. S1, Table
S1). Furthermore, mean AChla in CL1 was 73%, signifi-
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cantly higher (p < 0.005) than CL2 (53%), although this
variable was not included in the cluster analysis due to
the lack of data in some stations. All of the variables that
were analysed except silicate were significantly differ-
ent between clusters (p < 0.005) according to the Krus-
kal-Wallis test.

Most of CL1 stations were located in coastal areas at

Medit. Mar. Sci., 23/3 2022, 685-697

the Atlantic sector mainly from Cape Trafalgar (CT) to
Tarifa. However, some of them were placed in the mid-
dle of the main channel (Fig. 3). CL2 primarily covers the
main channel and the NW Alboran Sea. This pattern of dis-
tribution is very similar between spring and neap tides with
the exception that some stations at the east side classed as
CL1 during spring tides and CL2 during neap tides.
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Plankton size structure

The spatial distribution of particles presented maxi-
mum concentrations and mass in the area close to the CT
and coastal stations (CL1). Also, abundances were sig-
nificantly higher during spring tides (p < 0.01) (Table S2,
Table S3, Table S4).

The total planktonic biomass was dominated, on aver-
age, by the mesoplanktonic fraction with an average 61%
of the community total biomass (Table 1). This effect is
more marked for samples in CL1 (Table S4, Fig. 4). The
variability observed in the percentage of tripton in the
samples was noteworthy. The microplanktonic fraction
had an average of 30% non-living particles, 42% (£20.94
SD) in CL1 and 26% (+23.19 SD) in CL2. On the other
hand, the mesoplanktonic fraction presented ca. 47% of
tripton (£13.5 SD) in total, 44% (+7.8 SD) in CL1 and
47% (£17.1 SD) in CL2. The total seston weight was sig-
nificantly higher for micro and mesoplanktonic fraction
(p < 0.001) during spring tides, however, no differences
were ascertained between plankton biomass in any frac-
tion.

The spatial distribution of NBSS slopes showed, in
general, more negative slopes from west to east and from
the south to the north of the Strait. Coastal stations from

the CT area to Tarifa had more presence of large cells than
the rest of the stations (-1.34 and -1.27 mean global slopes
of the NBSS, respectively). However, there were no sig-
nificant differences determined among slopes during the
spring or neap tides nor between clusters (Table 2).

Community composition
Pico and nanoplankton

Picoplankton densities were not clearly different
among tidal phases (Fig. S2). During spring tides, the au-
thors recorded total picoplankton cell densities reaching
84000 cells mL'. Prochlorococcus was the dominant
group in picoplankton with a mean abundance higher
than Synechococcus (27066 and 18258 cells mL"!, re-
spectively) while Cryptophytes are less abundant (164
cells mL"). During neap tides, there was an opposite
pattern with Synechococcus doubling Prochlorococcus
abundance (5928 and 2110 cells mL"!, respectively). Tt
is also remarkable that picoplankton cell densities were
lower (p < 0.001) during neap tides than spring tides.

Synechococcus and Prochlorococcus biomass (Fig.
S2) displayed a patchy distribution in spring tides and

Table 1. Plankton biomass (mgC m) during spring and neap tides and between clusters. Mean + standard deviation.

Nanoplankton (Mean + SD)

Microplankton (Mean + SD) Mesoplankton (Mean + SD)

Spring CL1 30.5+8.20
CL2 28.9+10.42

Neap CL1 17.63+0
CL2 21.3+8.76

Total CLI1 30.5+8.20
CL2 24.4+9.93

23.03 +£8.34 103.62 + 18.81
32.26 +51.52 33.19+10.27
59.57+51.96 221.8+0
31.02 +40.41 110.30 + 87.28
41.30+36.99 165.61 + 124.92
31.64 +45.07 64.03 £61.16
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between clusters.

was more homogeneous in general during neap tides.
However, through neap tides, the Cryptophytes had a dis-
tribution in bands across the Strait reaching higher values
in the channel than those recorded during spring tides.
Picoplankton showed maximum abundance and bio-
mass on the west side of the SG. Prochlorococcus bio-
mass increased from north to south whereas Synechococ-
cus presented maximum scores (abundance and biomass)
in the north west coast during spring tides and the north
east coast (close to Estepona) during neap tides.
Picoplankton presented significant differences
(p<0.001) between clusters (Table 2, Table S5). Syn-
echococcus was dominant in terms of biomass in CL1
over CL2 (59 and 38 mgC m™) while Prochlorococcus
had double biomass in CL2 over CL1 (53 and 24 mgC
m?). Cryptophytes were also different between clusters
(p<0.001) attending to their abundance; they were two
times higher in CL1 over CL2 (72 and 38 cells mL"").

Microplankton

Microplankton abundances demonstrated differenc-
es between spring and neap tides (Fig. S3) ranging from
12.3 cell mL" as the maximum density in neap tides to
52.4 cellmL"! in spring tides. In addition, all of the major
microplankton groups had higher abundance (also bio-
mass) during spring tides than neap tides (Table S3). The
most important group in all stations, both in spring and
neap tides, was diatoms that represented an average of
79% from the total phytoplankton (+ 12% SD) followed
by dinoflagellates. The increment in foraminiferans
during neap tides is outstanding. Within diatoms, those
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species forming helical chains (e.g., Guinardia striata,
Chaetoceros debilis) were the group with higher densities
(4.7 cell or chains per mL in spring tides) and biomass
followed by large individual single cells or linear chains
(e.g., Rhizosolenia and Proboscia type, Leptocylindrus
and Lauderia chains) (Table S3). The abundance of di-
atoms during spring tides was twice that of neap tides.
Additionally, this difference was even higher attending to
biomass values (Table S3).

Although all of the groups showed maximum abun-
dances in the stations located in the CT area, the spatial
distribution of microplankton biomass and the compo-
sition of the communities between clusters were similar
(Fig. 4). The most remarkable differences concern CL2
which is the cluster with the higher biomass of foramin-
iferans. Within major phytoplankton groups, there are
no variances in the dominant group (“Helical chains”
and Ceratium in diatoms and dinoflagellates respective-
ly). However, CL1 showed a higher biomass of “Lineal
chains” and Rhizosolenia like diatoms while CL2 had
lower biomass of that group but an increment of “Helical
chains”, Skeletonema like, and pennates (Fig. 4).

Mesoplankton

Copepods were the primary group in terms of abun-
dance (Fig. 4) during both spring and neap tides (Table
S4) and dominated CL1 and CL2. However, in terms of
biomass, there were some differences among clusters.
CL1 presented higher meroplankton biomass (31% of
meroplankton vs. 4% in CL2). Consequently, decapods
and mysidaceans were dominant in CL1 while copepods
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Table 2. H statistic, degrees of freedom and the P value resulting of Kruskal-Wallis test between clusters and tidal phase.

% p < .05, ***p < 0.01.

Cluster Tidal phase
H df P value H df P value
Size spectra

General slope (2 — 3000 pum) 2.81 1 0.09 0.67 1 0.41
Nanoplankton slope (2 — 20 um) 2.35 1 0.12 1.08 1 0.29
Microplankton slope (20 - 200 pm) 2.92 1 0.09 0.39 1 0.53
Mesoplankton slope (200 — 3000 pm) 3.07 1 0.08 1.72 1 0.19

Particles biomass (mg m)
Nanoplankton (2um — 20um) 1.24 1 0.27 7.49 1 Hk*
Microplankton (20 - 200 um) 10.04 1 oAk 0.00 1 0.98
Mesoplankton (200 — 3000 pum) 24.92 1 ol 0.68 1 0.41

Plankton groups biomass (mg m)

Synechococcus 12.01 1 ol 50.05 1 HEH
Prochlorococcus 22.70 1 HAE 78.65 1 HA
Cryptophytes 0.17 1 0.68 2.77 1 0.10
Single rounded cells 2.94 1 0.09 1.06 1 0.30
Pennates diatoms 1.00 1 0.32 0.14 1 0.70
Skeletonema like 4.64 1 ok 0.56 1 0.45
Lineal diatom chains and Rhizosolenia like 3.03 1 0.08 9.47 1 ok
Helical diatom chains 2.56 1 0.11 0.54 1 0.46
Other diatoms 4.64 1 ok 1.71 1 0.19
Peridiniales 3.88 1 *k 1.59 1 0.21
Ceratium/Neoceratium 2.56 1 0.11 3.14 1 0.08
Other dinoflagellates 0.50 1 0.48 0.00 1 1.00
Tintinnids 0.20 1 0.65 0.04 1 0.84
Silicoflagellates 1.55 1 0.21 1.11 1 0.29
Foraminiferans 1.19 1 0.28 0.50 1 0.48
Coccolitophores 0.00 1 1.00 0.00 1 1.00
Amphipods 1.50 1 0.22 1.50 1 0.22
Appendicularians 0.53 1 0.46 5.60 1 HAH
Ascidians 0.12 1 0.72 1.00 1 0.31
Bryozoans 1.32 1 0.25 0.32 1 0.56
Chaetognaths 0.06 1 0.80 0.25 1 0.61
Cirripeds 4.81 1 *x 0.05 1 0.81
Cladocerans 2.16 1 0.14 0.25 1 0.61
Large Copepods 0.09 1 0.75 4.11 1 0.04
Medium Copepods 0.04 1 0.82 0.11 1 0.73
Small copepods 0.00 1 1.00 0.45 1 0.49
Decapods 1.50 1 0.22 0.10 1 0.75
Doliolids 1.00 1 0.31 0.04 1 0.83
Scaphopods 1.00 1 0.31 2.40 1 0.12
Euphausiaceans 0.88 1 0.34 0.02 1 0.86
Hydromedusa 1.00 1 0.31 0.00 1 1.00
Limacinids 0.09 1 0.75 1.00 1 0.31
Molluscs 0.20 1 0.65 0.15 1 0.69
Nauplii 0.12 1 0.72 0.11 1 0.73
Ophiuroideans 1.92 1 0.16 0.77 1 0.38
Ostracods 0.02 1 0.88 0.00 1 1.00
Polychaets 0.12 1 0.72 2.45 1 0.11
Salps 0.01 1 0.91 1.00 1 0.31
Siphonophores 1.32 1 0.25 1.02 1 0.31
Unidentified 0.02 1 0.88 1.38 1 0.23
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still dominated CL2 (52% vs. 22% in CL1).

All of the main groups demonstrated higher biomass
in CL1 than CL2. The Copepods group was the only
group without differences in terms of total biomass. Cala-
noid copepods were dominant in terms of abundance (Ta-
ble S6). In particular, large calanoids were the principal
group within the copepods (> 63%) followed by medium
calanoids and small calanoids in CL1, however, in CL2,
large harpacticoids were the second predominant group
(Fig. 4). The decapod biomass was mainly attributed to
carideans (60 — 40 % for CL1 and CL2, respectively) fol-
lowed by anomurans in CL1 and brachyurans in CL2.

Discussion

The Strait of Gibraltar and surrounding areas is a
complex region with contrasting productivity sectors
(Navarro & Ruiz, 2006; Macias et al., 2007b; Mercado
et al., 2016; Yebra et al., 2017, 2018; Sala et al., 2018;
Gomez-Jakobsen et al., 2019). In the present study, it was
divided into two regions according to the hydrographical
and biogeochemical properties of the water column with
a derived contrasting response and features of the plank-
tonic communities.

This work was performed under very oligotrophic
conditions and stratification of the water column (Fig. 3,
Fig. S1, Fig.S4). Therefore, it is assumed that the pro-
posed regionalisation could be representative and rele-
vant during the stratified season extending from July to
October in this area according to satellite work (Mercado
et al.,2016; Sala et al., 2018) and former studies (Prieto
et al., 2009).

Spatial variability

The region defined by CL1 is mainly characterized by
high concentrations of chlorophyll (and % in large cells)
and the higher levels of nitrate, nitrite, and ammonium.
The stations that were divided and categorized as CL1
are located mainly at the eastern north coast of the SG
including Cape Trafalgar. This is a productive zone due
to an upwelling process and constant nutrient supply due
to tidal mixing (Vargas-Yafez et al., 2002) and also fa-
voured by high residence times of the water masses ca.
three days (Véazquez-Escobar et al., 2009; Bolado-Pena-
gos et al., 2020).

Planktonic communities within this area are typical
of productive waters with flatter slopes of the biomass
size spectrum meaning a larger contribution to biomass
by large organisms than in the other stations. This issue is
corroborated by the percentage of chlorophyll contained
in larger cells and also by the large proportion of mero-
planktonic larvae in the CL1 mesozooplankton biomass
(Fig. 4). Furthermore, the biomass of the three planktonic
fractions analysed is the highest of the study area. The pi-
coplankton presented the highest levels in CL1 and was
mainly represented by Synechococcus in the area which
is in agreement with previous studies (Reul ez al., 2005;
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Echevarria et al., 2009; Gonzalez-Garcia et al., 2018).
However, the nanoplanktonic fraction did not show any
spatial pattern in the area which accorded with previous
observations (Rodriguez et al., 1998). Previous work
stated that the smaller fractions dominate the biomass of
planktonic communities here (Reul et al., 2002; Echevar-
ria et al., 2009). However, our results show that the me-
soplanktonic fraction represented the largest contribution
to the planktonic biomass (Table 1).

Diatoms were the primary group in the phytoplankton
biomass in CL1. The leading group was Helical chains
involving species that are characteristic from neritic areas
such as Guinardia striata and Chaetoceros debilis (Cupp,
1943; WoRMS Editorial Board, 2021) and aligning with
previous results obtained in the same area (Gomez ef al.,
2000; Echevarria et al., 2002). The second group in bio-
mass for CL1 was Lineal chains and Rhizosolenia like
what is constituted by species with large individuals and
linear chains of large cells like Rhizosolenia setigera that
preferentially inhabits coastal waters (Cupp, 1943; EOL,
2011). The percentage of meroplanktonic larvae (31% in
the biomass) in the mesozooplankton community also re-
veals the productive and coastal imprint of CL1.

CL2 represents stations where nutrients are deplet-
ed and the production is low. At the Mediterranean side
of the Strait, it was unexpectedly found mostly stations
classed as CL2. Although this is an area with a quasi-per-
manent coastal upwelling, persistent easterly winds can
prevent this process (Reul et al., 2005; Macias et al.,
2007b, 2008a; Echevarria et al., 2009). Therefore, under
these conditions, the easternmost area was more influ-
enced by the inflow of oligotrophic Atlantic waters by
the SG through the Atlantic Jet. Appendicularians were
the only group in the zooplankton with a higher biomass
in CL2 than in CL1 which is in accordance with previous
observations in the area (Vives et al., 1975). However,
the authors’ expected to find a prevalence of Appendic-
ularians in CL1 over CL2 due to their trophic regime,
Vives et al. (1975) attributed their presence in this area to
the regime of winds and currents in the region.

Additionally, some stations classed as CL1 were
found located on the western side only during spring
tides. These stations could be the result of the suction
of enriched coastal waters produced during spring tides
(Macias et al., 2008b; Ramirez-Romero et al., 2014).

Fortnightly variability

This work illustrates the variability of planktonic
communities in the Strait of Gibraltar under a spatial per-
spective but also differences between spring or neap tides
in a fortnightly scale. The results corroborate previous
studies signing the enhancement of productivity during
spring tides due to the mixing processes related with in-
ternal waves (Macias et al., 2006; Bartual et al., 2011). In
this situation, there is a predominance of Prochlorococ-
cus in picoplankton communities and the highest abun-
dances of micro phytoplankton over the entire Strait of
Gibraltar. During spring tides, there is also an increase in
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the biomass of all microplanktonic groups. The input of
nutrients due to the mixing could possibly be related to
the increment in the productivity of the smaller plank-
tonic groups matching the description made by Margaleff
in the pattern of phytoplankton succession (Margalef,
1978). This is in accordance with the results of previous
studies in the area (Macias et al., 2013). The results also
suggest that, in the case of dinoflagellates, the cell densi-
ties are similar but not the biomass so spring tides could
favour species with larger cell size (Table S3). Further re-
search is required for establishing if there is a difference
in body size for the same species or if there is a shift in
the species composition between spring and neap tides.

Previous authors stated that physical forcing was the
main driver of the distribution of the biomass and some
taxonomic groups of zooplankton in the Strait (Macias et
al., 2010). However, the results show only chaetognaths
were more abundant during spring tides regarding fort-
nightly variability. Nonetheless, the highly variable and
intense hydrodynamics over all of the SG drives the short
residence time of the waters and does not allow observing
the succession after intense mixing of biological commu-
nities. There is an exception in some locations such as the
CT area that is characterized by a residence time of sever-
al days (Bolado-Penagos et al., 2020) ) and coastal com-
munities properly coupled with the supply of nutrients.

In addition to the fortnightly processes over plankton-
ic assemblages, there is also an influence of atmospheric
forcing over the community via wind-driven upwelling
process. The northern coast of the Alboran Sea used to
present an outstanding primary production in the Med-
iterranean due to quasi-permanent upwelling (Prieto et
al., 1999; Sarhan & Vargas-Yaifiez, 2000; Mercado et
al., 2005; Macias et al., 2007b; Echevarria et al., 2009).
However, the cruise occurred during a weakening event
of the upwelling (Mercado et al., 2012; Ramirez-Romero
etal., 2014), and the signs of productivity expected in the
area were not observed.

This study presents, for the first time, a detailed spatial
resolution description of the plankton community in the
SG from nanoplankton to mesoplankton and also includ-
ing tidal variability. This work enhances the perception on
the western north coastal region as an “oasis” area where
the constant supply of nutrients is coupled with an ac-
tive production also being favoured by the high residence
time of the waters. Through a taxonomic analysis and the
NBSS, the authors also showed the importance of meso-
zooplankton biomass on the global plankton community
and particularly of meroplankton in shallow areas around
Cape Trafalgar. These areas emerge as a crucial ecosys-
tem especially during the less productive seasons such as
late summer/fall. These processes configure the coastal
planktonic assemblages in the CT area with unique fea-
tures in the Southern Spain Mediterranean shores.
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