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7.1 Introduction

7.1.1 Biogeochemistry and Phytoplankton Productivity
of the Alboran Sea

Although the Mediterranean Sea is considered in general an oligotrophic basin
(Béthoux et al. 2002; D’Ortenzio and Ribera d’Alcalà 2009), it is able to sustain
moderate levels of primary production. This fact is known as the “Mediterranean
paradox” (Sournia 1973; Estrada 1996) which seems to be related to high levels of
regenerated production and the existence of different fertilization mechanisms that
inject nutrients into the euphotic layer. In fact, there are large differences in produc-
tivity between the different regions in the Mediterranean Sea, so that some areas are
mesotrophic rather than oligotrophic (Stambler 2014). In these areas, primary
production is considerably higher than the average for the whole Mediterranean
basin (Bosc et al. 2004). In particular, the Alboran Sea is considered the most
productive basin of the Mediterranean Sea (Bosc et al. 2004; Lazzari et al. 2012).

However, the Alboran Sea presents a high spatio-temporal variability in its
hydrological and biogeochemical features as well as in its primary production. The
enhanced productivity of the Alboran Sea, in comparison with other regions within
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the Mediterranean, is due to different periodic and recurrent fertilization mechanisms
operating in the Strait of Gibraltar and also within the Alboran Sea, which are
addressed and discussed in this chapter. These fertilization processes lead to the
injection of new nutrients from subsurface waters into the euphotic layer supporting
enhanced phytoplankton biomass and primary production, particularly in the North-
western (NW) Alboran Sea (Minas et al. 1991; Garcia-Gorriz and Carr 2001; Bosc
et al. 2004; Reul et al. 2005; Macías et al. 2007). However, the biogeochemical
signatures of the upwelled waters at the Strait of Gibraltar and its proximities, and
also those of Atlantic waters masses incursions, are progressively lost during the
progress of these waters through the Alboran Sea. As the distance to the Strait
increases the upper waters of the Alboran Sea become more oligotrophic (Bosc et al.
2004) due to the uptake of nutrients by phytoplankton and also to a lower number of
fertilization mechanisms and to a higher variability in the eastern sector (Ramírez
2007; Renault et al. 2012; Oguz et al. 2014).

This chapter reviews the biogeochemical features of the different water masses
found in the Alboran Sea, the different fertilization mechanisms (from upwelling
events to incursions of nutrient-rich North Atlantic Deep Water NACW) which
promote the injection of nutrient into the photic layer. The chapter also examines
the nutrient dynamics in this basin and the potential limitation of phytoplankton by
nutrients, as evidenced from the molar nitrate:phosphate (N:P) and nitrate:silicate
(N:Si) ratios, and discusses the role of phytoplankton uptake in regulating nutrient
concentrations and molar ratios in this basin. In addition, it also addresses the
distribution patterns of chlorophyll-a (Chl-a) and primary production (PP) in relation
to the hydrology and biogeochemical fields. The last section of this chapter analyses
the effects of climate change and ocean acidification on the biogeochemistry and
primary production in the Mediterranean and the Alboran Sea.

The average vertical profiles (annual climatologies) of nutrients and dissolved
oxygen, as well as the average seasonal vertical profiles (seasonal climatologies) of
Chl-a in the Alboran Sea (Manca et al. 2004) were plotted using data provided by
OGS Istituto Nazionale di Oceanografia e Geofisica Sperimentale. Source: Data and
metadata are provided by the Italian National Oceanographic Data Center of the
OGS Istituto Nazionale di Oceanografia e Geofisica Sperimentale (NODC/OGS),
acting within the International Oceanographic Data Exchange System of the
UNESCO Intergovernmental Oceanographic Commission (IOC) since 27/6/2002.

In order to illustrate the singularities of the Alboran Sea, in comparison with the
rest of the Mediterranean Sea, as well as to show the high spatial variability of nitrate
concentration, N:P molar ratio, Chl-a and PP in this basin, average integrated values
for these variables have been obtained. The data were “Generated using
E.U. Copernicus Marine Service Information.”Monthly mean data of Mediterranean
Sea Biogeochemistry Reanalysis (Teruzzi et al. 2016) (Product:
MEDSEA_REANALYSIS_BIO_006_008) (https://doi.org/10.25423/MEDSEA_
REANALYSIS_BIO_006_008) were downloaded from the E.U. Copernicus Marine
Environment Monitoring Service website (http://marine.copernicus.eu/services-
portfolio/access-to-products) and processed to get the average integrated values
(0–100 m) over the period 1999–2016 for those variables in the Mediterranean
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and the Alboran Sea. The processed data correspond to the month of May, one of the
most productive months in the Alboran Sea (Lazzari et al. 2012).

On the other hand, the data on the nutrient distribution at 50 m depth in the
Alboran Sea during the IctioAlboran 0793 survey (July 1993) were provided by
Dr. Juan Pérez de Rubín (Instituto Español de Oceanografía, IEO).

7.2 Nutrients Dynamics: Coupling with Physical Processes

7.2.1 Nutrients and Water Masses in the Alboran Sea

Surface layers in the Alboran Sea are occupied by Surface Atlantic Water (SAW),
known also as Modified Surface Atlantic Water (MSAW), which has its origin in the
Gulf of Cadiz (see Chap. 5 of this book). Many studies have reported that the SAW
entering the Alboran Sea is nutrient poor or even nutrient depleted (Minas et al.
1991; Béthoux et al. 1992; Turley 1999) due to the consumption by phytoplankton in
the Gulf of Cadiz and the Strait of Gibraltar. However, the question of whether the
Atlantic water entering into the Alboran Sea is depleted or not in nutrients has been
matter of debate during the last decades (Béthoux et al. 1992; Dafner et al. 2003;
Huertas et al. 2012). Much of these discrepancies could be due to the fact that in
many studies nutrient concentrations have been reported for the Atlantic inflow
entering into the Alboran Sea rather than for the SAW. At the Strait of Gibraltar,
and due to intense mixing processes, the upwelling of subsurface rich nutrient
Mediterranean waters into the Atlantic surface layer takes place. Other processes
like incursions of NACW also occur (see below), thereby the nutrient load in the
Atlantic inflow largely depends on these processes and also on the biological activity
(Gómez et al. 2000). Moreover, mixing at the Strait is largely controlled by different
physical factors (see Sect. 7.2.2). Therefore, nutrient levels in the Atlantic inflow can
be rather variable. Nevertheless, the nutrient signatures of the SAW at the Strait have
been obtained from the analysis of water masses (Minas et al. 1991; Gómez et al.
2000), where SAW is characterized by nitrate <2 μM, phosphate <0.01 μM, and
silicate <1 μM (Gómez et al. 2000).

NACW has been detected by several studies in the upper layer of the Strait of
Gibraltar and also in the Alboran Sea (Gascard and Richez 1985; Minas et al. 1991;
Gómez et al. 2000; Ramírez et al. 2005; Ramírez-Romero et al. 2014). The entrance
of this water mass into the Alboran Sea is strongly modulated by the tidal cycles at
the Strait (see Sect. 7.2.2). NACW is a water mass rich in nutrients, with nitrate
~5–7 μM, phosphate ~0.35–0.45 μM, and silicate ~2–3 μM (Gómez et al. 2000).
Although other studies have found lower phosphate concentrations (0.09 μM) asso-
ciated to this water mass at the Strait of Gibraltar (Ramírez-Romero et al. 2014).

On the other hand, the intermediate and deep water masses found in the Alboran
Sea are Winter Intermediate Water (WIW), Levantine Intermediate Water (LIW),
and Western Mediterranean DeepWater (WMDW) (see Chap. 5 of this book). These
water masses are characterized by different biogeochemical signatures due to their
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different origins and different residence times (Minas et al. 1991). During their
progress from the Western Mediterranean towards the Alboran Sea, the biogeo-
chemical properties of the intermediate and deep Mediterranean water masses are
progressively modified by mixing with adjacent water masses, as well as by the
accumulation of organic matter from the euphotic zone (by vertical flux or lateral
advection) and bacterial activity (Minas et al. 1991).

The WIW is formed in winter in the NW Mediterranean (Salat and Font 1987;
Millot 1999) and flows along the continental slope of the Iberian Peninsula (Vargas-
Yáñez et al. 2012), reaching the Balearic Sea by spring (Pinot and Ganachaud 1999;
Pinot et al. 2002) and the Alboran Sea by summer or beginning of autumn (Font
1987). Its recent origin, in comparison with other intermediate water masses, is
reflected in its biogeochemical features. In the NW Mediterranean, its oxygen
content is relatively high (Minas et al. 1991; Balbín et al. 2014) but it decreases
progressively during its transit towards the Alboran Sea. In the Alboran Sea, there
are very few data on the biogeochemical features of this water mass. Ramírez (2007)
found a relative maximum of dissolved oxygen and a relative minimum of nutrient
concentrations at 200 m depth, linked to a temperature minimum (θ) ranging from
13.09 �C to 13.20 �C at stations located at the border of the continental slope, where
according to Parrilla and Kinder (1987) the WIW flows towards the Strait of
Gibraltar. The presence of a temperature (θ) minimum was detected in summer
and autumn at salinities ranging from ~37.90 to 38.30 (Ramírez 2007), while it was
much less defined or even absent in winter and spring. At the θ minimum the
dissolved oxygen concentration was on average 202.88 μM, while the mean nitrate,
phosphate, and silicate concentrations were 6.55 μM, 0.25 μM, 3.75 μM, respec-
tively. All these findings suggest the presence of WIW, but θ minimum values were
higher than the typical θ minimum associated to the WIW in the Alboran Sea
(Parrilla and Kinder 1987), indicating a warmer WIW. This could be due to the
high variability observed in the formation of this water mass and to the variability of
its circulation in the Western Mediterranean (Pinot et al. 2002; Vargas-Yáñez et al.
2012), which affect the mixing with other water masses.

The most important intermediate water mass in the Alboran Sea is the LIW
(Parrilla et al. 1986; Parrilla and Kinder 1987; Minas et al. 1991). After reaching
the NW Mediterranean, this water mass flows towards the Alboran Sea along the
continental slope below the WIW (Font 1987; Millot 1999). It has been suggested
that due to this seasonality the greater volume of LIW arrives to the Alboran Sea by
summer-early autumn (Font 1987). The thermohaline and geochemical signatures of
LIW remain clearly distinctive when they enter into the Alboran Sea. Nevertheless,
during its journey towards the Alboran Sea, the LIW mixes with WIW and Medi-
terranean deep waters (Parrilla and Kinder 1987) modifying its levels of dissolved
oxygen. These levels are also modified by microbial respiration in the core of LIW
(Minas et al. 1991). Thus when the LIW arrives to the Alboran Sea it presents lower
dissolved oxygen levels and higher nutrients concentrations than in the NW Med-
iterranean (Minas et al. 1991). Averaged dissolved oxygen values in the LIW for the
whole Alboran Sea have been estimated to be 4.21 ml�l�1 (Manca et al. 2004),
although the lowest values are found in the Western Alboran basin (Minas et al.
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1991; Balbín et al. 2014; García-Martínez et al. 2019), with values ranging from
~3.2 to 3.9 ml�l�1 (Balbín et al. 2014; García-Martínez et al. 2019). Manca et al.
(2004) reported averaged nutrient values in the LIW layer for the whole Alboran
basin, with concentrations of nitrate 8.49 μM, phosphate 0.37 μM, and silicate
8.36 μM. Other studies have reported a maximum of nitrate and phosphate associ-
ated to the oxygen minimum in the Northern Alboran Sea (García-Martínez et al.
2019), which has been detected at depths ~300 m and 500 m in the Western and the
Eastern Alboran Sea, respectively, coinciding with the depth level of the LIW. The
average concentrations at the nitrate maximum range from ~9 μM to 11 μM, with
lower values in autumn and higher in summer associated to the LIW in this sector of
the Alboran (García-Martínez et al. 2019). However, former studies (Packard et al.
1988; Minas et al. 1991) did not found a nutrient maximum associated to the salinity
maxima of the LIW (at ~400 m depth) in the Western Alboran Sea. The average
vertical profiles for nitrate, phosphate, silicate, and dissolved oxygen for the Alboran
Sea (annual climatologies) are shown in Fig. 7.1.

Below the LIW layer, denser less saline, and colder WMDW is found occupying
the deepest part of the Alboran Sea basin (Parrilla and Kinder 1987; Minas et al.
1991; Manca et al. 2004). The WMDW is formed in winter in the Gulf of Lions
(Millot 1999) and flows towards the Alboran Sea (see Chap. 5 of this book). Due to
its recent origin, the WMDW is characterized by higher dissolved oxygen levels than
the LIW (Minas et al. 1991). Thus in the NW Mediterranean Sea dissolved oxygen
concentrations of this deep water mass are ~4.6–4.7 ml�l�1 (Minas et al. 1991).
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Fig. 7.1 Average vertical profiles (annual climatologies) of inorganic nutrients and dissolved
oxygen in the Alboran Sea (Manca et al. 2004). Source: Data and metadata are provided by the
Italian National Oceanographic Data Center of the OGS Istituto Nazionale di Oceanografia e
Geofisica Sperimentale (NODC/OGS), acting within the International Oceanographic Data
Exchange System of the UNESCO Intergovernmental Oceanographic Commission (IOC) since
27/6/2002
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According to its recent origin, the WMDW should also have lower nutrient concen-
trations than intermediate waters. In accordance Béthoux et al. (1998) reported a
weak maximum for nitrate and phosphate in the Western Mediterranean associated
to intermediate waters, with averaged salinity �38.492, and slightly lower nitrate
and phosphate concentrations in deep waters. Similar profiles have been reported by
other authors in the NW Mediterranean (e.g., Karafistan et al. 2002). In contrast
silicate concentrations found in deep Mediterranean waters were slightly higher
compared to intermediate waters, which has been attributed to the slower
remineralization rates of silicate relative to nitrate and phosphate (Béthoux et al.
1998). However other studies have found that nutrient concentrations associated to
deep Mediterranean waters in the NWMediterranean, as well as in the Alboran Sea,
are slightly higher than the concentrations found in the LIW (Manca et al. 2004).
These abnormally high nutrient concentrations in the NW Mediterranean have been
attributed to an increase of nutrient inputs from terrestrial and atmospheric sources
(Manca et al. 2004). During its transit from the Gulf Lions towards the Alboran Sea
the WMDW loses part of its biogeochemical signatures. In the Alboran Sea, the
average dissolved oxygen concentration associated to this water mass is 4.50 ml�l�1

(Manca et al. 2004). This value is similar to values reported in earlier studies (Minas
et al. 1991) in the Western Alboran Sea. The average nitrate and phosphate concen-
trations in the WMDW for the Alboran basin have been estimated to be 9.13 μM and
0.41 μM respectively (Manca et al. 2004), while the average silicate concentration
associated to WMDW in the Alboran Sea was 8.38 μM (Manca et al. 2004) (i.e.,
similar to the value found by these authors for the LIW in this basin). In the Western
Alboran Sea Minas et al. (1991) detected the higher silicate concentrations in the
WMDW, with values ~10 μM on the African continental slope, due to the lifting of
this deep water mass along the southern continental slope, while nitrate in deep
waters was uniform with values ~9.0 μM.

7.2.2 Fertilization Mechanisms: Sources of New Nutrients
to the Photic Layer

The most productive areas in the Alboran Sea are found in its NW sector, in
particular on the Iberian continental margin between Europa Point and Marbella as
well as in the proximities of the Strait of Gibraltar and the northern part of the
Western Anticyclonic Gyre (WAG) (Minas et al. 1991; Baldacci et al. 2001; Reul
et al. 2005). The enhanced productivity in this area, which is clearly distinguishable
from satellite images (Garcia-Gorriz and Carr 1999, 2001), is caused by different
fertilization mechanisms that induce the upwelling of colder subsurface nutrient-rich
waters and promote phytoplankton blooms (Minas et al. 1991; Sarhan et al. 2000;
Reul et al. 2005; Ramírez et al. 2005). The presence of cold surface waters in this
area is almost permanent (Renault et al. 2012) and is favored by the bottom
topography of the continental margin in the NW Alboran Sea, where the existence
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of submarine canyons could play a role in the exchange of waters between the
continental shelf and deep waters (Parrilla et al. 1986; Lafuente et al. 1999; Sarhan
et al. 2000). On the other hand, in the Alboran Sea, the intermediate Mediterranean
waters flow following the geometry of the north continental shelf, banking against
the slope (Parrilla et al. 1986) which facilitates its upwelling.

By far one of the most important fertilization mechanisms, due to its effect along
all the northern continental shelf of the Alboran Sea (from Europa Point to further
East of Cape Gata), is the upwelling induced by westerlies (Sarhan et al. 2000;
Baldacci et al. 2001; Garcia-Gorriz and Carr 1999, 2001; Bakun and Agostini 2001;
Mercado et al. 2012). Wind-driven upwelling is particularly important in coastal and
continental shelf waters (Sarhan et al. 2000). This type of upwelling is more intense
in spring coinciding with stronger westerlies (Garcia-Gorriz and Carr 1999, 2001;
Ramírez et al. 2005). Thus the wind regime has important consequences on the Chl-a
variability throughout the year. In the NW Alboran Sea, it has been reported that on
average 70% of nitrate and 83% of silicate temporal variability (Ramírez 2007) was
explained by the average seasonal zonal wind (E-W) component and seawater
temperature, over 12 seasonal cruises, using multiple regression model. Under
certain conditions, the upwelling can be attenuated or even inhibited by different
factors. Thus the presence of the Atlantic jet close to the Spanish coast may hamper
the upwelling of subsurface waters, caused by Ekman pumping due to westerlies
(Sarhan et al. 2000). On the African continental shelf, westerlies induce
downwelling of poor nutrient surface waters hampering phytoplankton growth
(Bakun and Agostini 2001). On the other hand, easterlies cause convergence and
downwelling of surface waters along the Spanish coast, while they produce upwell-
ing along the African coast. During summer and autumn, when easterlies dominate
the wind regime, downwelling occurs along the Spanish coast and upwelling takes
place along the African coast (Bakun and Agostini 2001; Stanichny et al. 2005). The
presence of a marked thermocline from July to September can also hamper the
upwelling (Garcia-Gorriz and Carr 2001). Nevertheless, upwelling phenomena can
occur even in summer under strong favorable winds, leading to occasional blooms
(Ramírez 2007).

In addition to wind-driven upwelling, in this sector of the Alboran Sea, the path of
Atlantic jet leads to the formation of an intense geostrophic front located at the
northernmost limit of the WAG (Minas et al. 1991; Vargas-Yañez et al. 2002;
Garcia-Gorriz and Carr 2001; Vélez-Belchí et al. 2005). The instabilities and vertical
velocities associated to the agestrophic cross-fontal circulation promote the contin-
uous vertical supply of nutrients to the photic zone (Tintoré et al. 1991; Gil and
Gomis 1994; Sarhan et al. 2000). Another fertilization mechanism is linked to the
variability of the Atlantic jet in the Western Alboran Sea. The position of the jet
show fluctuations over time caused by variations in both the inflow of Atlantic water
and the entrance angle of the Atlantic jet into the Alboran Sea (Sarhan et al. 2000;
Vargas-Yañez et al. 2002). Thus the jet can shift southwards several km in short time
periods (2–3 days) (Sarhan et al. 2000; Reul et al. 2005) leading to the upwelling of
subsurface waters north of the jet. This upwelling mechanism seems only to occur
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during the southward shift of the jet, and its intensity is low compared to upwelling
by westerlies (Sarhan et al. 2000).

Lateral advection of surface nutrient-rich waters by the main Atlantic current has
also been described as an important fertilization mechanism in the Western Alboran
Sea, as well as for other areas located at the center of the basin (Minas et al. 1991:
Garcia-Gorriz and Carr 2001; Ruiz et al. 2001). These surface nutrients rich waters
have their origin in upwelling events at the Strait of Gibraltar as well as in coastal
upwelling occurring between Europa Point and Marbella (Minas et al. 1991; Garcia-
Gorriz and Carr 2001; Baldacci et al. 2001; Oguz et al. 2014). Other studies have
also pointed to the advection of phytoplankton rich waters from the Gulf of Cadiz
towards the Alboran Sea as a source of phytoplankton biomass (Navarro et al. 2011;
Ramírez-Romero et al. 2014). In the Alboran Sea, the surface waters are advected
further east by the Atlantic jet following the main circulation pattern (Baldacci et al.
2001; Ruiz et al. 2001; Garcia-Gorriz and Carr 2001; Sánchez-Vidal et al. 2004),
being an important source of nutrients and phytoplankton to the central and eastern
part of the basin.

The upwelling Mediterranean waters at the Strait of Gibraltar is caused by
different processes (Minas et al. 1991; Gómez et al. 2000; Echevarría et al. 2002)
involving intense mixing and entrainment between nutrient-rich Mediterranean
waters and Atlantic waters. These mixing processes are governed by the exchange
of water masses at the Strait, which largely depend on the tidal cycles and the bottom
topography (Echevarría et al. 2002). Dafner et al. (2003) calculated that ~16% of
Mediterranean water outflow entrains with the Atlantic inflow and recirculates back
into the Alboran Sea. Other studies have estimated that the mixing process during
spring tides, alongside with injection of waters from coastal areas in the Gulf of
Cadiz, would account for 31% of the total nitrate supply to the Alboran Sea through
the Strait, while upwelling due to internal waves would account for 74% of the total
entry of phosphate in the Alboran Sea (Ramírez-Romero et al. 2014). The upwelled
waters at the Strait are advected towards the Alboran Sea by the Atlantic inflow. As
indicated above, internal waves generated at the Camarinal Sill play a major role in
the mixing processes at the Strait particularly during spring tides (Gascard and
Richez 1985; Echevarría et al. 2002; Vázquez et al. 2008). In addition, it has been
suggested that the trapping of internal waves at the Camarinal Sill could increase the
mixing (Bruno et al. 2002). Once the train of waves enters into the Alboran Sea their
path produces the intermittent lifting of subsurface waters (Vázquez et al. 2009; Van
Haren 2014) leading to the pulsed injection of nutrients into the upper layer.

The nutrient enrichment of surface waters in the Western Alboran Sea is also
caused by incursions of nutrient-rich NACW in the Atlantic inflow at the Strait of
Gibraltar (Minas et al. 1991; Gómez et al. 2000, 2001; Ramírez-Romero et al. 2014),
which are controlled by tidal cycles. The incursions of large amounts of NACW
occur at spring tides, while at neap tides the incursions of NACW are discontinuous
(Gómez et al. 2004; Ramírez-Romero et al. 2014). Once these incursions of NACW
have reached the upper layers they are advected by the Atlantic inflow into the
Alboran Sea and mixed with the surface waters (Minas et al. 1991; Echevarría et al.
2002), contributing to the fertilization of the euphotic layer in the western sector of
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this basin. During neap tides and in absence of internal waves the Atlantic inflow
accounts for 69% of nitrate inputs to the Mediterranean from the Atlantic, mostly due
to the contribution of NACW (Ramírez-Romero et al. 2014).

The presence of submesoscale cyclonic eddies in the North Alboran Sea (from
Estepona to Cape Gata) has also been reported by a number of papers as a relevant
source of new nutrients to the photic layer (Sarhan et al. 2000; Reul et al. 2005;
Ramírez et al. 2005; García-Martínez et al. 2019). These eddies are formed from
filaments detached from the main Atlantic current and they can persist for several
days (Parrilla and Kinder 1987; Ramírez et al. 2005; Reul et al. 2005; García-
Martínez et al. 2019). One of the most recurrent cyclonic cell is found off Estepona
(e.g., Parrilla and Kinder 1987; Perkins et al. 1990; Cano and García Lafuente 1991;
Baldacci et al. 2001) whose formation seems to be linked to the southward shift of
the jet (Sarhan et al. 2000).

In the eastern sector of the Alboran Sea, the ageostrophic cross-frontal circulation
associated to the presence of an almost permanent geostrophic front, caused by the
path of the Atlantic jet, is one of the main fertilization mechanisms in this eastern
sector. The front is known as the “Almeria-Oran front” and it separates the less saline
and colder SAW in the Alboran basin from saltier and warmer Surface Mediterra-
nean Waters (SMW) found in the Algero-Balear Basin (Tintoré et al. 1991; Prieur
and Sournia 1994). The front exhibits a high variability linked to the high mesoscale
instabilities in the general circulation pattern in the eastern basin compared to the
western one (Millot 1999; Prieur and Sournia 1994; Renault et al. 2012). When the
Eastern Anticyclonic Gyre (EAG) is well developed, usually in summer and autumn,
the front is found at the easternmost boundary of this gyre (Prieur and Sournia 1994).
However in winter the EAG is usually absent (Viúdez et al. 1996; Vargas-Yañez
et al. 2002; Snaith et al. 2003) and the Atlantic jet shifts southwards and flows closer
to the African coast (Claustre et al. 1994; Prieur and Sournia 1994; Renault et al.
2012).

7.2.3 Distribution Patterns of Inorganic Nutrients (N, P,
and Si)

The dynamics of inorganic nutrients in the Alboran Sea presents a high spatial and
temporal variability as a result of the high hydrodynamic variability and to the
intense biological productivity in this basin. As a result, steeped nutrient gradients
are observed both in the vertical and horizontal distribution (Figs. 7.1 and 7.2). The
lowest nutrient concentrations in the Alboran Sea are usually found and the center of
the WAG and the EAG (Fig. 7.2). Both gyres are downwelling zones where SAW,
impoverished in nutrient due to the previous consumption by phytoplankton, con-
verges, and sinks (Parrilla and Kinder 1987). Consequently, nutrient concentrations
in the Alboran Sea central areas are particularly low during the stratification period,
being frequently <0.25 μM for nitrate, <0.06 μM for phosphate, and <0.70 μM for
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silicate (Gil and Gomis 1994; Rubín et al. 1992, 1997; Cano et al. 1997). Other
studies have reported also low concentrations in areas of the continental margin of
the NW Alboran Sea during the stratification period, with nitrate and sometimes
phosphate below their detection limit above the thermocline, while silicate concen-
trations remained above 0.8 μM (Ramírez et al. 2005; Ramírez 2007). Likewise, very
low nutrient concentrations have also been found usually in adjacent areas north and
east of the EAG due to the presence of warmer, saltier, and nutrient-poor MSW
coming from the Algero-Balear basin. In the Mediterranean waters adjacent to the
Almeria-Oran front phosphate concentrations in the upper 20 m are frequently below
the detection limit (Jacquet et al. 2002; Leblanc et al. 2004), while nitrate and silicate
are low but detectable with the lower concentrations around 0.03–0.06 μM and
0.8 μM, respectively (Leblanc et al. 2004). In contrast, the highest nutrient concen-
trations in the Alboran Sea are usually found at the vicinities of the Strait of Gibraltar
and along the NW sector of the Spanish continental margin, where intense upwelling
induced by different mechanisms takes place very frequently throughout the year
(Minas et al. 1991; Baldacci et al. 2001; Renault et al. 2012). Thus, at the eastern side
of the Strait of Gibraltar nitrate concentrations as high as ~5.0 μM have been found
in the Atlantic waters, while phosphate concentration can reach values around
~0.30 μM and silicate up to ~3.0 μM (Gómez et al. 2000; Dafner et al. 2003;
Huertas et al. 2012). Nevertheless, the variability at the Strait is very high and
other authors have reported lower concentrations (e.g., Gómez et al. 2001;
Echevarría et al. 2002; Ramírez-Romero et al. 2014). The variability of nutrients
in this area depends on the tidal cycle, water exchange, stratification of the water
column, the occurrence of mixing events, the incursions of NACW, and the wind

Fig. 7.2 Nitrate, nitrite, phosphate, and silicate concentration (μmol�l�1) at 50 m depth during
IctioAlboran93 survey conducted in July 1993 by IEO. The stations are shown in the map at the
center of the figure [Source: Figure based on data provided by Dr. Juan Pérez de Rubín (IEO)]
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forcing (Gómez et al. 2000; Echevarría et al. 2002). On the continental margin of the
NW Alboran Sea, the highest nutrient concentrations are detected during intense
coastal upwelling events (Gil and Gomis 1994; Prieto et al. 1999; Ramírez et al.
2005; Reul et al. 2005; Ramírez 2007; Macías et al. 2008; Mercado et al. 2012).
Wind-driven upwelling events normally lead to nitrate concentrations around
2.0–3.0 μM in the upper 20 m of the water column on the continental margin,
while phosphate and silicate concentrations are frequently around 0.15–0.20 μM and
1.5–2.0 μM, respectively (Ramírez et al. 2005; Reul et al. 2005; Mercado et al.
2014). Similar nutrient concentrations have also been found at the geostrophic front
associated to the path of Atlantic jet in this area (Morán and Estrada 2001; Arin et al.
2002; Reul et al. 2005; Mercado et al. 2014). Wind-driven upwelling events
frequently take place between November-March (Garcia-Gorriz and Carr 2001),
but they may sporadically occur throughout all year, thereby similarly high nutrient
concentrations in the upper layers have been occasionally reported in the NW
Alboran Sea during late spring (June) and the stratification period (e.g., Rubín
et al. 1999; Prieto et al. 1999; Ramírez 2007; Lazzari et al. 2012). Nevertheless,
during the non-bloom period, which extends from May to September (Garcia-Gorriz
and Carr 2001), coastal upwellings are less frequent and nutrient concentrations at
the surface tend to decline. However, the fertilizing effect associated to the front
persists even during the stratification period (Garcia-Gorriz and Carr 2001). Thus
nitrate concentrations in the frontal area during the stratification period are>2.0 μM,
while north and south of the jet they are <0.5 μM (Reul et al. 2005).

As a consequence of the contrasting oceanographic conditions between coastal
and offshore waters, sharp costal-offshore nutrient gradients are frequently observed
in the NW Alboran Sea (e.g., Gil and Gomis 1994; Rubín et al. 1997, 1999; Prieto
et al. 1999; Garcia-Gorriz and Carr 2001; Mercado et al. 2014) (Fig. 7.2). In addition
in the continental margin around 4.5� W there is usually a marked difference
between the waters under the influence of the front associated to the Atlantic jet
and the waters on the continental margin located north-northeast of the jet (Fig. 7.2),
out of the influence of the jet. Thus, the general circulation pattern explains the
relatively lower nutrient concentrations found in areas of the northern continental
margin of the Alboran Sea located northeast of the jet, as observed in Fig. 7.2, in
comparison with areas under the direct influence of the front associated to the
Atlantic jet (Gil and Gomis 1994; Ramírez 2007).

Nevertheless, it has to be highlighted that the presence of circulation cells
between Malaga and Motril is relatively frequent, with alternation of upwelling
and downwelling (Gil and Gomis 1994). Thus, relatively high nutrient concentra-
tions on the continental shelf in the area off Cape Sacatrif (close to Motril) are
frequently found (Gil and Gomis 1994; García-Martínez et al. 2019), due to the
recurrence in this area of a cyclonic eddy (Parrilla and Kinder 1987; Baldacci et al.
2001). On the other hand, several studies have reported an eastward decline of
nutrients in the Alboran Sea (e.g., Denis-Karafistan et al. 1998; Karafistan et al.
2002). On the north continental margin, the lower concentrations have been
observed in Cape Gata (García-Martínez et al. 2019). Nevertheless, nutrients in the
frontal area of the Almería-Oran front are high compared to adjacent waters
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(Fig. 7.2) (Bianchi et al. 1994; Claustre et al. 1994; Leblanc et al. 2004). Gil and
Gomis (1994) detected very high nitrate concentration >6.5 μM at 50 m in offshore
waters off the Almeria Bay, associated to a strong salinity gradient. Lower nitrate
concentrations were found by Bianchi et al. (1994) at 50 m in the frontal area (~3 μM
nitrate), while according to Leblanc et al. (2004) nitrate was ~1–2 μM at 50 m depth
in the Almeria-Oran front area. Figure 7.3b shows the climatology of the depth-
integrated nitrate concentration in the upper 100 m during the month of May
(spring), one of the most productive months in the Alboran Sea (Lazzari et al.
2012). A marked north to south nitrate gradient in the Alboran Sea can be observed,
with higher concentrations in the Northern Alboran coasts and the lower values
observed in the Southern Alboran coasts (Fig. 7.3b). These marked differences are
due to the convergence of nutrient-poor Atlantic waters in the southern part, while in
the northern part the frequent upwellings lead to much higher concentrations.

In general, the vertical distribution of nutrients in the Alboran Sea follows a
typical vertical pattern with low concentrations in surface waters and below a
marked nutricline, that extends to depths around 250–300 m (Minas et al. 1991;
Béthoux et al. 1992) (Fig. 7.1). The marked nutricline reflects the influence of
Mediterranean waters below the nutrient-poor SAW layer (Minas et al. 1991). In
the Western Alboran Sea, below the nutricline nitrate concentrations remains nearly
constant (~9.0 μM) while phosphate concentration ranges between ~0.45 and
0.50 μM. In contrast, silicate concentration continues increasing more slowly
below the nutricline, reaching its higher values (~10 μM) at the bottom of the
basin in the Western Alboran Sea (Minas et al. 1991). However in areas close to
the Strait of Gibraltar, where the presence of a oxygen extraminimum has been
reported (Packard et al. 1988; Minas et al. 1991), the vertical profiles of nitrate and
phosphate present a weak maximum at the lower limit of the nutricline (200–250 m),
which is more conspicuous for nitrate (Minas et al. 1991). The maximum coincides
with a dissolved oxygen extraminimum in the water column, where concentrations
as low as 3.8 ml�l�1 are reached (Packard et al. 1988; Minas et al. 1991). This
extraminimum and the associated nitrate and phosphate maximum are the conse-
quence of the intense export of organic matter from the nearby high productive areas
in the NW Alboran Sea towards the center of the WAG, where the organic matter
accumulates and sink promoting the growth of bacterial communities and the
respiration of the accumulated organic matter, leading to the oxygen extraminimum
and to the nutrient maxima (Minas et al. 1991).

At the center of the WAG and the EAG the subduction of SAW causes a
pronounced deepening of the 37.5 isohaline, which is considered the interface
between Atlantic and Mediterranean waters in this basin (Parrilla and Kinder
1987). As a result, a thick SAW layer (~150–200 m depth) is found at the center
of both gyres (Lafuente et al. 1998; Leblanc et al. 2004). The downwelling of poor
nutrient SAW at the center of both gyres is reflected in the nutricline, which reaches
its deepest locations at the core of both anticyclonic gyres. Accordingly, the
nitracline has been found at depths ranging from ~70 to 115 m at the center of the
anticyclonic gyres (Leblanc et al. 2004; Morán and Estrada 2001; Mercado et al.
2014), and the phosphacline has been found a depths varying from ~ 50 to ~170 m
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Fig. 7.3 Mean spring (May) depth-integrated (0–100 m) nitrate concentration (mmol�m�2) over
the period 1999–2016: (a) in the Mediterranean basin, (b) in the Alboran Sea and (c) standard
deviation. Generated using E.U. Copernicus Marine Service Information. (Product:
MEDSEA_REANALYSIS_BIO_006_008) (Teruzzi et al. 2016) (https://doi.org/10.25423/
MEDSEA_REANALYSIS_BIO_006_008)
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(Morán and Estrada 2001). As the distance to the center of the gyres increases the
nutricline uplifts rapidly, becoming shallower in the frontal areas associated to the
WAG and the EAG (Arin et al. 2002; Reul et al. 2005; Leblanc et al. 2004; Mercado
et al. 2014), due to the cross-frontal ageostrophic currents associated to the frontal
systems in the western and eastern Alboran basin (Tintore et al. 1988, 1991). In both
frontal areas the nutricline is usually found at <15 m depth (Morán and Estrada
2001; Reul et al. 2005; Leblanc et al. 2004).

In the continental margin of the NW Alboran Sea, the nutricline is roughly found
at similar depths for nitrate, phosphate, and silicate (Ramírez et al. 2005; Ramírez
2007) and it is notably shallower than in open waters of the Alboran Sea.
The banking of intermediate Mediterranean waters, circulating close to the border
of the continental shelf (Parrilla and Kinder 1987), and the remineralization process
in the water column could have a major role in the development of a shallower
nutricline in this sector. On the other hand, the nutricline in this area of the Alboran
Sea shows seasonal variations, being generally weak in winter, probably due to the
mixing in the water column and to the influence of low nutrient water masses at
intermediate depths (Ramírez 2007). The nutricline becomes steeper during the
course of the year as the water column stratification develops (Ramírez et al. 2005;
Ramírez 2007). In general, the nutricline in the continental margin is well developed
in summer and also in early autumn, when the vertical profiles of nitrate, phosphate,
and silicate are characterized by a relative maximum located around 50–75 m
(Ramírez et al. 2005; Ramírez 2007), while this nutrient maxima is absent in winter
and spring. At those maxima nutrient concentrations reach values close to ~7.0 μM
for nitrate, ~0.35–0.40 μM for phosphate and ~4.0 μM for silicate, coinciding with a
relative minimum of dissolved oxygen (Ramírez 2007). These findings suggest the
occurrence of intense remineralization processes in the water column at shallower
depths on the continental margin compared to remineralization processes in deeper
areas of the westernmost sector of the Alboran Sea (Minas et al. 1991). At
200–300 m depth nutrients also show a high variability (Ramírez 2007). Thus, on
the continental margin at 300 m depth the average nutrient concentrations are about
~8.5–10.0 μM for nitrate, ~0.4–0.5 μM for phosphate, and ~5.0–6.5 μM for silicate
(Ramírez 2007). Further offshore nitrate concentrations are higher, ~12 μM at 300 m
depth (García-Martínez et al. 2019).

On the other hand the vertical distribution of nitrite in the Alboran Sea shows a
conspicuous subsurface maximum (Bianchi et al. 1994; Ramírez et al. 2005;
Ramírez 2007; García-Martínez et al. 2019). In the Alboran Sea the presence of
nitrite maximum is frequently observed throughout the all year (Ramírez 2007;
García-Martínez et al. 2019). The highest values are usually found during the
stratification period, with an average nitrite concentration close to 0.3 μM (Ramírez
et al. 2005; Ramírez 2007; García-Martínez et al. 2019). In the NW Alboran Sea this
nitrite maximum is usually detected at depths ranging from 50 to 75 m (Fig. 7.2),
frequently associated to the end of the nutricline (Ramírez et al. 2005; Ramírez 2007;
García-Martínez et al. 2019). In the Almeria-Oran front area, the depth of the nitrite
maximum have been found to range from ~40 to 110 m (Bianchi et al. 1994), with
the highest concentrations (>0.5 μM) being found in the Atlantic waters adjacent to
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the front, while in the rest of the areas nitrite maximum values were around 0.2 μM
(Bianchi et al. 1994). The nitrite maximum has been attributed to the oxidation of
ammonium by nitrifying bacteria (Bianchi et al. 1994; Ramírez et al. 2005; Ramírez
2007), although the contribution from exudation by phytoplankton during the
incomplete assimilatory reduction of nitrate cannot be disregarded (Ramírez
2007), since the nitrite maximum is frequently associated to the depth of the Chl-a
maximum (Ramírez 2007; García-Martínez et al. 2019). However, it is noteworthy
that the peak of nitrite is commonly found between the isohalines 37.0 and 37.5
(Ramírez et al. 2005; Ramírez 2007), which suggests that the Atlantic-
Mediterranean interface could facilitate the accumulation of organic matter and the
nitrification processes at this layer.

7.2.4 Nutrient Molar Ratios: N or P Limitation?

It is accepted as a general paradigm that the molar ratio of dissolved inorganic N and
P in the global ocean follows the ratio N:P (16:1), which reflects the general
elemental composition of marine plankton (Redfield et al. 1963). In addition,
Brzezinski (1985) found that the N:Si ratio for diatoms growing under optimal
conditions was ~1:1. Based on these findings, it is widely assumed that the optimal
N:Si:P ratios for marine phytoplankton is 16:16:1. Deviations from this elemental
ratio have been extensively used to infer the potential limitation of phytoplankton
growth by nutrients (Howarth 1988; Nelson and Dortch 1996). Departures of the
theoretical Redfield ratio have been reported by many studies in different marine
regions, including the Mediterranean Sea which is characterized by the extremely
high N:P ratios (Krom et al. 1991; Ribera d’Alcalà et al. 2003). Thus, the N:P ratio in
the intermediate water layer in the Eastern Mediterranean usually varies from 24 to
51, while in the deep Mediterranean waters it ranges from 25 to 30 (Ribera d’Alcalà
et al. 2003). In addition, the intermediate and deep Mediterranean waters are also
characterized by low N:Si ratios compared to the ratio 1:1. The N:Si ratio is
generally lower than 1:1 in the Eastern Mediterranean, with values around ~0.90
for intermediate waters and around ~0.5–0.6 for deep waters (Ribera d’Alcalà et al.
2003). In the surface waters of the Eastern Mediterranean, where PP is strongly
limited by P (Thingstand et al. 2005), the N:P and N:Si ratios are very variable
ranging between <5–60, and 1.7–18.2, respectively (Ribera d’Alcalà et al. 2003).

At difference from the Eastern Mediterranean, where P is the main limiting
element for phytoplankton growth, the existing studies in the Alboran Sea and the
Strait of Gibraltar suggest that N is the main limiting nutrient for phytoplankton
growth in the surface layers (Dafner et al. 2003; Ramírez et al. 2005; Mercado et al.
2007, 2008; Ramírez 2007; Huertas et al. 2012). In the Gulf of Cadiz, the surface
waters are characterized by N:P ratios <16:1, which suggests potential limitation of
phytoplankton by N (Cravo et al. 2013). However, during its transits towards the
Alboran Sea, the Atlantic waters coming from the Gulf of Cadiz are mixed and
entrained with Mediterranean waters, while NACW cores are injected into the
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Atlantic inflow. Due to these processes, as was well as to phytoplankton consump-
tion (Gómez et al. 2000), the elemental composition of Atlantic waters is modified
along the Strait of Gibraltar. Several studies have reported that the N:P molar ratio in
the Atlantic inflow is close to the Redfield ratio (Béthoux et al. 2002), while other
studies found that the N:P molar ratio in the Atlantic water inflow tends to be lower
than the Redfield ratio (16:1). Accordingly, Huertas et al. (2012) observed that the N:
P ratios in the Atlantic waters at the Strait of Gibraltar ranged from 11 to 12, while
the mean N:P ratio for the Mediterranean outflow was 17.5. The lower N:P ratios in
the Atlantic layer were attributed to a preferential consumption of nitrate by phyto-
plankton in the Strait of Gibraltar and adjacent waters. Nevertheless, nitrate and
phosphate in the Atlantic water inflow were higher than the half-saturation constant
for both nutrients, hence these waters cannot be considered nutrient depleted
(Huertas et al. 2012). Other studies found that the N:P ratios in the Atlantic water
layer were higher at the Mediterranean side of the Strait of Gibraltar (on average
23.6) than on the Atlantic side (on average 13.8) (Dafner et al. 2003).

For the N:Si ratio the opposite pattern has been observed, i.e., higher average
values on the western side of the Strait (1.46) and lower values on the eastern side
(0.81) (Dafner et al. 2003). These eastward changes across the Strait of Gibraltar in
the N:P and N:Si ratios within the Atlantic water layer are accompanied by changes
in the phytoplankton community, with dinoflagellates dominating in the Atlantic
side and diatoms at the eastern side (Gómez et al. 2000; Dafner et al. 2003). Dafner
et al. (2003) estimated that physical and biological processes at the Strait could
account for ~16% and ~84%, respectively, of the changes observed in the N:Si:P
ratio at the Strait of Gibraltar. These authors suggested that the increase of the N:Si
ratio at the eastern side of Strait could be due to uptake of Si by diatoms, similarly,
the low phosphate concentrations (<0.02 μM) at stations located at the eastern side
of the Strait was also attributed an intense consumption of P by phytoplankton
(Dafner et al. 2003). Nevertheless, the differences in the N:P values reported in the
literature for the upper layers in the Strait of Gibraltar could also be due to the high
spatio-temporal variability of hydrodynamic processes in this area (Gómez et al.
2000; Echevarría et al. 2002; Ramírez-Romero et al. 2014).

In the Alboran Sea, the nutrient molar ratios exhibit also high spatial and temporal
variability in concordance with the high variability of nutrients. Figure 7.4 illustrates
the spatial variability of the average integrated N:P ratio in the upper 100 m of the
water column in the Mediterranean and the Alboran Sea in spring (May), reflecting a
strong north-south gradient in the upper 100 m of the water column. However, as
already mentioned different studies in the NW Alboran Sea have reported a defi-
ciency of N relative to P in the surface layers when compared to the Redfield ratio
(16:1) (Ramírez et al. 2005; Reul et al. 2005; Mercado et al. 2007). Thus, on the
continental margin of NW Alboran Sea the average N:P ratio in the upper layer
(0–20 m), i.e., at the depths where the Chl-a maximum is frequently found in this
area (Ramírez et al. 2005; Ramírez 2007; García-Martínez et al. 2019), has been
reported to range between ~2.0 and 14.0 (Ramírez et al. 2005; Ramírez 2007;
Mercado et al. 2007). Reul et al. (2005) found N:P ratios lower than 16:1 above
the nutricline and suggested a main role of N in regulating phytoplankton growth in
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Fig. 7.4 Mean spring (May) depth-integrated (0–100 m) N:P ratio over the period 1999–2016: (a)
in the Mediterranean basin, (b) in the Alboran Sea, and (c) standard deviation. Generated using
E.U. Copernicus Marine Service Information. (Product:
MEDSEA_REANALYSIS_BIO_006_008) (Teruzzi et al. 2016) (https://doi.org/10.25423/
MEDSEA_REANALYSIS_BIO_006_008)
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the NW Alboran Sea, while below the nutricline N:P ratios were usually above 16:1.
Higher N:P ratios (integrated values over 0–75 m) have been found by García-
Martínez et al. (2019) along the northern continental margin of the Alboran Sea,
where the average N:P ratio ranged between 13 and 16, depending on the time of the
year, with an overall mean value of 15. On the other hand, the N:Si ratio shows
values < 1:1 in the upper 20 m of the water column (Ramírez et al. 2005; Ramírez
2007). Thus, the average values for the N:Si ratio in the upper layers (0–20 m) in the
NW sector of the Alboran Sea vary between<0.5 and ~0.8, which are lower than the
ratio 1:1 for diatom growing under optimal conditions (Brzezinski 1985). The lowest
N:P an N:Si ratios are found during summer-early autumn, coinciding with an
intense stratification of the water column, while the higher ratios are usually
observed in winter, when the water column is mixed, as well as in those periods of
the year when the incidence of wind-driven upwelling driven is higher, usually
during spring (Ramírez et al. 2005; Ramírez 2007; Mercado et al. 2007; Macías et al.
2007).

These low N:P and N:Si ratios in the upper 20 m, together with the relatively low
nitrate concentrations during most time of the year, suggests that N plays a major
role limiting the phytoplankton growth in the upper layers of this basin during great
part of the year (Reul et al. 2005; Ramírez et al. 2005; Ramírez 2007). In addition,
nitrate concentrations found in upper layers of the Alboran Sea are generally lower
than the half-saturation constant (Ks) (1 μmol�l�1) for nitrate uptake by phytoplank-
ton in coastal zones (MacIsaac and Dugdale 1969). All these findings support the
hypothesis that in the Alboran Sea nitrate is the main limiting nutrient for phyto-
plankton. Thus, nitrate would control phytoplankton growth in winter and autumn
when the Chl-a maximum is usually located at 0–20 m depth (Ramírez et al. 2005;
García-Martínez et al. 2019), and also in summer and autumn at those shallow
depths. However, during the stratification period, the Chl-a maximum becomes
deeper, particularly in areas out of the influence of upwellings, being usually
found at 50–75 m depth, i.e., below the seasonal thermocline and close to the limit
of the photic layer, coinciding with lower limit of the nutricline (Ramírez 2007). At
those depths nutrients should not be a limiting factor for phytoplankton, however,
limitation by light may occur (Mercado et al. 2008). The hypothesis of the
N-limitation in the NW Alboran Sea has been contrasted by additional experiments
(Ramírez 2007) and is also supported by other facts. Thus, based on a 3 years study
Ramírez (2007) found that on average the seasonal mean of the zonal wind compo-
nent and nitrate concentration jointly explained ~80% of the temporal variability of
the average seasonal Chl-a values, while the relationship with phosphate was weak.
Likewise, Reul et al. (2005) found a correlation between cell (>2 μm) abundance
and nitrate, while they did not found a relationship with phosphate. Recent studies
(Lazzari et al. 2016) also found that, at difference from the rest of the Mediterranean,
N is the main limiting nutrient in the Alboran Sea.

During upwelling events, the N:P ratio in recent upwelled waters reaches values
>16:1 in the surface layers (0–20 m) while nitrate concentrations are usually>3 μM,
suggesting that there is no limitation by nitrate during the upwelling (Ramírez et al.
2005; Ramírez 2007). The intense upwellings in this area promote phytoplankton
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bloom and a notable increase of Chl-a which can reach values >5 μg�l�1 (Ramírez
et al. 2005; Ramírez 2007). After cessation of westerlies a sharp decrease of nitrate
has been reported, with concentrations dropping to undetectable levels at those
stations with higher Chl-a concentration. This fast decline of nitrate is accompanied
by a profound decrease of the N:P and N:Si ratios to values <2.0 and <0.2,
respectively (Ramírez et al. 2005; Ramírez 2007). This suggests that nitrate is
rapidly and preferentially removed by phytoplankton during intense phytoplankton
blooms, causing a rapid decline of both ratios. At the Strait of Gibraltar and the NW
Alboran Sea, a preferential uptake of nitrate has also been reported by other studies
(Reul et al. 2005; Huertas et al. 2012). The fast and preferential uptake of nitrate
would explain the low nitrate concentrations usually found in the upper layers
(0–20 m) in this sector of the Alboran Sea during large part of the year, except
when upwelling events take place. The limitation by nitrate in the upper layers
(0–20 m) is intermittently overcome by the upwelling events in the continental
margin (Ramírez et al. 2005; Reul et al. 2005) which lead to an temporal enhance-
ment of the N:P ratio and nitrate concentrations in the surface waters (0–20 m).
Paradoxically, the fast and preferential uptake of nitrate during the blooms would
shift the system towards N-limitation in a few days after the cessation of the
upwelling event (Ramírez et al. 2005; Ramírez 2007).

The notable increase of the N:P and N:Si ratios in the upper layers (0–20 m)
observed during wind-driven upwelling events has its origin in the strong vertical
gradients of the N:P and N:Si molar ratios (Ramírez et al. 2005; Reul et al. 2005). In
this area the N:P and N:Si ratios show a sharp increase with depth down to
50–100 m. The vertical gradients of both molar ratios are more marked during the
stratification period. In contrast, vertical gradients are usually less marked in winter
and also during intense upwelling events (Ramírez et al. 2005; Ramírez 2007). At
50 m depth, the average N:P molar ratios vary between ~13 and 24, with most of the
values above 15, while at 100 m depth the ratio increase to values ranging from ~19
to 26 (Ramírez 2007). Therefore, in the NW Alboran Sea subsurface waters become
strongly deficient in phosphate at depths ~100 when compared to the Redfield ratio
(16:1). At greater depths, the average N:P ratios continue increasing although more
slowly, showing in general a weak maximum at 200 m where the average values
ranged from ~20 to ~27. At 300 m depth, the N:P ratio decreases slightly with
average ratios varying between ~19 and ~25 (Ramírez 2007), with most of these
values above 21. It is noticeable that the N:P ratios found at 200 m in the NW
Alboran Sea are higher than the values found in deep waters of the Algero-Balear
and Tyrrhenian basin (Ribera d’Alcalà et al. 2003). The high N:P values at shallower
depths in the NWAlboran Sea can be attributed to respiration processes (Minas et al.
1991; Ramírez et al. 2005, 2006) and to the upwelling of intermediate Mediterranean
waters on the continental slope during their transit towards the Strait of Gibraltar.

Similarly, the N:Si ratio also shows remarkable vertical gradients in the NW
Alboran Sea, reaching on average maximum values at depths ranging from 50 m to
100 m throughout the year (Ramírez et al. 2005; Ramírez 2007), with a peak
frequently observed in summer at 50 m. At that depth, the water column becomes
deficient in silicate in relation to nitrate, with the average N:Si ratio varying between
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~1 and ~2. Below 100 m depth, the ratio tends to decrease slowly with depth. In the
NW Alboran Sea, at 300 m depth the average N:Si values ranged from ~1.5 to ~1.8
(Ramírez et al. 2005; Ramírez 2007). Crombet et al. (2011) found integrated
(0–100 m) N:Si ratios >1 at the Strait of Gibraltar and at the eastern border of the
Alboran Sea, which is consistent with the Si deficiency detected at shallow depths in
the NW Alboran Sea. The higher N:Si ratios found at�50 m in the NW Alboran Sea
could be due to a fast remineralization of nitrate in the water column compared to the
dissolution of biogenic silica, even if the latter is accelerated by bacterial coloniza-
tion (Bidle and Azam 2001).

In the Almeria-Oran frontal area, Leblanc et al. (2004) observed a strong P
limitation in the photic layers. They found very low phosphate concentrations and
high integrated N:P ratios in the photic layer at the frontal zone, the jet, and the
adjacent waters. Thus, N:P ratios values of 24:1 were detected in the Atlantic waters
adjacent to the front, while the highest N:P ratio (90:1) was associated to Mediter-
ranean waters adjacent to the front. These findings are consistent with observations
in the Algero-Balear basin, where P is in general the main limiting nutrient
(Thingstad et al. 1998; Moutin and Raimbault 2002). The N:Si values in the photic
layer of the Almeria-Oran front ranged from 0.32 to 0.83, while below the photic
zone they obtained N:Si values ranging from 1.4 to 2.0 (Leblanc et al. 2004).

7.3 Phytoplankton Productivity: Coupling Between
Physical, Biogeochemical, and Biological Features

7.3.1 Distribution Patterns of Chlorophyll-a and Primary
Production from In Situ Data

The Alboran Sea is one of the most productive basins of the Mediterranean Sea. As
previously discussed in this chapter, PP in the Alboran Sea is mainly related to wind-
induced upwelling (particularly that forced by westerlies), mostly on the northern
side of the WAG off the Spanish coast (Sarhan et al. 2000; Reul et al. 2005; Macías
et al. 2007), and to the frontal ageostrophic circulation, associated to the path of the
Atlantic jet, that induces upwelling at the periphery of the anticyclonic gyres (Sarhan
et al. 2000; Garcia-Gorriz and Carr 1999, 2001). Therefore, any changes in the wind
regime and the Atlantic jet characteristics may influence the dynamics and produc-
tivity of the Alboran Sea planktonic ecosystem (Garcia-Gorriz and Carr 2001; Ruiz
et al. 2001; Macías et al. 2009; Oguz et al. 2014; Kersting 2016).

A number of studies have reported in situ data on Chl-a and/or PP distribution in
the Alboran Sea (e.g., Morán and Estrada 2001; L’Helguen et al. 2002; Ramírez et al.
2005; Reul et al. 2005; Mercado et al. 2014; García-Martínez et al. 2019). Many of
them have been conducted in the NW sector of the Alboran Sea, in particular in the
area between Gibraltar and Marbella, as well as in the eastern side of the Strait of
Gibraltar and the northern side of the WAG, since these are the most productive
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areas in the Alboran Sea (as result of the different upwelling events previously
described). The high productivity in these areas is reflected in high Chl-a concen-
trations and high phytoplankton abundance, in comparison with adjacent areas of the
Western Alboran Sea, as those of the center of the WAG (Rodríguez et al. 1998;
Reul et al. 2005; Mercado et al. 2014). In the Eastern Alboran Sea, when the EAG is
well developed, the most productive zones are found at the northern edge of the EAG
(Leblanc et al. 2004). But when the EAG collapses, Chl-a is enhanced at the southern
part (Claustre et al. 1994).

As a general pattern, the upwelling area in the NW Alboran Sea is characterized
by Chl-a concentrations higher than 1 μg�l�1 and high PP, whereas lower Chl-a
concentrations (<1 μg�l�1) and low PP are found in the central WAG (Rodríguez
et al. 1998; Reul et al. 2005: Morán and Estrada 2001; Mercado et al. 2014). The
southern sector of the Alboran Sea, occupied by nutrient-poor Atlantic waters, is
characterized by low Chl-a concentrations and low PP. On the temporal scale, Chl-a
concentration reaches maximum values in winter-spring (Fig. 7.5), when the surface
waters present higher nutrients concentrations, while it decreases in summer-early
autumn, when the water column is strongly stratified, (Ramírez et al. 2005; Mercado
et al. 2007; García-Martínez et al. 2019). However, changes in the fertilization
mechanisms previously described, together with changes in the light regime, lead
to temporal changes of this pattern and the development of phytoplankton blooms
(Prieto et al. 1999; Ramírez 2007; Mercado et al. 2007, 2008; Macías et al. 2008;
García-Martínez et al. 2019). Furthermore, wind-driven upwelling along the Spanish
coast provides episodic increases of Chl-a along the Spanish coast (Reul et al. 2005;
Ramírez et al. 2005; García-Martínez et al. 2019). In the water column, a deep Chl-a
maximum (DCM) is usually observed in the Alboran Sea during the stratified
season, at depths between 50 m and 75 m (Fig. 7.5) (Rodríguez et al. 1998;
Ramírez et al. 2005; Ramírez 2007; García-Martínez et al. 2019). Nevertheless,
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the average profile of Chl-a in summer for the whole Alboran Sea presents also a
shallower peak (Fig. 7.5), resembling the vertical profile in other areas of the
Mediterranean (Lavigne et al. 2015). This shallower peak can be due to upwellings
and advection of Chl-a patches. During the mixing period (late autumn to winter) the
DCM is shallower or even disappear, with the higher Chl-a concentrations in the
upper 20 m (Fig. 7.5) (Ramírez 2007; García-Martínez et al. 2019). In most of these
cases, the Chl-a maximum is not properly a DCM, but a surface or subsurface
maximum. In general, Chl-a concentration at the DCM in the Alboran Sea is
commonly >0.5 μg�l�1, although values >1.0 μg�l�1 are often found in the NW
margin, where values close to ~8 μg�l�1 can occasionally be found (Rodríguez et al.
1998; Ramírez et al. 2005; García-Martínez et al. 2019).

In the Alboran Sea PP decreases in general eastward, from the Strait of Gibraltar
to Cape Gata. Although the existing in situ measurements of PP (14C) in the NW
Alboran Sea reveal that there is also a decrease of the integrated PP (PPint) following
a coast-offshore gradient, with the highest average values in the frontal area
(632 � 184 mg�C m�2�day�1) and the lowest average values in the center of the
WAG (330 � 149 mg�C m�2�day�1) (Morán and Estrada 2001). On the other hand,
Macías et al. (2009) found that PPint varied between 644 mg�C m�2�day�1 at the
frontal area and 6 mg�C m�2�day�1 at the western side of the Strait of Gibraltar (off
Europa Point). In the Almeria-Oran front (Eastern Alboran Sea), Semperé et al.
(2003) estimated that the average PPint was around 242 mg�C m�2�day�1 in the
modified Atlantic jet area and the gyre, while it declined to 117 mg�C m�2�day�1 in
Mediterranean waters. Also in the Almería-Oran front and the Algerian Current the
PP values at the frontal area ranged from 500 to 1300 mg�C m�2�day�1 (with a mean
value of 880 mg�C m�2�day�1) (Lohrenz et al. 1988).

It has been hypothesized that in the absence of upwelling, the relatively low
nitrate concentration found in the upper layers together with the low N:P and N:Si
ratios, could favor the growth of a phytoplankton community of smaller cell size in
NW Alboran Sea (Ramírez 2007), which are better adapted to grow in nutrient-
deficient environments (Chisholm 1992) in comparison with other phytoplankton
groups of larger cell size, such a diatoms. In fact several studies have reported that
picoplankton and nanoplankton dominate the phytoplankton community in the
surface layers of the Alboran Sea (Rodríguez et al. 1998; Arin et al. 2002; Reul
et al. 2005). Moreover, temporal changes in the phytoplankton community at the
continental margin of the NW Alboran Sea have been observed (Mercado et al.
2005, 2007). These changes, involving the shift of a phytoplankton community
dominated by diatoms to a community dominated by coccolithophorids and small
flagellates, were associated to changes in nitrate and the N:P the molar ratio.
Moreover, taking into account that during great part of the year nitrate concentra-
tions are low and that the N:P ratio is <16:1, it has been suggested that regenerated
PP could be important in the NW Alboran Sea (Ramírez 2007). This is consistent
with the low new PP values measured at the Almeria-Oran front (mean value
2.5 mmol� m�2�day�1) compared to other oceanic and coastal areas (L’Helguen
et al. 2002). Low nitrate uptake rates (up to 6.4 nmol�l�1�h�1) have been obtained in
the frontal area, while maximum ammonium uptake rates were about
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13 nmol�l�1�h�1 (L’Helguen et al. 2002). The low new PP and nitrate uptake rates in
the Almeria-Oran front could be caused by the low nitrate concentration in the photic
layer and the relatively deep location of the nitracline (L’Helguen et al. 2002). In the
NW Alboran Sea, the recurrence of intense upwelling events would temporarily
overcome the limitation by nitrate, promoting phytoplankton blooms and a phyto-
plankton community dominated by diatoms (Gómez et al. 2000; Reul et al. 2005;
Arin et al. 2002; Mercado et al. 2008, 2014). The rapid depletion of nitrate after the
cessation of westerlies suggests that under the absence of upwelling, phytoplankton
biomass and PP could be largely supported by regenerated forms of N. This is
consistent with the findings of L’Helguen et al. (2002) who observed that PP in the
Almeria-Oran front was initially nitrate-based, while regenerated production became
gradually more important as nitrate was progressively consumed. In addition,
average seasonal nitrate uptake rates in the upper layers of the NW Alboran Sea
ranged from ~2 to ~70 nmol N l�1�h�1, although most values were
<11 nmol N�l�1�h�1 (Mercado et al. 2008), which are close those reported by
L’Helguen et al. (2002) in the Almeria-Oran front. In contrast, ammonium uptake
rates ranged between ~5 and 86 nmol�N l�1�h�1 throughout the year (Mercado et al.
2008), with most of the mean seasonal values <30.6 nmol N�l�1�h�1. Higher uptake
rates of both nitrate and ammonium were observed at the Chl-a maximum (Mercado
et al. 2008).

However, most in situ measurements of Chla-a and PP have been carried out in
particular areas of the Alboran Sea and did not cover either the whole Alboran basin
or all the seasons. Over the last decades, several studies based on remote sensing data
have analyzed the Chl-a and PP data in the whole Alboran Sea or in large parts of this
basin, providing more comprehensive and synoptic information on the variability of
phytoplankton biomass and PP in the Alboran Sea. This approach is discussed in the
next section.

7.3.2 Distribution Patterns of Chlorophyll-a and Primary
Production from Satellite Derived Data Models

7.3.2.1 Sea Surface Chlorophyll-a Concentration from Satellite Data

Surface Chl-a concentration as derived from satellite measurements allows detecting
the main spatial and temporal patterns in the Mediterranean and the Alboran Sea
(Morel and Andre 1991; Garcia-Gorriz and Carr 1999, 2001; Bosc et al. 2004;
Macías et al. 2007). Based on Sea Surface Temperature (SST) and Chl-a concentra-
tion, Baldacci et al. (2001) defined two upwelling areas along the Spanish coast in
the Alboran Sea: the first one is located between 5.5� W and 4.5� W, and the second
one is located between 4.5� W and 2� W. The first area (A) is associated to the NW
Alboran upwelling area and it stretches from the Strait of Gibraltar to Cape Pino
(Malaga). The second upwelling area (B) extends from Cape Pino to Cape Gata
(Almeria), the named Atlantic-Mediterranean Transition zone (Muñoz et al. 2017).
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Both areas are characterized by the presence of waters upwelled by westerlies and/or
cyclonic circulation cells (Baldacci et al. 2001), but they differ in their upwelling
patterns throughout the year. Although the upwelling occurs simultaneously in both
areas in spring and early autumn (October), higher Chl-a concentrations are found in
area B in late autumn. In contrast in winter (January to March) and in summer higher
Chl-a are found in area A.

In addition, the upwelling associated to the frontal area of the Atlantic jet is also a
distinctive feature from Chl-a satellite data. The periphery of the WAG becomes
richer in Chl-a as the jet travels through the Alboran Sea, due to the in situ growth of
phytoplankton and also due to advection of Chl-a patches from nearby areas (Ruiz
et al. 2001; Garcia-Gorriz and Carr 2001; Arin et al. 2002; Macías et al. 2007). On
the other hand, according to Garcia-Gorriz and Carr (2001) the Chl-a annual cycle in
the Alboran is in general characterized by a bloom period (November to March) and
a non-bloom period (May to September), with transition periods between these two
regimes. Other studies in the NW Alboran Sea based on satellite data have reported
an intense bloom in March-April (Macías et al. 2007), declining the Chl-a values
from June to September and increasing again from September to December. Lazzari
et al. (2012), based on a 6 years study of satellite data for the whole Alboran basin,
found the lower Chl-a values from June to September and higher values from
November to May. Nevertheless, the interannual variability of Chl-a in the Alboran
Sea is very high (Bosc et al. 2004) and its seasonal cycle, as derived from satellite
data, is the most chaotic of the Mediterranean Sea (Bosc et al. 2004), with a
minimum in summer (~0.20–0.25 μg Chl-a�l�1).

While satellite images are limited to surface waters, 3D models allow integration
of Chl-a and other variables in the water column (Lazzari et al. 2012). Figure 7.6
shows comparatively the mean integrated Chl-a values (1999–2016) during the
month of May, one of the most productive months in the Alboran Sea according
to the results of Lazzari et al. (2012), for the whole Mediterranean Sea and the
Alboran Sea. Figure 7.6b shows a marked eastward gradient of Chl-a in the Alboran
Sea with large differences between the western and the eastern basin. According to
this Figure, in the western basin very high Chl-a concentrations are observed in
spring in the NW sector off Malaga Bay, while very low values are found at the Strait
of Gibraltar and in the westernmost part of the Alboran Sea. These low Chl-a values
could be due to a time lag in the response of phytoplankton to the injection of
nutrient into the euphotic layer. Some authors have argued that due to the high
velocity of the Atlantic jet in the vicinities of the Strait, nutrients would have a quasi-
conservative behavior (Minas et al. 1991). Thus the combined effect of the speed of
the Atlantic jet and the time lapse for building phytoplankton biomass may result in
low integrated Chl-a values at the vicinities of the Strait. Figure 7.6b also shows high
Chl-a concentrations covering the entire eastern Alboran basin, probably due to
the effect of wind-driven upwelling at this time of the year and the advection towards
the center of the basin, although the values are slightly lower than those observed off
the Malaga Bay. The higher variability is found between Marbella and Malaga due to
intermittent upwelling processes (Fig. 7.6c).
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Fig. 7.6 Mean spring (May) depth-integrated (0–100 m) chlorophyll-a (mg�m�2) over the period
1999–2016: (a) in the Mediterranean basin, (b) in the Alboran Sea and (c) standard deviation.
Generated using E.U. Copernicus Marine Service Information. (Product:
MEDSEA_REANALYSIS_BIO_006_008) (Teruzzi et al. 2016) (https://doi.org/10.25423/
MEDSEA_REANALYSIS_BIO_006_008)
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7.3.2.2 Primary Production from Satellite Data

According to Spalding et al. (2007), the Alboran Sea is an ecoregion included in the
Mediterranean province, defined in general as a low productivity ecosystem
(<150 g C�m�2�year�1) (Aquarone et al. 2009). However, at smaller regional scales
within the Mediterranean, there is high spatial and temporal variability in PP. Thus,
Bosc et al. (2004), analyzed 4 year mean PP values derived from satellite images for
different Mediterranean Sea regions, and concluded that the Alboran Sea is the most
productive region of the Mediterranean, with an average annual PP of
230 g C�m�2�year�1, being this value almost 100 g C�m�2�year�1 higher than the
overall mean for the Mediterranean basin. These values are in agreement with the
results obtained by Antoine et al. (1995), who estimated a mean PP of
156 g C�m�2�year�1 for the Mediterranean and 250 g C�m�2�year�1 for the Alboran
Sea. Based on a 3D-biogeochemical model (1999–2004) Lazzari et al. (2012),
estimated for the Alboran Sea a net PP (NPP) of 274 � 11 g C�m�2�year�1 and
classified this basin as mesotrophic (integrated NPP between 100 and
300 g C�m�2�year�1), showing the NPP a clear seasonal pattern with higher values
between January and June and the highest peaks between February andMay (Lazzari
et al. 2012).

Figure 7.7 shows the spatial heterogeneity of PP in the upper 100 m in the
Mediterranean and the Alboran Sea in spring (May), which according to the results
of Lazzari et al. (2012) is one of the most productive months in the Alboran Sea. The
depth-integrated (0–100 m) PP of the whole Mediterranean Sea depicts the Alboran
Sea as the most productive region (Fig. 7.7a). In spite of being the region with the
highest integrated NPP of the Mediterranean Sea, it is noteworthy to mention the
existence of very strong spatial differences within the Alboran Sea, with zones where
PPint values are extremely low and others with extremely high values (Fig. 7.7b).
The areas with the highest PP (0.6 g C�m�2�day�1) are located in the northern part of
the Alboran Sea (between Malaga and Motril) and the southern part of the eastern
basin (off the eastern Moroccan coasts) (Fig. 7.7b). These values extrapolated to the
whole year would result in a mean PP of 219 g C�m�2�year�1, which is similar to the
value given by Lazzari et al. (2012). On overall, Fig. 7.7b illustrates the coexistence
in the Alboran Sea of oligotrophic, poor Chl-a, and low productive areas, together
with mesotrophic, rich Chl-a, and high productive areas.
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Fig. 7.7 Mean spring (May) depth-integrated (0–100 m) net primary production (g C�m�2�day�1)
over the period 1999–2016: (a) in the Mediterranean basin, (b) in the Alboran Sea and (c) standard
deviation. Generated using E.U. Copernicus Marine Service Information. (Product:
MEDSEA_REANALYSIS_BIO_006_008) (Teruzzi et al. 2016) (https://doi.org/10.25423/
MEDSEA_REANALYSIS_BIO_006_008)
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7.4 Future Scenarios in the Framework of a Changing
Climate

7.4.1 Analyzing the Possible Effects of Climate Change
on Water Circulation, Nutrients, and Primary
Productivity in the Mediterranean and the Alboran Sea

Climate change is expected not only to affect oceanic conditions worldwide (IPCC
2007, 2013; Reid et al. 2009) but also to induce changes in water mass properties and
their associated circulation patterns. As result of changes in water temperature,
stratification, vertical mixing, or in nutrient or light availability, water biochemistry,
and marine ecosystems may be modified (Bopp et al. 2001; Boyd and Doney 2002;
Sarmiento et al. 2004; Steinacher et al. 2010; Taucher and Oschlies 2011).

Due to its modest dimensions, Mediterranean Sea is very sensitive and may
respond rapidly to environmental changes (atmospheric forcing and anthropogenic
influences) (Béthoux and Gentili 1999; Lejeusne et al. 2010; Lionello et al. 2010;
Schroeder et al. 2012, 2017). Expected future changes in the Mediterranean Sea
include an increase in seawater temperature and salinity, reductions in freshwater
inputs (precipitation and river inflow), changes in the ocean-atmosphere heat flux,
and an increase in human pressure (Béthoux and Gentili 1999; Vargas-Yáñez et al.
2008; Sanchez-Gomez et al. 2011; Borghini et al. 2014; García-Martínez et al. 2017;
Macías et al. 2018). All these factors play a crucial role in dense water formation and
hence they determine the circulation in the Mediterranean Sea (Mediterranean
Thermohaline Circulation—MTHC) (Béthoux and Gentili 1999). Changes in circu-
lation can reduce the supply of nutrients, therefore geochemical cycles and PP (also
affected through changes in temperature, pH, light availability, or in atmospheric and
terrestrial inputs of nutrients) of the Mediterranean Sea will be altered (Sarmiento
et al. 2004; Durrieu de Madron et al. 2011; IPCC 2013; Lazzari et al. 2014; Macías
et al. 2014b).

Some studies have carried out a set of numerical experiments to quantify the
sensitivity of the Mediterranean Sea to the twenty-first century climate change
(Adloff et al. 2015). The projections of the possible effects of climate change on
water circulation, nutrients, and primary productivity are studied by developing
“scenarios” (the IPCC SRES, Nakicenovic and Swart 2000). A scenario is a descrip-
tion of a hypothetical future development of the Earth’s societies and economies.
The Intergovernmental Panel on Climate Change “Special Report on Emissions
Scenarios” (SRES) explored pathways of future greenhouse gas emissions, derived
from self-consistent sets of assumptions about energy use, population growth,
economic development, and other factors. Considering the temperature rise by
2100, the “hottest” scenario is A1FI, followed by A2, A1B, B2, A1T; and B1 is
the “coolest.” However, in the A1B and A1T fossil CO2 emissions are falling by
2100, whereas in A2 and B2 they are still rising, implying that climate impacts
would be greater during the following century. In scenarios A1FI, B1, and B2, CO2

emissions from land-use change drop below zero.
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These scenarios are used to force models of different complexity and resolution
(Lazzari et al. 2014). There are different types of models: General circulation models
(GCM), higher resolution regional ocean models, or coupled atmosphere-ocean
regional climate models (RCSM), but global models with low spatial resolution
cannot sufficiently resolve the local and mesoscale processes that characterize the
Mediterranean region (Jordá et al. 2011; Gomis et al. 2016; Akhtar et al. 2018), even
less the Alboran Sea. The use of RCSM for future projections started recently with
Somot et al. (2008) and Carillo et al. (2012) studies, followed by the European
project CIRCE (Dubois et al. 2012; Gualdi et al. 2013) and actually in the
Med-CORDEX initiative (Ruti et al. 2016). In this section, we present a detailed
summary of different studies that have analyzed the projections obtained from
models on the evolution of physical, chemical, and biological properties during
the twenty-first century in the Mediterranean Sea.

The first attempt to predict the effect of ocean warming on the Mediterranean Sea
circulation was the one by Thorpe and Bigg (2000). These authors used ocean and
air-sea fluxes models with the low resolution which predicted a weakening of the
MTHC in a scenario of 2� CO2. In the same way, Somot et al. (2006) using A2
scenario (IPCC SRES) obtained projections with higher resolution models that show
an increase of sea surface temperature (SST) and salinity (SSS), and also a strong
weakening of the MTHC and changes in the characteristics of the Mediterranean
outflow. Somot et al. (2008) improved simulations by developing a global atmo-
spheric model coupled with a high-resolution oceanic model of the Mediterranean
Sea. Simulations for the period 1960–2099 performed in a SRES-A2 scenario
showed once again an increase of the surface temperature in the Mediterranean
basin.

Under the umbrella of the EU project SESAME (Lazzari et al. 2014), ecosystem
models were developed to connect low and high trophic levels and basin scale
models to execute scenario simulations (the IPCC SRES, A1B scenario) for the
future (2070–2100). The results obtained for the twenty-first century simulations
showed: (1) an upper layer warming that enhances photosynthesis and increase
Gross Primary Productivity (higher in the Eastern Mediterranean Sea) and (2) an
increase in the vertical stability of the water column which limits the nutrient vertical
supply into the euphotic zone and therefore improves the microbial loop of the
marine trophic web. The maximum increase of temperature is achieved in the
Alboran Sea during wintertime and the primary productivity maps show a strong
positive signal in the Alboran Sea.

The projections of models developed under the framework of the EU project
CIRCE (Gualdi et al. 2013) show a decrease of the surface net heat loss during the
twenty-first century. Dubois et al. (2012) study presented projections under A1B
scenario for the period 1950–2050 and found a decrease in the heat loss and an
increase in water loss, which may affect the Mediterranean water masses and the
associated MTHC. Numerous studies have been carried out within the framework of
the Med-CORDEX initiative, such as the study conducted by Harzallah et al. (2018),
which evaluates the Mediterranean Sea heat budget components. Results for the
period 1990–2010 show positive and significant trends in the temperature of the
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outflowing water through the Strait of Gibraltar. In addition, other projects such as
VANIMEDAT-2 (Jordá et al. 2011) aimed at exploring the sea level variability
under climate change scenarios for the twenty-first century.

NEMOMED oceanic models are regional versions of the NEMO model on the
Mediterranean basin with different spatial resolutions: NEMOMED-12 (Waldman
et al. 2017), NEMOMED-16 (Soto-Navarro et al. 2015) or NEMOMED-8.
NEMOMED-8 model (Beuvier et al. 2010) has a horizontal resolution from 9 to
12 km (North to South). The circulation through the strait is simulated with realistic
Atlantic Waters (AW). These models are used for coupled system regional climate
system models (RCSMs) (Sevault et al. 2014; Adloff et al. 2015), which include a
high-resolution and fully coupled representation of most of the physical components
of the regional climate system (atmosphere, land surface, vegetation, hydrology,
rivers, and ocean). Padorno et al. (2012) observed in their simulations for 140 years
(1960–2099) with NEMOMED-8 that the main changes are warming and saltening
waters, mean sea level increase, thermohaline circulation variations, and that deep
water convection changes. Adloff et al. (2015) study the period 2001–2099
(NEMOMED-8), following different socio-economic scenarios (IPCC SRES). In
most of the cases, they found an increase in the future Mediterranean SST and SSS
and that MTHC tends to reach a situation similar to the Eastern Mediterranean
Transient (EMT). The EMT, which took place in the Aegean Sea from 1988 to
1995, is considered the most relevant intermediate to deep Mediterranean
overturning perturbation registered by instrumental records (Tsimplis et al. 2006;
Roether et al. 2007, 2014; Lejeusne et al. 2010; Incarbona et al. 2016). In the 1990s,
the Aegean Sea began to discharge unusually dense waters inducing the so-called
EMT which was caused by the accumulation of high salinity waters in the Levantine
and enhanced heat loss in the Aegean Sea, coupled with surface water freshening in
the Sicily Channel.

Richon et al. (2018) used NEMOMED-8 coupled with biogeochemical model
PISCES. In an A2 IPCC SRES scenario, projections for the twenty-first century
indicate a warming, increased stratification, and changes in Atlantic and river inputs
which can lead to an accumulation of nitrate (whereas no for phosphorus) in the
Mediterranean Sea and a decrease in biological productivity. Most coupled climate–
marine biogeochemical models also predict a decline in NPP in the coming decades
as a response to global warming (Bopp et al. 2001, 2013; Steinacher et al. 2010).

Multi-model projections, such as the ones obtained from the World Climate
Research Program Coupled Model Intercomparison Project Phase 3 (CMIP3)
multi-model projections have been used to analyzed hydroclimatic changes in the
Mediterranean over the twenty-first century (Mariotti et al. 2008). By 2070–2099,
the CMIP3 multi-model projections predict an increase in the loss of freshwater over
the Mediterranean Sea due to precipitation reduction and warming-enhanced evap-
oration. The decrease in river runoff from the surrounding land will further exacer-
bate the increase in the Mediterranean Sea freshwater deficit.

There are very few modeling studies about the effects of climate change on
plankton community and productivity in the Mediterranean Sea. The MERMEX
program aims to study the response of Mediterranean ecosystems to natural and
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anthropogenic pressures and combines integrated observation/experimentation/
modeling approaches. Durrieu de Madron et al. (2011) reviewed the state of the
current functioning and responses of Mediterranean marine biogeochemical cycles
and ecosystems and concluded the need for international multi-disciplinary research
coupling experiments, long-term observations, eco-regionalization, and modeling.

Herrmann et al. (2014) study represents one of the first attempts to model and
assess the effects of the oceanic and atmospheric long-term evolution of the pelagic
planktonic ecosystem, using a 3D coupled physical-biogeochemical model focusing
only on the NWMediterranean Sea. In Macías et al. (2018) a coupled model system
is also used to explore potential changes in future scenarios (~2030) in the deep
convection, in the euphotic layer fertilization, and the impact on phytoplankton and
primary productivity in the NWMediterranean Sea. Their results show an increase in
the strength and duration of the annual deep convection event (which is the main
trigger of the typical phytoplankton bloom of this area) and changes in the seasonal
plankton cycles. On the other hand, Macías et al. (2015) present the results of a 3D
hydrodynamic-biogeochemical coupled model (for the entire Mediterranean Sea).
Simulations under two emission scenarios showed that the western basin becomes
more oligotrophic due to a surface density decrease (increase stratification) because
of the influence of the Atlantic waters that prevents surface salinity to increase.

Another important stressor is acidification and one of the EU initiatives that have
addressed this issue in the Mediterranean is the MedSea project, which aimed at
forecasting changes in the Mediterranean Sea driven by increases in CO2 and other
greenhouse gases, while focusing on the combined impacts of acidification and
warming on the marine shell and skeletal building, productivity, and food webs.
The combined effect of Mediterranean seawater acidification with warming on
Mediterranean biogeochemistry, and ecosystems, through direct impacts on its
highly adapted calcareous and non-calcareous organisms, may be larger than in
other regions (http://medsea-project.eu/). The Mediterranean Sea is acidifying
quickly (Goyet et al. 2016). Up to 30% of the anthropogenic CO2 remains in the
upper 200 m of the water column (Sabine et al. 2004). The acidification of the
euphotic layer (Sabine et al. 2004; Orr et al. 2005) can affect physiological processes
and the composition of the phytoplankton community (Reul et al. 2014). Current
signals point to the reduction in the rate of calcification in phytoplankton (mainly
coccolithophores), which could lead to changes both in marine ecosystems and in the
carbon cycle. Nevertheless, there is no a consensus and different studies conjecture
the widely varying responses under elevated pCO2 (Beaufort et al. 2011; Álvarez
et al. 2014; Meier et al. 2014; Dutkiewicz et al. 2015).

In general, climate projections tend to agree, with relatively high confidence, that
the Mediterranean region will experience higher temperatures and reduced rainfall in
the coming decades (IPCC 2013). In consequence, as climate model projections
show, there will be increasing rates of evaporation and salinification of the Medi-
terranean Sea over the twenty-first century under anthropogenic greenhouse gas
emission scenarios (Giorgi and Lionello 2008; Somot et al. 2008; Mariotti et al.
2008, 2015; Adloff et al. 2015). Mediterranean thermohaline circulation may sig-
nificantly change by weakening in the western basin and a less certain response in
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the eastern basin (Somot et al. 2006; Adloff et al. 2015). Changes in thermohaline
circulation can profoundly affect the biogeochemistry of the Mediterranean Sea
(Powley et al. 2018) and through an increase of stratification (Herrmann et al.
2014; Adloff et al. 2015) may reduce the nutrient supply into the euphotic layer
with consequences for phytoplankton blooms (D’Ortenzio and Ribera d’Alcalà
2009; Herrmann et al. 2013).

Potential effects of the climatic scenario have also been described for the Alboran
Sea circulation (Macías et al. 2018), and for the upwelling in the NW of Alboran Sea,
strongly influenced by the Atlantic water entering through the Strait of Gibraltar and
that could be affected by a generalized slowdown of the thermohaline circulation
(Macías et al. 2014a).

Mediterranean Sea phosphate and nitrate concentrations seem to be more depen-
dent on atmospheric and terrestrial inputs than on the Atlantic influx across the Strait
of Gibraltar (Béthoux et al. 1998; Ribera d’Alcalà et al. 2003; Durrieu de Madron
et al. 2011). Since the beginning of the industrial era, there has been an overall
increase in atmospheric deposition (Duce et al. 2008) that might be higher in the
coming years. These changes coupled with the expected decrease in winter mixed
layer depth, could result in changes in the relative availability of nutrients, and
increase the relative importance of atmospheric inputs in the Mediterranean Sea.
Expected consequences are an imbalance between nitrate and phosphate concentra-
tions in surface waters, causing changes in the phytoplankton populations and in the
entire food web (Pasqueron 2015).
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