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SUMMARY

This PhD thesis aims to assess the spatial and temporal patterns of phytoplankton variability and
primary production in the surface waters of the Mediterranean Sea. The research is organized in
three studies and it is mainly based on the use of satellite ocean color data acquired during the
period 1998-2015. Complementary datasets (e.g. sea surface temperature, climatic indices,
meteorological data, and atmospheric dust) are also used to address the different specific studies
included in this work.

A first study is aimed to analyze the contribution of the seasonal and non-seasonal components
of phytoplankton variability at basin scale. Then, seasonality is analyzed from a phenological
perspective i.e. by parameterizing the seasonal cycles (bloom) using a pixel-by-pixel threshold-
based algorithm. We observe that seasonality dominates variability representing up to 80% of
total chlorophyll (Chl) variance in oceanic areas, whereas in shelf-sea regions high frequency
variations may be dominant representing up to 49% of total Chl variance. Seasonal variations are
typically characterized by a phytoplankton growing period occurring in spring and spanning on
average 170 days in the western basin and 150 days in the eastern basin. Also, in the western
basin, a positive trend in Chl biomass and an increase in the amplitude and duration of the
phytoplankton growing period is observed. On the contrary, changes in Chl concentration in the
eastern (and more oligotrophic) basin are generally low, but it is observed that the Chl peak has
declined and the growing period duration has also decreased. The trends in phytoplankton Chl
and phenology, estimated in this study during the 1998-2014 period, do not reveal significant
overall decline/increase in Chl concentration or earlier/delayed timings of the seasonal peak on
average over the entire Mediterranean Sea. However, large regional variations are detected,
suggesting that the response of phytoplankton to environmental and climate forcing may be
complex and regionally driven.

The second study addresses the regional patterns of interannual variability in satellite-derived
Chl. A neural network classification, based on the Self-Organizing Maps (SOM) analysis in the time
domain, is used to reveal regions of similar temporal variability of Chl in the Mediterranean Sea.
Characteristic temporal patterns extracted by the SOM analysis show different scales of variation



Summary

that can be related to already identified oceanographic features and biogeochemical variability
in the Mediterranean Sea. Clear differences are observed between regions located in the western
basin and Adriatic Sea, where rivers, winter mixing and winds are known to drive variations in
primary production at regional scale and regions located in the eastern basin, represented by a
large and rather homogeneous region. The study suggests that North Atlantic Oscillation (NAO)
has more influence in the Chl variations occurring in regions located in the western basin whereas
El Nifio Southern Oscillation index (ENSO) exhibits higher impact on the central Mediterranean
and eastern basin during its positive phase. Both NAO and ENSO show non-stationary coherence
with Mediterranean Chl. The analysis also reveals a sharp regime shift occurring in 2004—2007,
when NAO changed from positive to negative values. This shift particularly affected the winter
phytoplankton biomass and it is indicative of climate driven ecosystem-level changes in the
Mediterranean Sea. Our results stablish a regional connection between interannual
phytoplankton variability exhibited in different regions of the Mediterranean Sea and climate
variations.

The third study focusses on satellite derived primary production rates in the coastal waters of the
Mediterranean Sea. We observe that 20% of the overall PP in the basin comes from shelf regions
(i.e. <200m depth) and from that, most of it (~80%) is regenerated production. Almost 50% of
this production occurs in the coastal waters of the eastern basin, whereas the western and
Adriatic shelf contribute with 28 and 24% respectively. High regional scale variability is observed
ranging from more than 350 gC m™ yr! in the most productive areas, generally associated with
major river discharges, to highly unproductive provinces (<50 PgC m2 yrl) in the south eastern
Mediterranean. The long-term PP variability was dominated by interannual variations that were
inversely correlated in with sea-surface temperature and more loosely with NAO and
Mediterranean Oscillation Index (MOI) climatic indices. Regionally, most coastal areas presented
either non-significant or weakly declining PP trends whereas positive PP trends were observed in
the Adriatic region. To complete the study, a classification has been made in 18 alongshore
coastal regions with mean PP magnitudes varying fivefold. Two groups of coastal waters were
identified; regions showing low cross-shore variability, mainly located in narrow width shelf areas,
and regions showing strong cross-shore gradients, observed in wider regions with river
discharges.

Approximately 50% of the global primary production takes place in the ocean and, consequently,
marine phytoplankton play a fundamental role in global carbon fluxes. Studying the spatial and
temporal variability of phytoplankton, as well as estimating factors that determine this variability,
is essential to understand the dynamics, productivity and biogeochemical cycles of the ocean,
and to anticipate the effects of climate change on the marine environment. It is expected that
this PhD thesis can contribute to a better understanding of these changes in the Mediterranean
Sea.
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RESUMEN

La presente tesis doctoral tiene como objetivo evaluar los patrones espaciales y temporales de la
variabilidad del fitoplancton marino y la produccién primaria en las aguas superficiales del mar
Mediterrdneo. La investigacion se organiza en tres estudios y se basa principalmente en el uso de
datos de satélite del color del océano adquiridos durante el periodo 1998-2015. Asimismo, datos
complementarios (por ejemplo, temperatura superficial del mar, indices climaticos, datos
meteoroldgicos o concentracion de polvo atmosférico) son utilizados para abordar cuestiones
especificas.

El primer estudio tiene como objetivo analizar la contribucion de las componentes estacionales y
no estacionales de la variabilidad del fitoplancton en la cuenca del mar Mediterrdneo. La
componente estacional se aborda mediante la caracterizacién de la fenologia del fitoplancton; es
decir, mediante la parametrizacién de los ciclos estacionales su periodo de floracién (bloom). Para
ello, se ha utilizado un algoritmo basado en deteccién de umbrales de crecimiento de la biomasa
de fitoplancton que ha sido ejecutado pixel a pixel. Los resultados demuestran que la variabilidad
debida a la componente estacional puede suponer hasta el 80% de la varianza total de clorofila
(Chl) en areas ocednicas, mientras que en las regiones de plataforma continental la variabilidad
de alta frecuencia puede dominar y representar hasta un 49% de dicha variabilidad total de Chl.
Las variaciones estacionales tipicamente se caracterizan por un periodo de crecimiento del
fitoplancton que se produce en primavera y abarca en promedio 170 dias en la cuenca oeste u
occidental y 150 dias en la cuenca este u oriental. Ademds, en la cuenca occidental se observa
una tendencia positiva en la biomasa de Chly un aumento en la amplitud y duracién del periodo
de floracion del fitoplancton. Por otro lado, en la cuenca oriental (y mas oligotréfica) las
tendencias en la concentracion de Chl son generalmente despreciables, pero el valor maximo de
Chl alcanzado durante el bloom y la duracidon del periodo de crecimiento si muestran una
disminucion. A nivel de toda la cuenca del mar Mediterraneo, las tendencias en el fitoplancton y
en la fenologia, estimadas en este estudio durante el periodo 1998-2014, no revelan en promedio
ni una disminucion/aumento general significativo en la concentracion de Chl ni un avance/retraso
del valor maximo de biomasa estacional. Sin embargo, si se detectan grandes variaciones
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regionales, sugiriendo que la respuesta del fitoplancton a las variables ambientales y climaticas
pueda ser compleja y local.

El segundo estudio aborda los patrones regionales de variabilidad interanual en series temporales
de Chl derivadas de datos de satélites. Se utiliza una clasificacion de redes neuronales de
aprendizaje no supervisado basada en el analisis de Mapas de Autoorganizacion (SOM, de las
siglas en inglés Self-Organizing Maps) ejecutados en el dominio temporal, con el objetivo de
discernir regiones donde la variabilidad temporal de la Chl sea similar en el mar Mediterraneo.
Los patrones temporales caracteristicos extraidos a través del andlisis SOM muestran diferentes
escalas de variacion que pueden relacionarse con las caracteristicas oceanograficas y con la
variabilidad biogeoquimica presente en el mar Mediterraneo. Se observan claras diferencias
entre las regiones ubicadas en la cuenca occidental y el mar Adriatico, donde se sabe que los rios,
la mezcla de invierno y los vientos impulsan variaciones en la produccién primaria a escala
regional; y también en las regiones ubicadas en la cuenca oriental, representadas por una gran
regién bastante homogénea. El estudio sugiere que el indice climatico North Atlantic Oscillation
(NAO) tiene una influencia mayor en las variaciones de Chl ubicadas en la cuenca occidental,
mientras que el indice E/ Nifio Southern Oscillation (ENSO) muestra un mayor impacto en la
cuenca central del Mediterraneo, principalmente apreciable durante su fase positiva. Tanto NAO
como ENSO muestran coherencia no estacionaria con la variabilidad de la Chl en el Mediterraneo.
El analisis también revela un cambio brusco producido durante los afios 2004-2007, cuando el
indice NAO cambié de valores positivos a negativos. Este cambio afectd particularmente a la
biomasa de fitoplancton en invierno y es un claro indicador del impacto climatico sobre el
ecosistema del mar Mediterraneo. Nuestros resultados establecen una conexién regional entre
la variabilidad interanual del fitoplancton en diferentes regiones del mar Mediterraneo vy las
variaciones climaticas globales.

El tercer estudio se centra en las tasas de produccion primaria en las aguas costeras del mar
Mediterraneo estimadas mediante datos de satélites. El estudio revela que aproximadamente el
20% del total de la produccién primaria de la cuenca Mediterrdnea proviene de dreas situadas en
la plataforma continental (<200 m de profundidad) y que, ademas, la mayor parte (~80%)
constituye produccion regenerada. Casi el 50% de esta produccion ocurre en las aguas costeras
de la cuenca oriental, mientras que las plataformas occidental y Adridtica contribuyen con el 28
y el 24% respectivamente. Se observa una gran variabilidad a escala regional que varia desde
zonas muy productivas que superan 350 gC m™ al afio, tipicamente situadas en las dreas mas
productivas asociadas con descargas de rios importantes, a zonas altamente improductivas (<50
PgC m2 al afio) situadas principalmente en el sureste Mediterraneo. La variabilidad de la
produccion primaria a largo plazo estd dominada por variaciones interanuales que se
correlacionan inversamente con datos de temperatura superficial del mar y, del mismo modo,
aunque en menor grado, con los indices climaticos NAO y Mediterranean Oscillation Index (MOI).
A escala regional, la mayoria de las dreas costeras presentan tendencias de produccién primarias
no significativas o con un débil declive. No obstante, se observan tendencias de produccion
primaria altamente positivas en el mar Adriatico. Para finalizar el estudio, se ha hecho una
clasificacién en 18 regiones costeras con valores medios de produccidén primaria que pueden
guintuplicarse entre regiones. Ademas, el analisis permite la identificacién de dos grupos de
aguas costeras: por un lado, regiones que muestran una baja variabilidad a lo largo de la costa,
ubicadas principalmente en dreas donde la plataforma continental es estrecha; y por otro lado
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regiones que muestran fuertes gradientes a lo largo de la costa, situadas en regiones donde la
plataforma continental es tipicamente mas ancha y/o existen descargas de rios.

Aproximadamente el 50% de la produccién primaria mundial tiene lugar en el océano vy, en
consecuencia, el fitoplancton marino desempefia un papel fundamental en los flujos globales de
carbono. Estudiar la variabilidad espacial y temporal del fitoplancton, asi como estimar los
factores que determinan esta variabilidad, es esencial para comprender la dindmica, la
productividad vy los ciclos biogeoquimicos del océano, y para anticipar los efectos del cambio
climatico en el ecosistema marino. Se espera que esta tesis doctoral pueda contribuir a una mejor
comprension de estos cambios en el mar Mediterraneo.
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RESUM

La present tesi doctoral té com a objectiu avaluar els patrons espacials i temporals de la
variabilitat del fitoplancton mari i la produccid primaria a les aiglies superficials de la mar
Mediterrania. La investigacio s'organitza en tres estudis i es basa principalment en |'Us de dades
de satel-lit del color de I'ocea adquirides durant el periode 1998-2015. Aixi mateix, dades
complementaries (per exemple, temperatura superficial de la mar, indexs climatics, dades
meteorologiques o concentracié de pols atmosférica) son utilitzats per abordar giestions
especifiques.

El primer estudi té com a objectiu analitzar la contribucid dels components estacionals i no
estacionals de la variabilitat del fitoplancton en el conjunt de la mar Mediterrania. El component
estacional s'aborda mitjancant la caracteritzacio de la fenologia del fitoplancton; és a dir, a costa
de la parametritzacio dels cicles estacionals del seu periode de floracié (bloom). Per aconseguir-
ho, s'ha utilitzat un algoritme fonamentat en la deteccié de frontera que ha estat executat pixel
a pixel. Els resultats assenyalen que la variabilitat deguda al component estacional pot suposar
fins al 80% de la variancia total de clorofil-la (Chl) en zones oceaniques, mentre que a les regions
de plataforma continental la variabilitat d'alta freqlencia pot dominar i representar fins a un 49%
d'aquesta variabilitat total de Chl. Les variacions estacionals tipicament es caracteritzen per un
periode de creixement del fitoplancton que es produeix a la primavera i presenta de mitjana 170
dies a la conca oest o occidental i 150 dies a la conca est o oriental. A més, en la conca occidental
s'observa una tendencia positiva en la biomassa de Chl i un augment en I'amplitud i duracié del
periode de floracié del fitoplancton. D’altra banda, en la conca oriental (i més oligotrofica) els
canvis en la concentracio de Chl son generalment menyspreables, pero si que el valor maxim de
Chl assolit durant el bloom s'ha reduit, alhora que la duracid del periode de creixement també ha
disminuit. En referéncia a tota la conca de la mar Mediterrania, les tendéncies en el fitoplancton
i en la fenologia, estimades en aquest estudi durant el periode 1998-2014, no mostren de mitjana
cap disminucid/augment general significatiu en la concentracié de Chl ni tampoc un avang/retard
del maxim estacional. No obstant aixd, si que es detecten grans variacions regionals, suggerint
que la resposta del fitoplancton als forcaments ambientals i climatics pugui ser complexa i local.



Resum

El segon estudi aborda els patrons regionals de variabilitat interanual en séries temporals de Chl
derivades de dades de satel-lits. S'utilitza una classificacio de xarxes neuronals d'aprenentatge no
supervisat basada en I'analisi de Mapes d' Autoorganitzacid (SOM, de les sigles en angles Self-
Organizing Maps) executats en el domini temporal, amb |'objectiu de discernir regions on la
variabilitat temporal de la Chl sigui similar a la mar Mediterrania. Els patrons temporals
caracteristics extrets mitjancant I'analisi SOM mostren diferents escales de variacié que poden
relacionar-se amb les caracteristiques oceanografiques i amb la variabilitat biogeoquimica
present en la mar Mediterrania. S'observen clares diferencies entre les regions situades a la conca
occidental i el mar Adriatic, on se sap que els rius, la barreja d’aiglies que passa al mar a I'hivern,
i els vents impulsen variacions en la produccié primaria a escala regional; i també en les regions
situades a la conca oriental, representades per una gran regid bastant homogenia. L'estudi
suggereix que |'index climatic North Atlantic Oscillation Index (NAO) té una influencia més gran
en les variacions de Chl ubicades a la conca occidental, mentre que l'index E/ Nifio Southern
Oscillation (ENSO) mostra un major impacte en la conca central de la Mediterrania principalment
apreciable durant la seva fase positiva. Tant NAO com ENSO mostren coherencia no estacionaria
amb la variabilitat de la Chl a la Mar Mediterrania. L'analisi també revela un canvi sobtat produit
durant els anys 2004-2007, quan l'index NAO va canviar de valors positius a negatius. Aquest canvi
va afectar particularment la biomassa de fitoplancton a I'hivern i és indicatiu clar de canvis en el
nivell de I'ecosistema impulsats pel clima en la mar Mediterrania. Els nostres resultats estableixen
una connexioé regional entre la variabilitat interanual del fitoplancton en diferents regions de la
Mediterrania i les variacions climatiques globals.

El tercer estudi se centra en les taxes de produccié primaria a les aiglies costaneres de la mar
Mediterrania estimades mitjancant dades de satél-lits. L'estudi revela que aproximadament el
20% del total de la produccid primaria de la conca mediterrania prové d'arees situades a la
plataforma continental (<200 m de profunditat) i que, a més, la major part (~80%) constitueix
produccio regenerada. Gairebé el 50% d'aquesta produccio es produeix en les aiglies costaneres
de la conca oriental, mentre que les plataformes occidental i Adriatica contribueixen amb el 28 i
el 24% respectivament. S'observa una gran variabilitat a escala regional que varia des de zones
molt productives que superen 350 gC m a l'any, tipicament situades a les arees més productives
generalment associades amb descarregues de rius importants, fins a provincies altament
improductives (<50 PgC m™ al any) situades principalment al sud-est mediterrani. La variabilitat
de la produccié primaria a llarg termini és dominada per variacions interanuals que es
correlacionen inversament amb dades de temperatura superficial del mar i, de la mateixa manera
encara que en menor mesura, amb els indexs climatics NAO i Mediterranean Oscillation Index
(MOI). En I'ambit regional, la majoria de les arees costaneres presenten tendencies de produccio
primaries no significatives o amb un lleuger declivi, encara que, si bé s'observen tendéncies de
produccio primaria altament positives al mar Adriatic. S'han classificat les aiglies costaneres en
18 regions amb valors mitjans de produccié primaria que poden variar fins a cinc vegades d’unes
regions a altres. L'analisi permet la identificacid de dos grups d'aiglies costaneres: d'una banda,
regions que mostren una baixa variabilitat al llarg de la costa, situades principalment en arees on
la plataforma continental és estreta; i d'altra banda regions que mostren forts gradients al llarg
de la costa, situades en regions on la plataforma continental és tipicament més ampla i/o hi ha
descarregues de rius.

22



Resum

Aproximadament el 50% de la produccié primaria mundial té lloc a I'ocea i, en conseqiéncia, el
fitoplancton mari té un paper fonamental en els fluxos globals de carboni. Estudiar la variabilitat
espacial i temporal del fitoplancton, aixi com estimar els factors que determinen aquesta
variabilitat, és essencial per comprendre la dinamica, la productivitat i els cicles biogeoquimics de
I'ocea, i per anticipar els efectes del canvi climatic en 'ecosistema mari. S'espera que aquesta tesi
doctoral pugui contribuir a una millor comprensié d'aquests canvis a la Mediterrania.
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|.  GENERAL INTRODUCTION

1. Marine phytoplankton and its productivity

1.1. Phytoplankton in the ocean

Phytoplankton are free-floating unicellular microscopic algae that live near the ocean’s surface
where enough light reaches to support photosynthesis. They use sunlight energy and nutrients
to convert inorganic to organic carbon, releasing oxygen to the environment in the
photosynthesis process. Phytoplankton constitutes the base of the marine pelagic food web and,
therefore, are key to life in the oceans (Field et al., 1998). Phytoplankton encompasses a wide
range of organisms extremely diverse in shape and size. According to Sournia et al. (1991), there
are more than 4,000 species of marine phytoplankton, including diatoms, dinoflagellates, green
algae, coccolithophores and cyanobacteria, amongst the most common groups. Being the source
of organic carbon in the ocean, phytoplankton is embedded in complex interactions with other
components of the marine ecosystem and with the physical environment (Fig. I-1) and, thereby,
is structurally and compositionally molded by these interactions. This control may be exerted by
higher level organisms such as grazers ('top-down') or it can be regulated by nutrients and light
availability ('bottom-up') (Cushing, 1975; Sarmiento et al., 1990). In these interactions bacteria
play a fundamental role remineralizing the released Organic Carbon (Particulate and Dissolved;
POC and DOC) into nutrients and providing with complex compounds that many phytoplankton
species are unable to synthesize, such as some vitamins, and making them available by
phytoplankton (Azam, 1998; Suthers and Rissik, 2009).
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U.S. JGOFS

Fig I-1. Major constituents and processes composing the ocean’s biological carbon pump or transfer of
carbon from the atmosphere (inorganic COz) to the deep ocean (organic C). From Steinberg and Landry,
(2017) and the U.S Joint Global Ocean Flux Study (U.S. JGOFS).

The spatial variability of phytoplankton in the sea is controlled by multiple endogenous (internal)
and exogenous (external) mechanisms. The endogenous factors are related to the physiology of
the organism and its life cycles, including carbon fixation, respiration and mortality rates.
Phytoplankton growth mainly depends on the availability of carbon dioxide, sunlight, and
nutrients. The changing light conditions and the concentrations of nutrients such as nitrate,
phosphate, silicate and iron in the water determine the productivity of the water. The exogenous
factors depend on the influence of the physical environment and on the interaction with other
organisms (Margalef, 1974). Since it is mostly passively transported by ocean motions, marine
currents, turbulence and diffusive transport regulate its distribution (Mann and Lazier, 1991;
Steele, 1978). Likewise, viral infections, parasitism, competition for resources with other
organisms and grazing pressure, also determine its distribution and variability patterns in the
ocean (e.g. Calbet and Landry, 2004; Cushing, 1975; Park et al., 2004).

Ocean variability occurs at spatial scales spanning from microns to thousands of kilometers, and
at time scales extending from seconds to tens of years. Different processes influence the
distribution of phytoplankton attending to the scale considered. From these, remotely-sensed
data, objective of this thesis, mostly resolves processes at special scales above few kilometers
and temporal scales larger than days (Dickey et al., 2006; Fig. |-2). Limitations in the lower range
of these scales are consequence of the sensor resolution and satellite coverage. As the spatial,
temporal and radiometric sensor resolution increase, it is expected that remote sensing will serve
to resolve processes at higher scales and greater accuracy.
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Fig. 1-2. Time-horizontal space scale diagram illustrating some physical and biological processes overlain
with sampling domains of various platforms (moorings, satellites, autonomous underwater vehicles, etc.)
(Dickey et al., 2006).

1.2. Primary production in the ocean

Pelagic Primary Production (PP) refers to the production of organic matter by marine
phytoplankton. It is the rate of carbon fixation by photosynthesis (Falkowski and Raven, 2007).
As the description of the light-dependent photosynthesis reaction: CO, + 2H,0 ---> (CH,0) + H,0
+0,, the process releases carbohydrates (CH,0) and oxygen (O2). Up to 50% of the carbon fixation
in the planet (~5 GtC yr™) is indebted to marine phytoplankton photosynthesis, which plays a
fundamental role in global carbon fluxes (Falkowski et al., 1998; Field et al., 1998). Indeed,
microalgae organisms are key mediators of the biological pump that exports carbon to the deep
ocean through sinking of the fixed organic matter (Antoine et al., 1996; Sathyendranath and Platt,
2007). The biological carbon pump is the part of the global carbon cycle that transfers heat-
trapping carbon dioxide (CO;) from the atmosphere and the upper ocean to the deep sea, where
the carbon remains sequestered on time scales of months to millennia (Siegel et al., 2016).
Thereby, phytoplankton maintains atmospheric CO; at significantly lower levels than would be
the case if it did not exist, having a critical role in global carbon fluxes and regulating the earth’s
climate (Basu and Mackey, 2018; Hays et al., 2005).

The amount of carbon fixed during photosynthesis is called Gross Primary Production (GPP),
whereas the amount of carbon fixed in excess of internal metabolic costs (e.g. autotrophic
respiration by phytoplankton) is referred to as Net Primary Production (NPP). NPP is associated
with the phytoplankton growth or phytoplankton biomass accumulation and is the value
estimated by ocean color PP algorithms (Fig. I-3) (Cullen, 2001; Behrenfeld et al., 2006).
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Net Primary Productivity (grams Carbon per m2 per year)
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Fig. 11-3. Annual NPP distribution in the global ocean from the SeaWiFS sensor (1997-2002). Light gray
areas indicate missing data. Credit: NASA GSFC Earth Observatory.

There are other concepts associated with PP such as new, regenerated and export production,
which need to be characterized in order to describe food web dynamics and biochemical cycling
(Dugdale and Goering, 1967). New production is the fraction of NPP that is supported by the
introduction of new nutrients into the euphotic zone whereas regenerated production is
sustained by bacterial oxidation of organic matter. Lastly, some portion of this production is
exported; i.e. fixed carbon sinks out the euphotic zone as POC from the surface layers by physical
processes (Fig. I-1) (Eppley and Peterson, 1979). This ratio of export net production is referred to
as the ef-ratio and it varies from O to 1, being higher in coastal and high productivity regions (Laws
et al., 2011).

Variations in PP are influenced by two main factors: light intensity and nutrient availability.
However, PP rates can also be controlled by other secondary drivers such as temperature,
phytoplankton cell sizes and species composition (Boyd et al., 2014; Sathyendranath and Platt,
2001). Nutrient supply is supported by either its recycling through bacteria, reintroduction from
deeper waters by mixing or from external sources (i.e. rivers or atmospheric deposition). The
optimal macronutrient pattern of C:N:P molar ratio for phytoplankton growing is 106:16:1
(Redfield, 1934), which means that for every 106 atoms of carbon (C) phytoplankton transfer into
organic matter, there is a need 16 of atoms of nitrogen (N) and 1 atom of phosphorous (P). Under
these ratios, biological PP could be constrained. Cis never a limiting nutrient in the environment,
therefore oceans and seas are known for being N-limited (N:P < 16) or P-limited (N:P > 16)
(Falkowski, 1997; Howarth, 1988; Tyrrell, 1999). Generally, N is the most common element
limiting phytoplankton growth in most marine ecosystems (Vitousek and Howarth, 1991). Silica
(Si) is another nutrient needed for diatoms to construct their siliceous skeleton (Brimmer, 2003).
Also, the role of Iron (Fe) as limiting micronutrient in some oceanic areas was proposed by Martin
and Fitzwater (1988). If Fe is introduced in the Redfield ratio, the C:N:P:Fe molar ratio for
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phytoplankton growing will become 106:16:1:0.0075 (Bristow et al., 2017). Fe is an enzymatically
essential trace metals for photosynthesis that might be limited in zones beyond shelves, because
it mostly enters the marine environment through windblown dust (Jumars, 1993; Ward et al.,
2013).

PP is also sensitive to irradiance (i.e., light intensity) and this relationship is shaped by the P-I
curve (Photosynthesis versus Irradiance) reflecting the positive correlation between light
intensity and photosynthesis rate. Light is limiting until it exceeds a compensation intensity level
where respiration and photosynthesis is balanced (Jassby and Platt, 1976; Platt and Jassby, 1976).
On the contrary, an excess of light under for example low physical mixing circumstances in the
water may cause photoinhibition due to the degradation of the cellular machinery (Platt et al.,
1980).

Since photosynthesis is a light-requiring process, it occurs in the upper ocean. The so-called the
euphotic zone is commonly defined as the region that extends from the surface to the photic
depth at which Photosynthetically Active Radiation (PAR: 400-700 nm) is reduced to 1% of its
surface value (Kirk, 2011). This limit may occur at depths exceeding 100 m in oligotrophic waters
to even less than 10 m in eutrophic waters (Sathyendranath and Platt, 2001). It is noteworthy
that phytoplankton cells themselves are a major factor responsible for modifying the optical
properties of sea water, and hence the rate of penetration of solar radiation into the ocean
(Cullen, 2001; Sathyendranath and Platt, 2001).

Generally, highly productive systems are associated with dominance of larger phytoplankton such
as diatoms and their contribution to the biological pump is high because fewer trophic steps are
taken to produce sinking particles. Conversely, in oligotrophic systems where picoplankton are
the dominant primary producers, there may be 4-5 trophic transfers before reaching a trophic
level capable of producing sinking particles (Carlson et al., 2001a). This system is considered
'regenerative’, and reflects complex trophic networks dominated by microbial communities
(Azam et al., 1983; Fenchel, 2008) .

2. Observing marine phytoplankton from remote sensing

2.1. Ocean color remote sensing data

Ocean color sensors have provided an unprecedented view of the abundance and distribution of
marine water constituents in the upper ocean, in particular of algal blooming markers such as the
concentration of chlorophyll-like pigments that are proxies for phytoplankton biomass (Cullen,
1982). The development of the so-called 'ocean color' advanced techniques, coupled to the
buildup of large-scale, long-term data collections, can be used systematically for characterizing
and monitoring the status and trends of marine ecosystems (Barale et al., 2008; Blondeau-
Patissier et al., 2014).

Ocean color remote sensing techniques allow repetitive global-coverage data over a variety of
scales and resolutions that are unable to be achieved with in situ observations registered by
oceanographic buoys or during ship-based surveys. Remote sensing of ocean color, has been
applied, among other, to the analysis of phytoplankton biomass variability (Yoder et al., 1993),
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detection of seasonal timings of phytoplankton blooms (Racault et al., 2012), estimates of PP
(Behrenfeld and Falkowski, 1997), quantifying carbon budgeting (Field et al., 1998), influence of
phytoplankton in marine fisheries (Platt et al., 2003), river plume detection and estuary influences
(Cloern et al., 2014; Hopkins et al., 2013), or perceiving coastal upwelling episodes (Kudela et al.,
2008; Shi and Wang, 2007). Despite its benefits and applications, optical properties derived from
ocean color imagery are limited to vertically-integrated values from roughly the first spectral
optical depth in the water column, and thereby do not provide information on the vertical
structure (Smith and Baker, 1978). Moreover, spatial and temporal coverages of optical remotely
sensed data are limited by a fixed schedule and by problems such as sun-glint, clouds,
atmospheric aerosol, sensor saturation over ice, sand or snow, and high solar zenith angle
(Racault et al., 2014b).

Phytoplankton biomass has been continuously monitored from ocean color sensors since the
1980s. Yet, the most widely used empirical approach for estimating chlorophyll (Chl) from
satellites can involve an error by a factor of 5 or more. Such variability is due to differences in
absorption, scattering and backscattering properties of the water sample (i.e., its Inherent Optical
Properties, IOPs) that depend on the related concentrations of phytoplankton, Colored Dissolved
Organic Matter (CDOM) and minerals (Dierssen, 2010). Empirical traditional bio-optical
algorithms have built-in assumptions of oligotrophic regions with low phytoplankton biomass,
whereas more productive regions contain larger bloom-forming phytoplankton (Dierssen, 2010).
Detailed information on ocean color algorithms is provided in the methodological section (Section

).

2.2. Phytoplankton composition and size-structure from remote sensing data

Traditionally, remote sensing has been able to resolve successfully large and mesoscale
phytoplankton distribution patterns. However, one of the present challenges of ocean color
research is to obtain information on other descriptors of marine plankton such as its composition
or its cell size. Phytoplankton Functional Types (PFT) are conceptual groupings of phytoplankton
species, which have an ecological functionality in common either in terms of the food web or
biogeochemical cycles (export of organic carbon to the deep ocean vs. local recycling). Examples
include nitrogen fixers (cyanobacteria, e.g. Trichodesmium), calcifiers (coccolithophores),
dimethyl sulphide (DMS) producers (e.g., Phaeocystis, coccolithophores, dinoflagellates) and
silicifiers (e.g., diatoms) (IOCCG, 2014).

The importance of PFT rely on their different functionality in the marine ecosystem. For instance,
the presence of phytoplankton with calcite skeletons diminishes the surface ocean carbonate
concentration, reduces sea water alkalinity with an acidification of the surface seawater and
increases the release of CO, to the atmosphere (Rost and Riebesell, 2004). Siliceous
phytoplankton is responsible of about 40% of the total marine PP. Both calciferous and siliceous
shells cause phytoplankton to sink faster, contributing to the carbon export to deep sea (Sarthou
et al., 2005). Nitrogen-phytoplankton fixers are important in the new production so they are able
to dissolve nitrogen gas (N,) into available nitrogen such as ammonium (NH4+) and dissolved or
particulate organic nitrogen (Capone et al., 2008). DMS-producers generates this volatile organic
compound that can escape into the atmosphere producing atmospheric sulphate aerosols that
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act as a nucleus for cloud condensation that can back-scatter the radiation from the sun and
therefore cause a negative feedback on temperature by cooling the earth (Keller et al., 1989).

First attempts to detect distinct phytoplankton groups from space were limited by bloom
conditions; e.g. Brown and Yoder (1994) for coccolithophores, Morel (1997) for the cyanobacteria
Synechococcus, Subramaniam et al. (1999) for the cyanobacteria Trichodesmium and
Sathyendranath et al. (2004) for diatoms. Identifying several PFT from satellite born data requires
distinguishing changes in the shape of the spectral signal of each type (e.g., changes in
phytoplankton composition can lead to changes in the reflectance spectra) (Nair et al., 2008).
Under this idea, Alvain et al. (2005) developed a method, named PHYSAT, which enables the
identification of four different phytoplankton groups thanks to the natural variability of the
optical properties of phytoplankton species. The method uses the anomalies of the normalized
water-leaving radiance (nLw) measured by ocean color sensors at different wavelengths in the
visible spectrum. Later, it associates this variability in the spectral signal to the different optical
properties of the phytoplankton species. This variability is used in the PHYSAT classification to
detect four dominant phytoplankton groups: Prochloroccocus, Synechococcus-like cyanobacteria,
haptophytes (recently named nanoeukaryotes; Alvain et al., 2008) and diatoms.

Another way to study the phytoplankton community from space is by estimating Phytoplankton
Size Class (PSC). Most studies of this type are based on the classification of Sieburth et al. (1978)
that splits phytoplankton size groups into picoplankton (0.2 - 2 um), nanoplankton (2 - 20 um)
and microplankton (20 - 200 um). These size classes occupy different physical and chemical niches
based on their nutrient-uptake ability, light-harvesting efficiency, and sinking rate through the
euphotic zone (Nair et al., 2008). For example, microplankton cells are likely to sink faster out of
the surface layer, and therefore are more likely to transport organic carbon to the deep, than
smaller cells. It is accepted that phytoplankton size impact on export carbon flux in the global
ocean (Mouw et al., 2016). Likewise, there is a general tendency for the phytoplankton
community to change from small-cell dominated phytoplankton populations such as
Prochlorococcus and Synechococcus in oligotrophic waters to large-cells dominated
microphytoplankton cells such as diatoms in eutrophic waters like upwelling, high-latitudes and
coastal regions. This is due to their high surface-area-to-volume ratio, that allows to absorb
nutrients with high efficiency under nutrient-limited conditions (Chisholm, 1992; Guidi et al.,
2009; Uitz et al., 2006). Furthermore, picoplankton dominant populations are tightly coupled with
the microbial loop so most organic carbon is recycled by the bacteria with low export efficiency
of carbon to deep ocean layers (Henson et al., 2012; Pomeroy, 1974).

Different methods are used to distinguish different PSCs from satellite data. For instance, the
spectral characteristics of the absorption spectrum can be used to infer different PSC (I0CCG,
2014). Generally, when phytoplankton abundance increases, larger size-classes appear, so the
absorption flatters with the increase in cell size of phytoplankton (Ciotti et al., 2002; Li, 2002).
Other methods separate the phytoplankton into different size classes using High-Performance
Liquid Chromatography (HPLC) to determine pigment markers (Uitz et al., 2006; Vidussi et al.,
2001). Recently, Brewin et al. (2010) developed a method that calculates the fractional
contribution of three phytoplankton size classes (micro-, nano- and picoplankton) to the overall
Chl-a concentration using a multiple regression analysis between in situ and satellite data. A
regional version of the model is applied in Section Il - Chapter 2 of the present work. The analysis

31



I. General Introduction

of phytoplankton composition is still a major challenge, although relevant progress is expected as
sensors with higher spectral, spatial, and radiometric resolutions become operative.

2.3. Primary production estimation from remote sensing data

Remote sensing is considered as the only presently approach able to quantify PP at global and
basin scales (Falkowski et al., 1998; Lee et al., 2015). Estimates of NPP are a useful tool to quantify
global carbon cycles. Despite the huge amount of data, discrete PP measurements only provide
information for reduced areas at the ocean surface. As a consequence, these discrete
measurements need mathematical models that quantitatively relate PP to Chl and scale up them
to satellite-based estimates (Falkowski and Woodhead, 1992).

Over the past two decades, there has therefore been a concerted effort to estimate PP from
satellite ocean color using models based on the following input parameters: (1) Phytoplankton
biomass expressed as Chl-a, carbon concentration, or phytoplankton absorption; (2) photo-
physiology or photosynthetic rates, and (3) the light field (Lobanova et al., 2018). Early models
estimated PP as a simple function of sea surface remote sensing Chl acknowledging that the
vertical distribution of Chl and photosynthesis is not uniform (Eppley et al., 1985; Smith et al,,
1982; Smith and Baker, 1978). In a further step, the surface irradiance concept was included in
the models with the concept of the constant water-column averaged quantum vyield of
photosynthesis for carbon fixation (@) to obtain a deep-integrated production value (Platt, 1986).

Platt and Sathyendranath (1988) proposed that daily irradiance and attenuation coefficients
could be combined with the characteristics of pigment-biomass profiles and photosynthetic
response. Under the simplified assumption of vertical homogeneity, only the photosynthetic
parameters were required as auxiliary data (Platt and Sathyendranath, 1993). Photosynthetic
parameters were extracted from the P-I curves in which P was normalized to Chl-a concentration
which was taken as a surrogate for biomass B, (P®). The two parameters required to describe the
P-l relationship were a8, the initial slope of the relationship, and P%., the light-saturated
production plateau. These parameters were derived from experiments made under light-
controlled conditions in a light-gradient incubation box. This method was compared and ratified
by PP measurements in other regional studies (e.g. Falkowski, 1981; Morel, 1978). In a further
step ahead, more complex bio-optical models were used to estimate production over the depth-
integrated water column accounting for the spectrally dependent attenuation of PAR (from 400
to 700 nm) in the euphotic zone and the vertical and spatial Chl cross-section for photosynthesis
(Morel, 1991; Morel and Berthon, 1989; Platt et al., 1991).

The different satellite-derived PP models differ with respect to their computational complexity
(i.e. depth and wavelength integrated versus resolved). They can be divided into three modeling
approaches: (1) depth-integrated and wavelength-integrated models (e.g. Behrenfeld et al,,
2005; Behrenfeld and Falkowski, 1997; Carr, 2002; Eppley et al., 1985), (2) depth-resolved and
wavelength-integrated models (e.g. Armstrong, 2006; Marra et al., 2003) and at a more complex
level, (3) depth-resolved and wavelength-resolved models (e.g. Antoine and Morel, 1996; Smyth
et al, 2005; Westberry et al, 2008). In general, PP from satellite-derived estimations
underestimate the observed variance of PP, mainly at low PP values (<0.2 gC m2d?) but still they
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are an key resource for biogeochemical and ecological studies at global and regional scales
(Friedrichs et al., 2009).

Behrenfeld and Falkowski (1997) pointed out that the big challenge of PP estimations was to
control the optimal assimilation efficiency of the productivity profile; i.e., modelling the
temperature-dependent P, parameter. They developed a Vertically Generalized Production
Model (VGPM) which was a light-dependent, depth-integrated model for carbon fixation that
accounts for the influence of the euphotic zone, the Chl in the integrated photosynthetic depth
and the temperature. The VGMP is called 'vertically generalized' because is based on the use of a
large data base of open ocean vertical PP profiles (}*C determinations) that were normalized to
get an average PP profile shape to be used at global scale. As a different strategy to modeling PP
but under the same depth- and wavelength-integrated approach, Behrenfeld et al. (2005)
modelled productivity by using remote sensing retrievals of particulate backscattering
coefficients to estimate phytoplankton carbon concentration instead of the traditional Chl
biomass. The method is referred to as the Carbon-based Production Model (CbPM) and it relates
productivity to the product of carbon biomass and phytoplankton growth rate, rather than the
product of Chl biomass and photosynthetic efficiency (quantum yield) which is dependent on light
acclimation, nutrient stress and physiological variability implied by taxonomy.

As an example of the depth-resolved and wavelength-integrated approach, Armstrong (2006)
determined PP through an optimality-based model of nitrogen allocation and photoacclimation
determined as a function of light and temperature assuming that Chl was constant over the
euphotic zone and equal to the one at the surface. Alternatively, Marra et al. (2003) based their
PP estimations on Chl-specific phytoplankton absorption, parameterized empirically as a function
of Sea Surface Temperature (SST), and considering that absorption by photosynthetic pigments
differ from the total absorption of the water components, being the second one used to estimate
light attenuation in the water column.

The more complex algorithms concern depth- and wavelength-resolved models. An example of
these models is the algorithm developed by Antoine and Morel (1996), an improved 'satellite’
version of the light-photosynthesis model by Morel (1991). This model derives the spectrally-
resolved instantaneous PP (A, z, t), at depth (z) of the water column, time of the day (t), and for
absorption of irradiance at wavelength (A). Another sophisticated model is the carbon-based
algorithm of Westberry et al. (2008). This model is an expansion of the CbPM that includes
information on the subsurface light field and the nitracline depth to parameterize
photoacclimation and nutrient stress throughout the water column.

In the present thesis we use the algorithm developed by Antoine and Morel (1996). The method
has been successfully applied before for estimating PP in the Mediterranean basin (Antoine et al.,
1995; Morel and André, 1991) and at global scale (Antoine et al., 1996; Antoine and Morel, 1996).
More details of the wavelength- and depth-integrated PP method used in the present thesis are
given in Section Il — Chapter 3.
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3. The Mediterranean Sea

3.1. General characteristics of the study area

The Mediterranean Sea is a marginal and semi-enclosed sea composed of two main basins: the
western and the eastern one (also called occidental and oriental basins), separated by the Sicily
strait. To the north, the Adriatic basin is separated from the eastern sink by the Strait of Otranto.
It is connected to the Atlantic Sea through the Strait of Gibraltar, to the Black Sea through the
Turkish strait system (Dardanelles Strait, Sea of Marmara, Bosphorus Strait) and to the Red Sea
through the artificial narrow Suez Canal (Durrieu De Madron et al., 2010). It comprises an area of
2.5 million km? with a width of 3,860 km in longitude and 1,600 km in latitude, and it has a
perimeter of 26,000 km of coast. The average depth is 1,500m and the maximum depth and a
maximum depth of 5,150 m is reached in the lonian Sea (Millot and Taupier-Letage, 2005) (see
Mediterranean bathymetry in Fig. I-4).
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Fig. -4 Mediterranean Sea bathymetry. Gray contour line delimits coastal waters (200 m isobath).
Bathymetric data were obtained from ETOPO 1 (Amante and Eakins, 2009).

The Mediterranean Sea has been considered as a 'small-scale ocean' or 'laboratory basin' since it
presents a wide range of physical processes occurring on global scales (Lacombe et al., 1981;
Robinson and Golnaraghi, 1993). It has a three-layer thermohaline circulation with a surface (from
0 to ~150 m depth), intermediate (~150 - 400m), and deep layer-system (>400m); and presents
some sub-basin gyres defined by the geometry and topography of the basin, similar to those
occurring in the world ocean (Bethoux et al., 1990). The Atlantic water enters the Gibraltar Strait
in the upper part of the water column (surface layer) and during its path towards the east, it
progressively mixes with the saltier resident Mediterranean waters. The Atlantic flow is
characterized by intense mesoscale activity and it creates an accumulation of quasi-permanent
cyclonic gyres and eddies such as those observed in the Algerian, lonian and Levantine basins
(Hamad et al., 2005; Millot, 1999). In the latter basin, continental winds and increasing
evaporation rates force part of the Atlantic water to sink down to the intermediate layer forming
the Levantine Intermediate Water, that flows back to the Atlantic through the Strait of Gibraltar
after having crossed westward the entire basin (Fig. I-5; Nittis and Lascaratos, 1999).

The Mediterranean basin presents three regions where dense water formation processes occur
and where surface waters are transformed into intermediate waters; the Gulf of Lion-Ligurian Sea
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in the northwester Mediterranean, the southern Adriatic Sea and the Rhodes gyre in the Crete
region (Bergamasco and Malanotte-Rizzoli, 2010; Macias et al., 2018). Fig. I-5 upper shows the
main circulation paths, eddies and dense water formation structures. The water circulation in the
Mediterranean Sea, although relatively complex, is the result of three fundamental driving
mechanisms: the deficit of water in the basin (evaporation exceeds precipitation and river runoff),
the Coriolis effect due to Earth rotation (air and water masses rotate clockwise in the northern
hemisphere- cyclonic movement in the same direction as the Earth’s rotation) and the mesoscale
variability (generally induced by the topographic structure and instability of along-slope currents
or by the atmospheric wind forces; Fig. I-5 down) (Millot and Taupier-Letage, 2005).

45°N
42N

39°N{4

36°N K

33°N 1

Wind speed (1998-2014) Current speed (1998-2014)
0° 8°E 16°E 24°E 32°E 0° 8°E 16°E 24°E 32°E

30°N 0

Fig. I- 5. Upper: Main circulation features of the Mediterranean Sea (surface circulation is in black,
intermediate circulation is in grey, symbol Y indicates site of dense water formation). Upper figure taken
from Durrieu De Madron et al. (2010). Down figure: mean distribution of wind speed and current speed

mean values during the period 1998-2014. Data was obtained from the European Center for Medium-

Range Weather Forecast (ECMWF), available at: http://apps.ecmwf.int/datasets/data/interim-full-

daily/levtype=sfc/.

From a climatological perspective, the Mediterranean Sea is characterised by hot, humid and dry
summers with mild and rainy winters. SST range from minima of ~12°C in winter to maxima of
~25°C in summer (Lionello et al., 2006). Mean SST values decrease from the north towards the
south whereas mean salinity values increase from the western towards the eastern basin (Fig. |-
6). The climatic indices that mostly affect the Mediterranean region are the North Atlantic
Oscillation index (NAQ), El Nifio Southern Oscillation index (ENSO) and the Mediterranean
Oscillation index (MOI). Both NAO and ENSO are atmospheric modes of variability with stronger
impacts on global climate during the North Hemisphere winter, but they trigger a cascade effects
that also affects conditions in the European and Mediterranean region (Brénnimann, 2007;
Hurrell and Van Loon, 1997; Jacobeit et al., 2001; Mariotti et al., 2002b; Marshall et al., 2001;
Pozo-Vazquez et al., 2001).
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Fig I1-6: Mean distribution of surface Sea Surface Temperature (SST) and Salinity during the period 1998-
2014. Grey contour line delimits coastal waters (200m isobath). Monthly data was obtained from the
Mediterranean physics reanalysis carried out by CMEMS, available at http://marine.copernicus.eu/

From a biogeochemical approach, the Mediterranean Sea presents a west-to-east gradient of
increasing oligotrophy with an average Chl value of 0.3 and 0.05 mg m m~3in the western and
eastern basin (Santoreli et al., 2008). It is considered one of the most oligotrophic seas of the
world and some authors contemplate the ultra-oligotrophic character of the eastern basin, where
its average phytoplankton productivity is 60 - 80 gC m yr, which is half that measured in other
oligotrophic areas of the world’s ocean (Krom et al., 2010). This difference has been attributed to
the combination of the anti-estuarine circulation with nutrient-richer waters in the western side,
and the biological pump (Crise et al., 1999). The eastern basin is the largest body of water in the
world in which the PP is P-limited rather than N-limited (Bethoux, 1989; Krom et al., 2003, 1991).
N:P ratios considerably higher than 16:1 have been commonly viewed as indicators of P limitation
in the sea (Mordn et al., 2001). Although the typical winter phytoplankton bloom is usually due
to a lack of phosphate, there is a well-marked north-south gradient for nitrates (Fig. |I-7; Lazzari
et al.,, 2016).
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Fig I-7: Mean distribution of surface nitrate (NOs3) and phosphate (POa4) during the period 1998-2014 at
1.472 m depth. Grey contour line delimits coastal waters (200m isobath). Monthly data was obtained
from the Mediterranean Biochemistry reanalysis carried out by CMEMS available at
http://marine.copernicus.eu/

Notwithstanding the oligotrophic character of the global basin, there are also enriched regions
where PP increase substantially. The most productive regions of the Mediterranean Sea are the
coastal regions and the north-western Mediterranean Sea (NWMS), with blooming regimes
where Chl peak can be >1 mg m(D’Ortenzio and Ribera d’Alcala, 2009). In the NWMS, Marty et
al. (2002) reported that nitrate and phosphate concentrations may reach, respectively, 2 - 3 umol
kg, 0.15 - 0.2 pmol kgt in surface layers during winter mixing conditions.

Nutrients in the Mediterranean Sea come from atmospheric deposition or from external inputs
of water. In both cases, their temporal dynamics response to the sum of natural and
anthropogenic inputs (Ludwig et al., 2009; Moon et al., 2016). External sources of water are the
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inflow of the Atlantic water jet in the surface layer through the Strait of Gibraltar (14,5 km wide
and 320 m deep), water inflow from the Black and Marmara Seas into the north Aegean Sea,
precipitations across the Mediterranean catchment basin and also, freshwater rivers inputs
discharges along the coast. River discharge variability is mainly driven by precipitation events and
large-scale climate modes. The annual mean river discharge into the Mediterranean basin is
about 8,000 m* st with dominant contributions from the European side. Major freshwater river
inputs into the Mediterranean Sea occurs in the north Adriatic Sea (total annual discharge
contribution of 2,700 m3 s, 57% coming from the Po River), in the Gulf of Lions (freshwater flux
average of 1800 m® s, 95% coming from the Rhone River), the Aegean Sea (adding about 500 m?3
s, mainly due to the Danube discharge into the Black Sea), and also in the Nile Estuary region
(Nile River supporting with a flux of 1400 m?® s?). Seasonal river cycles in the north western side,
placed in the Adriatic, Gulf of Lions and Aegean Sea, have two maximum river discharge capacity
in fall-winter and spring due to intense precipitations and snowmelt processes, and a dry season
in mid-summer. Contrary, in the eastern side, represented by the Nile River in the North African
coast, the maximum discharge rate occurs between spring and autumn where intense
precipitations fall during the summer months. Nonetheless the external sources of water into the
Mediterranean basin, evaporation exceeds precipitation budget all year round (Ludwig et al.,
2009; Struglia et al., 2004).

The Mediterranean Sea has a continental shelf (<200 m bathymetry, see Fig. -4 for limits) that
corresponds to a 21% of the surface area of the entire basin, 3-times higher than the percentage
for the global ocean (7% of the total surface; Gattuso et al. (1998). The existance of an intense
urbanization, industrial and agriculture activities along the 46,000 km coastline entiles a potential
massive input of localized terrestrial organic matter, nutrient through run-off and groundwater
discharges (Rodellas et al., 2015). External inputs of nutrients play a significant role in sustaining
marine productivity in oligotrophic seas such as the Mediterranean Sea.

Physical processes, such as advection or mixing mainly control the fluxes of matter from the
coastal enriched areas to the depleted interior of the basin. Currents on the shelves are driven
mainly by wind forcing, freshwater inflows and by the influence of slope current circulation (Fig.
I-5). The thermohaline circulation flow basically follows the basins’ boundaries and, consequently,
it is possible for the large-scale currents eventually intrude on the shallower coastal regions
provoking an exchange of matter between the shelf and the slope waters (Durrieu De Madron et
al., 2010).

3.2. Phytoplankton composition in the Mediterranean Sea from remote sensing

The different phytoplankton species and/or functional groups contribute in a different proportion
way to carbon fixation rates in the ocean (more information in sub-head 2.2). This has encouraged
the development of algorithms for discriminating distinct groups of phytoplankton (species or
size classes) from ocean color remote sensing in the Mediterranean Sea (Ciotti and Bricaud, 2006;
Di Cicco et al.,, 2017; Navarro et al.,, 2014; Sammartino et al., 2015; Uitz et al., 2012). The
discrimination of the main PFT in the Mediterranean Sea, was addressed by Navarro et al. (2014).
They adapted version the PHYSAT method to estimate the dominant group. They observed the
dominance of picoplankton during spring-summer months, but higher nanoplankton abundance
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during the autumn-winter period. More recently, Di Cicco et al. (2017) complemented the results
of the PHYSAT-Med, including the estimation of the dominant PSC using a similar approach than
Uitz et al. (2012). They used a class specific bio-optical model based on empirical relations
between the Chl and the signal from different pigments as marker for the main algal groups. This
specific procedure for the Mediterranean Sea is applied in Section Il - Chapter 2 of the present
study. PSC spatial distribution studies have shown that that micro- and nano-phytoplankton such
as diatoms and haptophytes generally dominate in the western basin and coastal areas whereas
in the eastern ultra-oligotrophic waters pico-phytoplankton size classes such as Prokaryotes
predominate over the other groups. Some other studies report a similar spatial pattern
(Ignatiades et al., 2009; Siokou-Frangou et al., 2010).

4. Objectives

This PhD thesis aims to study the spatial and temporal variability of phytoplankton and primary
production in the surface waters of the Mediterranean Sea. The study is based on the use of
remote sensing data and seeks to provide a global perspective. Although there are previous
studies of phytoplankton in the Mediterranean Sea, they are mostly focused on climatological
issues and/or regional aspects. This thesis aims to fulfill specific aspects that have not been
addressed until now, such as phenological trends, climate induced regional variability or coastal
primary production. The following specific objectives are addressed:

1. To characterize the seasonal and non-seasonal components of phytoplankton
variability in the Mediterranean Sea, as well as the long-term trends
phytoplankton biomass and phenology.

2. Toinvestigate the regional differences in the response of phytoplankton biomass
to climate induced variability.

3. Toanalyze primary production in the coastal Mediterranean Sea, its contribution
to basin scale production and the regional differences in carbon fixation rates.

These issues are addressed using 17 years (1998 — 2015) of ocean-color remote sensing datasets
as well as other complementary information such as remote sensing SST, nutrients reanalysis (i.e.
nitrates and phosphates), mixed layer deep, meteorological data (e.g. precipitation, climatic
indices) or atmospheric dust concentration.
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5. Structure of the thesis

The present thesis is structured in five main Sections (I to V). The first section includes an
introduction to the subject and identifies the objectives of the research. The second section deals
with the common methodological aspects of the thesis, remote sensing concepts and main
methodologies applied. The third section is devoted to the results. It is constituted by three
chapters that analyze the main goals of the thesis. These chapters are structured as a collection
of research articles, each one addressing specific scientific issues.

Chapter 1: This chapter characterizes the seasonal and non-seasonal patterns of
variability and long-term trends of phytoplankton Chl and phenology in the open and
coastal Mediterranean Sea using ocean-color data. It infers the possible natural and
anthropogenic forcings that may determine this variability. Published in: Salgado-
Hernanz, P.M., Racault, M.-F., Font-Mufioz, J.S., Basterretxea, G. Trends in phytoplankton
phenology in the Mediterranean Sea based on ocean-color remote sensing. Remote
Sensing of the Environment (ISSN 0034-4257), volume 221, February 2019, pages 50-64.
doi: 10.1016/j.rse.2018.10.036.

Chapter 2: This chapter characterizes the open and coastal Mediterranean Sea into nine
biogeographical regions attending to their Chl variability. This regionalization is based on
Self-Organizing Maps (SOM) analysis in the time domain using ocean-color data.
Furthermore, the influence of two teleconnection climate indices in each of the SOM-
defined regions is analyzed. Published in: Basterretxea, G., Font-Mufioz, J.S., Salgado-
Hernanz, P.M., Arrieta, J., Herndndez-Carrasco, |., 2018. Patterns of chlorophyll
interannual variability in Mediterranean biogeographical regions. Remote Sensing of the
Environment (ISSN 0034-4257), volume 215, 15 September 2018, pages 7-17.
doi:10.1016/j.rse.2018.05.027.

Chapter 3: This chapter aims to characterize phytoplankton primary production in
Mediterranean coastal waters based on satellite-borne data for the period 2002-2016. It
assesses the contribution of coastal waters to basin scale budgets, their interannual
variability and long-term trends. Also, the contribution the different coastal regions to
total coastal PP in the Mediterranean Sea is assessed. To be submitted: Salgado-Hernanz,
P.M., Regaudie de Gioux, A., Antoine, D., Basterretxea, G. Primary production in coastal
waters of the Mediterranean Sea: variability, trends and contribution to basin scale
budgets.

Section IV includes a general discussion of the results achieved in this thesis and section V
summarizes the conclusions.
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ll.  GENERAL METHODOLOGY

1. Introduction to remote sensing concepts

Remote sensing is the observation and adquisition of information about an object or
phenomenon without coming into direct physical contact with it from sensors aboard aircrafts
or satellites platforms (Schowengerdt, 2007). The 'remote sensing' term was used for the first
time in 1950 by Evelyn Pruitt in the U.S. Office of Naval Research. It was develped in the second
half of the 20™ century and it is now used in numerous fields including military and intelligence
purposes, telecomunications or earth sciences disciplines (Barale and Gade, 2008). Remote
sensing data is a useful alternative to in situ measurements as it provides high spatial coverage
and temporal frequency. The technique is based on the use of electromagnetic radiation to obtain
the desidered information. The main components of the electromagnetic spectrum are gamma-
rays, x-rays, ultra-violet, visible light, infra-red, microwaves and radio-waves (Fig. lI-1). Sensors
specifically devoted to obtain ocean color measurements use spectral bands ranging wavelength
from the visible to the near-infrared domain (380-750 nm and 750-1,400 nm respectively) (Bakker
et al., 2009).
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Fig ll-1. The electromagnetic spectrum from the highest energy (short wavelength) to the lowest energy
(long wavelength). Credit: https://www.cyberphysics.co.uk/
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There are two types of sensors on board satellite platforms: passive (e.g. radiometric spectral
sensors) and active sensors (e.g. radar, lidar, etc.). Passive sensors measure the energy naturally
reflected or emitted by the earth surface. Active sensors provide their own source of
electromagnetic radiation emitted toward the object to be studied that is later reflected back to
the sensor. All data used in this thesis come from passive sensors placed in a sun-synchronous
orbit, i.e., a polar orbit where the satellite always crosses the Equator at the same local solar time
with an altitude from 700 to 950 km depending on the spacecraft (Bakker et al., 2009).

Sensors placed onboard satellites measure upwelling radiances that strictly include contributions
by three components, the atmosphere, the water surface, and the water column (Fig. II-2). The
atmospheric contribution (Ls) comes from solar radiance that is scattered by atmospheric gases
and aerosols into the sensor. Hence, this signal has to be atmospherically-corrected before data
exploitation. The water surface reflects the downwelling solar radiance towards the (/). The third
component, the water-leaving radiance (L), comes from light that is transmitted through the
surface into the ocean (L;), where is absorbed and scattered by components in the water into an
upward direction (L,), and eventually leaves the sea surface in the sensor direction (L,). The
sensor collecting the signal measures the total radiance L, =/, + L.+ [, (Mobley et al., 2011). The
reflected signal provides its color and is called normalized water leaving radiance (nLw). It is
defined as the ratio between the emittance of the surface and the irradiance. nLw, which is called
in the marine environment 'ocean-color', is determined by any substance present in the water.
Therefore, phytoplankton biomass, CDOM or other sediments contribute to this signal. The
guantity and distribution of the nlLw is directly related to the type of surface. The spectral
signature as a function of the wavelength is characteristic of the natural variability of a given

{:? Ly=L,+L+L,

material type.

L(0,$.1)
L (0.d.2)

L(0.,2)

Fig. lI-2. Contributions to the total upwelling radiance above the sea surface (Lu) . Yellow arrows are the
sun’s unscattered radiation; orange arrows are atmospheric path radiance (La); red is surface-reflected
radiance (L) ; green is water-leaving radiance (Lw); blue is light transmitted through the surface into the
ocean (Lt). Thick arrows represent single-scattering contributions; thin arrows illustrate multiple
scattering contributions. From Mobley et al. (2011) and http://www.oceanopticsbook.info/.
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Remote sensing data is provided in different degrees of processing. The concept of different
processed remote sensing levels was first defined by the National Aeronautics and Space
Administration (NASA) in 1986 as part of its Earth Observation System (EOS) and it has been
mantained since then (Table II-1). The remote sensing parameter from which this thesis is based
is Chl. Chapter 1 and 2 in Section IV uses a highly processed L3 data whereas Chapter 3 in Section
IV uses L2 data. Futher specifications of the algorithm used in each level is given at each
corresponding chapter in Section Ill, but they all rely on the same blue to green ration of the nLw
that quantifies the amount of light reflecting from the ocean surface (O’Reilly et al., 1998a).

Table 1I-1: Level of remote sensing data process and description.

Level Description

LO Reconstructed unprocessed instrument data at full resolutions

L1la Reconstructed unprocessed instrument data at full resolution, time referenced, and
annotated with ancillary information, including radiometric and geometric calibration
coefficients and georeferencing parameters (i.e., platform ephemeris) computed and
appended but not applied to the Level O data.

L1b Level 1a data that have been processed to sensor units (e.g, radar backscatter cross
section, brightness temperature, etc.). Not all instruments have Level 1b data

L2 Geophysical variables at the same resolution and location as Level 1 source data. E.g.:
Chlorophyll (Chl-a), sea surface temperature (SST), sea level height (SSH), etc.

L3 Geophysical variables mapped on uniform spacetime grid scales, usually with some
completeness and consistency (e.g. missing points interpolated, complete regions
mosaicked together from multiple orbits, etc.).

L4 Model output or results from reanalyses of lower level data (i. e., variables that were
not measured by the instruments but instead are derived from these measurements).
E.g: salinity (S), mixed layer depth (MLD), Nitrate (NOs), Phosphate (PQ,), primary
production (PP), current velocity, wind).

2. Ocean color
2.1. Optical principles

Sensors that measure color of the ocean refer to the visible part of the electromagnetic spectrum
(Fig. 1I-1). Variations in the absorption and scattering of light (water-leaving radiances or remote
sensing reflectance) are controlled by the amount and type of the constituents of ocean water
that absorb and scatter light in the visible domain. They include phytoplankton, CDOM, or also
called yellow substances, and suspended sediments such as detritus or inorganic matter (Morel
and Prieur, 1977). They are the principal substances in sea water that contribute to variations in
its IOPs, so they are the principal causes of changes in ocean color. Pure water absorbs more
strongly long wavelength light (red, orange and yellow) than short wavelength light (blue), so blue
light is what gets returned. But then, Chl pigments in phytoplankton absorb more blue and red
light than green, so as the concentration of phytoplankton pigments increases, energy reflected
from the sea surface ocean changes progressively from blue to green (Yentsch, 1960).
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Morel and Prieur (1977) introduced an optical water classification into Case-I and Case-ll waters,
being Case-l waters those where the variability due to phytoplankton dominates the I0OPs of the
signal whereas in Case-Il waters there is a higher contribution to IOPs from substances other than
phytoplankton such as CDOM from terrestrial runoff or benthic inputs, mineral particles or
microbubbles. In an ideal sample of Case-l waters, reflectance values would present low
minimums in the 440 - 443 nm (blue) and around 665 - 700 nm (red), corresponding to the two
maximum peak absorption of Chl pigments. On contrary, the minimum absorption and the
maximum reflectance is around 500 - 555 nm (green light), explaining why Chl appears green in
the visible spectrum.

However, some spectral limitations exists in Case-Il waters, typically placed in turbid waters with
bottom resuspension such as near-coastal waters or estuarine regions due to the complexity of
separating the various contributions to the spectrum of visible light emerging from the sea
surface (Sathyendranath et al., 2017). Morel and Prieur (1977) emphasized that these ideal cases
are not encountered in nature but they suggested the use of high or low values of the ratio of
pigment concentration to scattering coefficient as a basis for discriminating between the two
types of water (Mobley et al., 2004).

2.2. Ocean color sensors

Several ocean color sensors have been developed to monitor the ocean waters since the early
70s, (Fig. II-3). The pioneer sensor developed specifically to study ocean-color properties was the
Coastal Zone Color Scanner (CZCS), aboard the Nimbus 7 satellite. It was launched in 1978 and
remained operational until 1986 (Evans and Gordon, 1994). A decade later, the Ocean Color and
Temperature Scanner (OCTS) was launched by the Japanese Space Agency (NASDA) in November
1996 and it collected data during seven months. The next major advance in ocean color remonte
sensing was the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) onboard the Orview-2/SeaStar
spacecraft, developed by Orbital Sciences Corporation and processed by NASA. It was operative
from 1997 until the end of 2010 (Hooker et al., 1992; Mcclain et al., 2004). In 2002, under the
EOS program by NASA, the MODerate resolution Imaging Spectroradiometer (MODIS) aboard
Terra and Agua satellites were launched. They have been acquiring data to present, although well
past their design lifespan. The MEdium Resolution Imaging Spectrometer (MERIS) onboard the
ENVironmental SATellite (ENVISAT), launched by the European Space Agency (ESA) was
operational from 2002 to 2012.

Recently, a new generation of ocean color sensors with improved capabilities has been
developed, including the NASA Visible and Infrared Imager/Radiometer Suite (VIIRS), flown on the
Joint Polar Satellite System (JPSS) series of spacecraft since 2011, and in the JPSS-1 satellite (also
known as NOAA-20) in orbit since November 2017. Also, the ESA Ocean and Land Color
Instrument (OLCI) aboard both Sentinel-3A and Sentinel-3B was launched in February 2016 and
April 2018, respectively. VIIRS is consider the successor to MODIS for Earth science data product
generation whereas OLCl instrument is the continuity of MERIS.

Resolution is an important concept to address. Ocean color sensors have increased their temporal
(days-hours), spatial (m-km), spectral (number of bands) and radiometric (generally 8, 10 or 16
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bits/pixel) resolution. As concerns their spectral resolution, CZCS had 6 spectral bands. Sensors
used in the current thesis have the multispectral resolution of SeaWiFS, MERIS and MODIS with
8, 15 and 36 bands respectively. Fig. II-4 shows the spectral band positions in the visible domain
for each of these sensors. Out of the scope of this thesis, OLCl is the newest sensor that it will be
used in future applications. It acquires data with 31 spectral bands allowing the scientists to
analyze the ocean with unprecedented quality.
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Fig. 11-3. Timeline 1970-2030 illustrating past, current, and future global ocean-color sensor missions with
the satellite platform indicated between brackets. Figure taken from Blondeau-Patissier et al. (2014).
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Fig. 11-4. Comparison of the spectral band positions for five ocean color sensors of the first (CZCS), second
(SeaWiFS), third (MERIS, MODIS) and fourth (VIIRS) generations. The potential applications for each
spectral region are indicated at the top. Figure taken from Blondeau-Patissier et al. (2014). The authors
used 14 remote sensing reflectance spectra from various waters around the world to do the graph.
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2.3. Ocean color algorithms

A variety of bio-optical algorithms have been developed to estimate Chl concentration from the
normalized water-leaving radiance above the surface (nLw, in W m srl), or the similar quantity,
ocean remote sensing reflectance (R(A), in sr?) at several specific wavelengths (A). Most of the
algorithms are empirical as they relate R, directly to a bio-optical property based on observations
of both quantities. Indeed, a bio-optical model is derived by fitting a mean relationship from a
large dataset of coincident nLw and Chl-a in situ measurements acquired in various waters
(Sathyendranath et al., 2017). Spectral bands located in the blue, green, yellow, red or near-
infrared portion of the reflectance spectrum can be used in many ways to detect algal blooms
(Blondeau-Patissier et al., 2014, Sathyendranath et al., 2017). There are other methods beyond
the empirical algorithms that allow ocean color to be expressed as a function of IOP of seawater,
such as the absorption and the backscattering coefficient (Brewin et al., 2015; Sathyendranath et
al., 2017).

The empirical ocean color algorithms are polynomial functions based on the Maximum-Band-
Ratio concept that maximizes the sensor signal; that is, it maintains the highest possible satellite
sensor signal:noise ratio over a 3-orders-of-magnitude range in Chl concentration (O’Reilly et al,,
1998a). These algorithms use the spectral irradiance reflectance (R, dimensionless), which is a
Rrs(A) ratio at different wavebands within the visible spectrum. The dissimilarity between the
algorithms variants is based on different R.s(A) at two, three or four wavelengths between 440
and 670 nm depending on the sensor (Werdell and Bailey, 2005). Main algorithms are: the Ocean-
Chlorophyll 2-band (OC2) and its updated Ocean-Chlorophyll 4-band (OC4) version for SeaWiFS
(O’Reilly et al., 2000, 1998a), the Ocean-Chlorophyll 3-band (OC3) variant algorithm for MODIS,
the Ocean Color Index (OCI) for MERIS proposed by Hu et al. (2012) for clean waters with Chl <
0.25 mg m= (which employs the difference between R in the green band (Rsss) and a reference
formed linearly between Rsin the blue (R443) and red bands (Rs70), and the semi-analytical MERIS
Chlorophyll algorithm (OC4Me) which is the latest version of the MERIS pigment index algorithm
also used in the OLCI sensor (Morel et al., 2007). The OC4Me, is a semi-analytical algorithm, so it
considers the spectral inherent optical properties, namely the absorption coefficient a(A) and the
backscattering coefficient b(A), into a simplified solution of the radiative transfer equation. In the
case of the Mediterranean Sea, several regional algorithms have been developed, such as
DORMA-SeaWiFS (D’Ortenzio et al., 2002), BRIC-SeaWiFS (Bricaud et al., 2002), MedOC4-SeaWiFS
(Volpe et al., 2007), MedOC3-MODIS and MedOC4ME-MERIS (Santoreli et al., 2008).

As an attempt of merging the different sensor-specific data records of R.(A) to produce a
coherent record of ocean color data, the Climate Change Initiative (CCl) program was created in
2010. The CCI exploits the full potential of long-term, global, Earth Observations archives that
organizations such as NASA or ESA had established over the past 30 years. The ESA Ocean Color-
CCl (OC-CCl) is committed to merge ocean-color data using SeaWiFS, MODIS, MERIS sensors and,
in the newest versions, VIIRS and OLCI sensors. It provides global scale, high-quality, bias-
corrected and error-characterized data record of ocean color. Merging CZCS data has not been
possible due to the absence of overlapping periods with the rest of the sensors, so no inter-sensor
bias was possible (Sathyendranath and Krasemann, 2014). Recently, some research studies are
using the OC-CCl and its associated products, such as the Copernicus Marine Environment
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Monitoring Service (CMEMS) funded by the European Union with a catalogue for global and
regional oceanographic products (e.g. Mediterranean Sea, Black Sea, Artic Sea or Baltic Sea).

3. Main methods used in the present thesis

3.1. Phenology algorithm

Phenological metrics of timings of initiation, peak and termination, and duration of a
phytoplankton growing period, also called 'bloom', can be calculated based on relative changes
in the concentration of pigment biomass (Fig. II-5; Platt and Sathyendranath, 2008). In the present
thesis, the methodology used to characterize the bloom is based on a pixel-by-pixel threshold
approach and a calculation of the derivate of the cumulative sum of Chl anomalies to estimate
then phenological indices. This algorithm is able to estimate two Chl peaks per annual cycle at
each pixel: one in the warming phase and another one in the cooling phase. This methodology is
based on that of Racault et al. (2017) with some variations for the Chl levels observed in the
Mediterranean Sea. In particular, the threshold criterion has been modified from the original
algorithm. The Chl long-term median plus 20% was selected as the best performing criteria.

Further details are given in the methodology head of Section Ill — Chapter 1.
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Fig. I1-5. Characterization of the properties of a phytoplankton growing period at a given pixel from a Chl
time serie (Platt and Sathyendranath, 2008)

3.2. Self-Organizing Map (SOM) algorithm

Self-Organizing Maps (SOM) analysis in the time domain, is as a classification technique used to
distinguish regions of similar temporal variability of Chlin the Mediterranean Sea. It is a statistical
tool used to unveil underlying patterns or structures in data (Kohonen, 1982). SOM is probably
the most popular artificial neural network algorithm that uses unsupervised machine learning
algorithms for the training process, in particular by the relationship between neighboring neurons
(Kohonen, 1997). One of its main uses is for imaging clustering purposes where a variable is
partitioned into k different groups and is created in accordance with a code vector density after
a learning iterative training method based on similarity and dissimilarity between separable
feature space data groups to be classified. Patterns with similar characteristics are obtained
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(Kohonen, 2001). This application of the SOM analysis is generally used as an alternative to the k-
means clustering with the advantage that is topology preserving; i.e., similar clusters are usually
grouped together. This one is the SOM application used in this thesis.

SOM is based on a non-linear neural network, where each resulting neuron represents a pattern.
When working with satellite images, two different analyses can be performed. The output can be
a temporal pattern, if the time domain of the data is analyzed (the input vectors of the SOM are
the time series at each pixel) or it can be a spatial distribution map, if the spatial domain of the
data is analyzed (the SOM input vectors are spatial maps for at a specific time). These analyses
are also referred to 'Kohonen Neural Networks', 'Topological Neural Networks' or 'Topology
preserving feature maps' (Kohonen, 2001).

In this thesis, we have analyzed the time series of Chl (Section llI-Chapter 2) or PP (Section Ill-
Chapter 3) estimations in the time domain since the purpose is to identify regions with similar
temporal variability of the studied parameter. The input vectors of the SOM algorithm are time
series in each pixel and the output vectors after the SOM training are temporal patterns (called
neurons) of Chl or PP that are common to a set of pixels of specific geographical regions. In this
case, SOM technique places the neurons topologically ordered based on the Euclidean metric.
Then, based on these neurons, a map of the Mediterranean is constructed by grouping pixels with
the same pattern. This property has been used to classify the Mediterranean in regions that have
a similar behavior/pattern (neuron) in terms of plankton dynamics. SOM computations in the
current thesis were performed using the MATLAB toolbox of SOM v.2.0 (Vesanto et al., 20003,
2000b) provided by the Helsinki University of Technology (http://www.cis.hut.fi/somtoolbox/).
Additional details are given in the methodology head of Section Ill — Chapter 2 and 3. However,
further details about the general SOM algorithm can be found in Kohonen (1997) and Vesanto et
al. (2000).

3.3. Primary production algorithm

In Section IlI-Chapter 3, PP is estimated from satellite-derived Chl, SST and PAR values using the
the wavelength-, depth-, time-resolved version of the light-photosynthesis model initially
proposed by Morel (1991) and later improved in (Antoine et al., 1996; Antoine and Morel, 1996).
It is a bio-optical model that improves productivity estimates by integrating instantaneous PP
values over the water column accounting for the variability in phytoplankton optical absorption
cross sections and the quantum vyield of photosynthesis for carbon fixation. The model uses an
empirical equation that relationships three basic variables: the PAR (400 - 700 nm) at the surface,
the column-integrated Chl content and the cross section for photosynthesis per unit of Chl. This
methodology is deeply explained step by step in Section IlI-Chapter 3.
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[1l.  RESULTS

Chapter 1. Trends in phytoplankton phenology in the Mediterranean
Sea based on ocean-color remote sensing.

This chapter is based on the publication:

Salgado-Hernanz, P.M., Racault, M.-F., Font-Mufoz, J.S., Basterretxea, G. Trends in
phytoplankton phenology in the Mediterranean Sea based on ocean-color remote sensing.
Remote Sensing of the Environment (ISSN 0034-4257), volume 221, February 2019, pages 50-
64. doi: 10.1016/j.rse.2018.10.036.

ABSTRACT

Seventeen years (1998-2014) of satellite-derived chlorophyll concentration (Chl) are used to
analyse the seasonal and non-seasonal patterns of Chl variability and the long-term trends in
phytoplankton phenology in the Mediterranean Sea. With marked regional variations, we observe
that seasonality dominates variability representing up to 80% of total Chl variance in oceanic
areas, whereas in shelf-sea regions high frequency variations may be dominant representing up
to 49% of total Chl variance. Seasonal variations are typically characterized by a phytoplankton
growing period occurring in spring and spanning on average 170 days in the western basin and
150 days in the eastern basin. The variations in peak Chl concentrations are higher in the western
basin (0.88 + 1.01 mg m) compared to the eastern basin (0.35 + 1.36 mg m™). Differences in the
seasonal cycle of Chl are also observed between open ocean and coastal waters where more than
one phytoplankton growing period are frequent (> 0.8 probability). During the study period, on
average in the western Mediterranean basin (based on significant trends observed over ~95% of
the basin), we show a positive trend in Chl of +0.015 + 0.016 mg m™ decade™, and an increase in
the amplitude and duration of the phytoplankton growing period by +0.27 + 0.29 mg m™ decade’
Yand +11 + 7 days decade™ respectively. Changes in Chl concentration in the eastern (and more



Ill. Results

oligotrophic) basin are generally low, with a trend of -0.004 + 0.024 mg m~ decade™ on average
(based on observed significant trends over ~70% of the basin). In this basin, the Chl peak has
declined by -0.03 + 0.08 mg m~= decade™ and the growing period duration has decreased by -12
+ 7 days decade®. The trends in phytoplankton Chl and phenology, estimated in this study over
the period 1998 - 2014, do not reveal significant overall decline/increase in Chl concentration or
earlier/delayed timings of the seasonal peak on average over the entire Mediterranean Sea basin.
However, we observed large regional variations, suggesting that the response of phytoplankton
to environmental and climate forcing may be complex and regionally driven.

1. INTRODUCTION

Phytoplankton chlorophyll (Chl) and productivity exhibit variations in timing and magnitude in
different regions of the oceans due to several processes affecting their growth and demise, such
as incident solar irradiance, water column stratification, nutrient supply and grazing pressure,
which may vary with latitude, as well as regional and local oceanographic conditions (Cushing,
1975). Temporal and spatial variations of phytoplankton Chl and production affect carbon fluxes
and other elemental cycles in the oceans (Falkowski et al., 1998; Laufkotter et al., 2016) and can
lead to upper trophic mismatch altering the function of marine ecosystems with important
consequences for fisheries (Edwards and Richardson, 2004). Indeed, for many commercially-
important fish species, their spawning season is closely tied with the phytoplankton seasonal
cycle (Chambers and Trippel, 1997; Cushing, 1975; Kassi et al., 2018; Lo-Yat et al., 2011; Platt et
al., 2003).

Seasonal dynamics of phytoplankton pigment concentrations in the oceans are indicative of
variations in bio-physical processes such as primary production, grazing and/or structural changes
driving phytoplankton diversity in response to environmental change in the ocean surface layer
(Shevyrnogov and Vysotskaya, 2006). The seasonal bloom is one of the dominant features in the
growth patterns of phytoplankton in the pelagic environments, particularly in temperate and cold
oceans, and it responds primarily to changes in light and nutrient availability (Legendre, 1990;
Sverdrup, 1953). Interannual and long-term variations in plankton phenology may be used as
indicators to assess how changes in the marine environment propagate from primary producers
to higher trophic levels. At high latitudes, the trophic transfer relies on a single seasonal peak of
phytoplankton, providing the main energy source for zooplankton and fish production (Platt et
al., 2009; Racault et al., 2012). However, in temperate areas, a less intense secondary peak may
occur in fall (Bosc et al., 2004; Mayot et al., 2017a; Morel and André, 1991; Racault et al., 2017b;
Siokou-Frangou et al., 2010; Zingone et al., 1995).

The phase of the seasonal phytoplankton bloom can be characterised by a suite of phenological
metrics: timings of initiation, termination, maximum, and duration of the phytoplankton growing
period; and also amplitude of the phytoplankton Chl concentration (Platt and Sathyendranath,
2008; Racault et al., 2012). These metrics are valid for shelf areas where phytoplankton seasonal
cycles are readily apparent in both satellite and in-situ time series (Corredor-Acosta et al., 2015;
Fendereski et al., 2014; Friedland et al., 2015; Ji et al., 2010; Jordi et al., 2009; Platt et al., 2009;
Zhai et al., 2011). However, in these areas, local effects caused by the interaction of ocean
processes with the seafloor and terrestrial sources can also play a fundamental role. Short spatial
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and temporal variability may account for a large fraction of total phytoplankton variance (Cloern
and Jassby, 2008). Furthermore, the seasonal cycle may be masked by variability on longer
timescales (Kahru and Mitchell, 2001). Non-seasonal variability in pigment concentrations have
been associated with different physical drivers, such as synoptic fields of wind stress and sea level
heights (Strub et al., 1990), frontal dynamics (Sokolov and Rintoul, 2007), or climatological
variations (Lin et al., 2014; Thomas et al., 2012). In addition, in coastal shelf areas, factors
regulating phytoplankton variability may be significantly different from the processes dominating
in the open ocean. Signal variability in coastal areas can be driven by the effects of river plumes
(Walker and Rabalais, 2006) or by topographically induced variability occurring in the vicinity of
islands, headlands and straits (Aristegui et al., 1997; Gomez et al., 2017).

The Mediterranean is a marginal sea divided in two main sub-basins separated by the Sicily
channel. It has been considered for many years as a 'small-scale ocean' presenting a wide range
of physical processes including deep water formation and thermohaline circulation (Lacombe et
al., 1981; Robinson and Golnaraghi, 1993; Volpe et al., 2012). External sources of water are the
inflow of the Atlantic water jet in the surface layer through the Strait of Gibraltar, the Black and
Marmara Seas through Bosporus Strait and freshwater rivers inputs mainly in the northern
western side (The MerMex Group., 2011). Biogeochemically, the Mediterranean Sea presents an
apparent west-east gradient of increasing oligotrophy. A deficiency of phosphorous relative to
nitrogen increases eastwards (Béthoux et al., 1998). The dynamics of oceanic phytoplankton in
the western basin are characterized by a winter phytoplankton growing period similar to that of
temperate seas whereas in summer, low Chl concentration generally prevails (i.e. Marty et al.
2002). Phytoplankton dynamics in the eastern basin resemble that in subtropical waters, with low
Chlvariations throughout the year. D’Ortenzio and Ribera d’Alcala (2009) and Lavigne et al. (2015)
refer to this region as a 'no-bloom' region because changes in Chl values are limited. Due to the
low nutrient availability, phytoplankton assemblages in the Mediterranean Sea are generally
dominated by small picoplankton (<2 uM) for most of the year although the contribution of larger
nanoplankton and microplankton cells have been shown to increase during winter and in coastal
areas (lgnatiades et al., 2009; Vidussi et al., 2001).

Several studies have addressed the seasonal and interannual variability of phytoplankton at
regional and basin-wide scales. For instance, Mélin et al. (2011) analysed the phenology in the
Adriatic Sea using monthly ocean-color composites and signal decomposition applying a
simplified X-11 algorithm for the period 1997 - 2004. Using empirical orthogonal functions
analyses, Volpe et al. (2012) investigated the seasonal response of phytoplankton in practically
the entire Mediterranean Sea during the period 1998-2006. Some studies have also examined
the biogeography and changes in magnitude in Chl concentration in relation to changing
environmental conditions during different time periods (Colella et al., 2016; D’Ortenzio and
Ribera d’Alcala, 2009; Mayot et al., 2016) but, with some exceptions (e.g. Lavigne et al., 2013),
less is known about the long-trends of phytoplankton Chl and phenology. Barale et al. (2008)
reported symptoms of an increased nutrient-limitation, resulting from reduced vertical mixing
due to a more stable stratification of the basin, in line with the general warming trend of the
Mediterranean. While warming of Mediterranean Sea surface appears to be a consistent pattern
(e.g. Belkin, 2009; Rixen et al., 2005; Skliris et al., 2012), some uncertainties remain on long-term
phytoplankton response that it is the result of complex processes, including variations in nutrient
sources and availability, as well as changes in food web interactions.
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The present work aims to characterize patterns of variability and trends of phytoplankton Chl and
phenology in the Mediterranean Sea. Our study uses a regionally-tuned Chl product for the
Mediterranean Sea based on the OC-CCl dataset, which is the longest, continuous, climate
quality-controlled, 17-year time series (1998 - 2014) of fine space-time resolution remotely
sensed ocean-color data. First, we assess the contribution of seasonality to overall variability and
the long-term tendencies of deseasonalized Chl concentration. Then, using a threshold-based
phenology approach, we identify and characterize spatial patterns in phytoplankton phenology
over the entire Mediterranean Sea basin. Finally, we calculate the trends in the estimated
phytoplankton phenological metrics for the period of study. The observed changes in
phytoplankton Chl and phenology are key to understand functional and structural aspects of
marine communities.

2. DATA AND METHODS
2.1. Ocean-color remotely sensed data

The present study is based on sea surface Chl concentration (mg m3) Level-4 (L4) reprocessed
product, obtained from the EU Copernicus Marine Environment Monitoring Service (CMEMS) at
8day and 1-km resolution, from the website http://marine.copernicus.eu/
(OCEANCOLOR_MED CHL L4 REP_OBSERVATIONS 009 078). The analysed series covers the
period from January 1998 to December 2014 for the Mediterranean Sea (30-to 46°N and 6°W to
37°E, Fig. 1). This ocean-color data record is a regionally-tuned reprocessing of the climate-
quality, error-characterised, and bias-corrected merged product of multi satellite observations
(SeaWiFS, MODIS-Aqua and MERIS sensors) initially developed by the European Space Agency
Ocean-Color Climate Change Initiative Program (ESA OC-CCl) (Sathyendranath et al., 2017;
Sathyendranath and Krasemann, 2014). The Chl product available from CMEMS has been tailored
to the Mediterranean region by using the regional algorithm MedOC4 (Mediterranean Ocean-
Color 4 bands, Volpe et al.,, 2007) for Case-l waters and the AD4 algorithm (ADriatic 4 band,
Berthon and Zibordi, 2004; D’ Alimonte and Zibordi, 2003) for Case-Il waters. In this product, the
merging of Case-I and Case-ll information was performed following D’Alimonte et al. (2003). In
practice, the CMEMS processor ingests the OC-CCl remote sensing reflectance, which is the result
of a merging procedure that accounts for the inter-sensor bias among different sensors and then
applies the specific regional algorithm. The OC-CCI processing removes inter-sensor bias by band-
shifting (Mélin and Sclep, 2015) and bias-correcting the MODIS and MERIS bands and values to
the SeaWiFS reference ones and finally, by merging the individual sensors datasets with a
weighted averaging (Mélin, 2016; Mélin et al., 2017). The overall correlation between measured
and estimated Chl, reprocessing time series REP, L4 product in Mediterranean Sea vyield a
correlation coefficient of r?= 0.764 (Pitarch et al., 2016), and the specific correlation for Case-I|
waters is r’=0.56 (D’ALimonte and Zibordi, 2003).

In order to reduce missing data, Chl values were first re-gridded to a 4 km regular grid by
averaging all available data points within each new, larger pixel. Then, remaining gaps were filled
by applying linear interpolation scheme in the sequential steps: longitude, latitude, and time
(Racault et al., 2014b). Specifically, the gaps were filled with the average value of the surrounding
grid points along the indicated axis. The averaging window had a width of three points and the
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surrounding points were weighted equally. Along the indicated axis, if one of the points bordering
the gap was invalid, it was omitted from the calculation. If the two surrounding points were
invalid, then the gap was not filled. Finally, the data were smoothed by applying moving average
filter of previous and next time step. The study area with its bathymetry and main sea surface
circulations patters is shown in Fig. 1.
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Fig. 1. Mediterranean Sea geography with main surface circulation patterns. Bathymetric data were
obtained from ETOPO1 (Amante and Eakins, 2009). Red arrows indicate de position of major river
mouths. Circulation patterns are redrawn based on (Millot and Taupier-Letage, 2005; Pinardi et al., 2004;
Robinson et al., 2001; Siokou-Frangou et al., 2010).

2.2. Relative contribution of seasonal and non-seasonal variations in chlorophyll

Census X-13 seasonal adjustment methodology, an improved version of X-11, is used to remove
the seasonal signal from the Chl time series and to investigate the temporal variation patterns
(methodology applied following the X-13 seasonal adjustment equations from the U.S. Census
Bureau, 2017). Briefly, the X-13 technique is based on an iterative bandpass-filtering method that
relies on the application of successive filters. Each component is estimated with an iterative
procedure consisting of an alternate computation of the trend component from the seasonally
adjusted series, and of the seasonal component from the series corrected for the trend. A
principal feature of the X-13 decomposition is that the seasonal term is defined locally in time
allowing year-to-year variations, and therefore has a variable amplitude accounting for
interannual variations in seasonality. The procedure assumes that an original time series X(t), here
a 8-day Chl composites, can be decomposed into three components: as X(t) = S(t)+/(t)+T(t) where
S, land T, represent, respectively, a seasonal signal, and an irregular (or high frequency residual),
and a low frequency (> lyear) or interannual component (Shiskin, 1978).

Trends in Chl time series were calculated by the Sen-slope estimator to the T(t) component (see
details in section 2.4). The relative contribution of each of the three components (S,/, T) of Chl is
calculated as in Vantrepotte and Mélin (2009). The total variance o,? of the original time series
can be written as o2 = 0% + 0% + 0’1+ 2cov(S, I, T) where 6%, 0% and o’ represent the variance
associated with the S, / and T components respectively, and cov(S, /, T) represents the covariance
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terms between these components. The covariance term 2cov(S, /, T) accounts only for few
percentage of the total variance (typically, 5% in absolute value). Therefore, the relative
contribution p,? of each component to the total variance (with z= S, T or /) is approximated as p,
=100 0,2 (0% + 0% + 0%) (expressed in %). Time series with more than 12% of missing values were
excluded from the analysis.

2.3. Estimation of phenological indices

We applied the algorithm of Racault et al. (2017) to calculate a series of phenological indices:
timings of initiation (b;), peak (bt), termination (be), duration (bs) and peak amplitude (bq) of up to
two phytoplankton Chl peaks during each year. The phenology algorithm uses Sea Surface
Temperature (SST) seasonality to define two time intervals (i.e., a SST warming phase and a SST
cooling phase) during which up to two phenological growing periods can be estimated. In the
Mediterranean Sea, the main phytoplankton growing period is associated with the minimum
winter SST. In winter, cool, dense surface waters deep and causes a vertical mixing convection
process in the water column that brings nutrients to the surface photosynthetic layers (Marty et
al., 2002). In spring and summer, there is a setting of stratification in the water column due to the
increase in SST. A second growing period may be observed in fall when water-column becomes
less stratified, generally associated with storms or wind events. The fall growing is generally
shorter than the spring one, and Chl concentration remain lower (Morel and André, 1991). Similar
approaches to the one we use in the present work have been successfully applied at global scale
(including tropical and subtropical regions (e.g. Kostadinov et al., 2017; Racault et al., 2017), as
well as at regional scale in tropical regions such as the Red Sea (e.g., Gittings et al., 2018; Racault
et al.,, 2015).

In the present study, the method to estimate the phenological indices is based on a long-term Chl
median plus 20% pixel-by-pixel threshold criterion and calculation of the derivative of the
cumulative sum of Chl anomalies. The selection of this threshold depends on the magnitude of
the seasonal Chl peak with respect to baseline variations. For example, Siegel et al. (2002) find
little differences between using values ranging from 5 to 30% in the North Atlantic spring bloom.
In our case, the threshold of 5% yields to the detection of multiple small Chl peaks and, therefore,
we chose the median plus 20% threshold to avoid the detection of these small peaks, especially
in coastal regions. The timing of initiation b;was obtained based on the first time step when the
cumulative sum of Chl changes signs (i.e., from positive to negative), and the timing of
termination be is calculated as the previous time step before falling below the threshold criterion.
To identify b; and b, the Chl concentration needs to fulfil the latter conditions during at least two
consecutive time steps. The duration by is the time elapsed between b; and b.. The timing and
amplitude of the Chl peak, b:and b, respectively, and correspond to the time and amplitude at
which the Chl value reaches the highest signal. Lastly, the method of detection of the timing of
events is centred around by, hence b; and b, times can span the calendar year. In any particular
year, if two phytoplankton growing periods are estimated, the main growing period is defined as
the one with highest Chl peak whereas the second growing period is defined as the one with
lower Chl concentration. Further details about the method implementation are provided in
Racault et al. (2015) for Chl climatology and Racault et al. (2017) for interannual Chl time series.
A schematic representation of the phenology method is shown in Fig. 2.

54



Ill. Results

P Original time series

. Climatologic year

o ! : _ i ‘
98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 ¢
10 ;
Cumulative sum of anomali —
5
0 e o i _
b, 0., oH b..
5 ¢
15 T T T T b
indices “2
;
05
b,,
o PEsms Qe_r____’%f, b Sgbe
b

05 . \ . .
Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

Fig. 2. Schematic diagram of the phenology method used to detect up to two phytoplankton growing
period from a Chl time series. The example provided correspond to the location [5.43°W and 42.47°N] in
the North Western Mediterranean Sea (NWMS).

In addition to computing phenology maps, the seasonal climatology of ten selected regions was
estimated from the average of 300 detrended time series representing a surface area of 4600
km?. We selected these regions based on previous studies looking at spatio-temporal features of
phytoplankton variability in the Mediterranean Sea which showed that these areas exhibit distinct
seasonal patterns (Colella et al., 2016; D’Ortenzio and Ribera d’Alcala, 2009; Lavigne et al., 2017;
Macias et al., 2017; Mélin et al., 2017).

2.4. Trend calculation

Trends on the 8-day T component (de-seasonalized Chl time series obtained from X-13
decomposition) and on the yearly phenological indices time series were calculated pixel-by-pixel.
The existence of linear trends and their significance was evaluated with the Sen slope estimator,
which calculates the slope and the constant of the linear models as the median of those derived
by linear interpolations of any pair of available data (Gilbert, 1987; Sen, 1968). A Mann-Kendall
statistics test is applied to each pixel to identify the statistically significant trend values at a 95%
confidence level (Salmi et al., 2002). The use of this non-parametrical test is suitable for non-
normally distributed data and has been previously used in the trend examination of remote-
sensing Chl time series (Colella et al., 2016; Coppini et al., 2013; Erasmi et al., 2014; Kahru et al,,
2011; Vantrepotte and Mélin, 2011). As missing data could mask the trend results, only de-
seasonalized Chl time series with at least 90% of the pixels were used and linear interpolation
was performed on the rest of the data. A minimum of nine years (~50% of the total number of
years 1998-2014) with bloom indices was set as a requirement to perform the regression (i.e., if
phenological indices were available for less than nine years then the trend was not calculated).
Trends in phenological indices are given in days per decade, which have been calculated by
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multiplying the phenology timing index estimates by eight based on the 8-day resolution of the
ocean-color composites.

Trends in Chl concentration estimated from ocean-color products that includes observations
from single sensor, and from multiple sensors (i.e., merged products) have shown to give
comparable results, and that changes in sampling rate have limited influence on the estimation
of long-term trend in Chl (Mélin et al., 2017). For the calculation of phytoplankton phenological
metrics, the influence of the sampling rate (i.e., number of observations) has been estimated to
introduce a bias <2% and RMSE <10% when the observation coverage is between 80 - 100%
(Racault et al., 2014b). In the Mediterranean Sea, the individual sensor (SeaWiFS, MODIS, MERIS)
can provide coverage within this range and allow us to estimate phenological metrics and trends
with low uncertainty.

Considering the length of the ocean-color record 1998-2014, we would like to note that our
analysis is representative of the variations during the last two decades. Longer datasets (i.e. >30
years) may be necessary to identify climate change driven trends (Henson et al.,, 2018).
Phenological metrics are sensitive to gaps in the time series, which can result in error and bias in
the estimates (Racault et al., 2014b). However, compared with other regions, the Mediterranean
Sea tends to benefit from low cloudiness (Sanchez-Lorenzo et al., 2017). In addition, we also note
that phenological changes may not be effectively detected when noise levels are larger than the
signal amplitude (Verbesselt et al., 2010). Uncertainty in the estimation of phenological metrics
can be improved by the use of preprocessing techniques such as gap-filling and smoothing
(Ferreira et al., 2014; Racault et al., 2014b). We use 8-day composites of the OC-CC| dataset,
which result in quasi-continuous time series (no gap) in the Mediterranean Sea. While averaging
over 8 days reduces the resolution at which events in the phytoplankton growing period can be
estimated, it does not significantly affect the spatial pattern of the estimated trends, as shown by
Henson et al. (2018).

3. RESULTS

3.1. Seasonal and non-seasonal components of chlorophyll variability

The S, I and T components of Chl variability derived by the X-13 methodology are displayed in Fig.
3. Seasonality prevails in most of the oceanic areas, representing up to 80% of the total variance
(Fig. 3a). Interestingly, most of the northern Mediterranean (i.e. above latitude 39°N) presents
higher high frequency (irregular) variability. Low frequency variations are particularly intense in
the lbiza and Mallorca channels, in the northern Aegean Sea and Otranto channel (Fig. 3c).
Generally, Chl variations in coastal areas present a more complex scenario compared to oceanic
regions. This is especially evident in the Northern Adriatic and along the Po River plume path, and
also in the northern Alboran Sea, where the contribution of high frequency to total variance is
>60%. Regions with a cyclonic circulation and a blooming dynamic also present strong part of
irregular variability (NWMS, South Adriatic and Rhodes gyre; Fig. 3b).
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Fig. 3: Distribution of the a), Seasonal, b) Irregular and c) Interannual variance components, as derived
from the X-13 procedure. Variance maps are relative contribution to each component to the total
variance of Chl. Note that a different percentage scale is used in the interannual component. White
contour line delimits coastal waters (200 m isobath). Black squares at each figure delimits the ten areas
over which temporal decomposition is shown in Fig. 4 (zones, z, 1 to 10).

Fig. 4 and Table 1 shows the seasonal, irregular and interannual Chl variations at the ten selected
oceanic and coastal areas. The oceanic areas include the North western Mediterranean Sea
(NWMS), the South Adriatic pit, the Levantine Sea, the lonian Sea and the South Western
Mediterranean Sea (SWMS) in the Algerian basin; whereas the coastal areas are represented by
a subset of pixels of the Gulf of Lion, the North Adriatic coast, the Nile estuary, the Gulf of Gabes
and the northern Alboran Sea. Variability in oligotrophic oceanic areas such as the Levantine and
lonian Seas (Chl <0.06 mg m?3) and in the more productive SWMS (0.15 + 0.02 mg m3) is
dominated by seasonality (o’ >73% of the variance, see Table 1). Conversely, high-frequency
variations constitute an important part of total variance in the NWMS and the South Adriatic
oceanic areas. Among the coastal areas, the Gulf of Gabes is the one that most resembles the
oceanic areas, except for its higher Chl values (0.83 + 0.54 mg m3), this region is dominated by
the seasonal component (ps’ = 71% of the variance). Other coastal areas such as the Gulf of Lion
and Nile Estuary present a lower seasonality, but still, it dominates total Chl variance (ps’= 58 and
57% respectively). Contrastingly, the contribution of irregular variations in the North Adriatic (p/
= 61%) and Alboran (p? = 64%) largely exceeds seasonality. Interannual variations represent a
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small proportion of the observed variability (p7? generally between 3 and 7%, and exceptionally
12% in the Northern Adriatic Sea) even though the contribution of this component is higher in
coastal areas.
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Fig. 4. Mean seasonal (black), irregular or high frequency (blue) and interannual trend (red)
components, of Chl variability over the ten selected oceanic and coastal areas. The location of each
zone z1 to z10 is displayed in Fig. 2. Note that different scales are used in some subplots.
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Table 1. Mean Chl; variances contribution explained by the seasonal (ps?), irregular (p?), and
interannual (p7?) components; slope of the interannual Chl variability (T component) and its
associated r? value, as derived from the X-13 procedure of the ten selected oceanic and coastal
areas.

Chimean ps® pf pr Chl slope r?
(mgm3) (%) (%) (%) (mg m3decade™)
Oceanic zl: NWMS 040+£045 53 43 3 0.107 £ 0.004 0.409
areas z2: South AdriaticSea 0.12+0.09 47 49 4 0.007 £0.001 0.021
z3: Levantine Sea 0.04+£0.02 78 18 4 -0.004 + 0.000 0.242
z4: lonian Sea 0.06+£0.03 78 14 7 -0.010 £ 0.000 0.485
z5: SWMS 0.15£0.02 73 21 6 0.022 £0.002 0.166
Coastal z6: Gulf Lion 048+0.31 58 39 4 -0.024 £ 0.004 0.022
areas z7: North Adriatic 1.29+095 27 61 12 0.241 £0.022 0.185
z8: Nile Estuary 0.68+0.31 57 39 5 0.031 £0.000 0.050
z9: Gulf Gabes 0.83+£054 71 22 7 -0.071 £ 0.009 0.068
z10: Alboran 053+ 0.15 31 64 5 0.138 £ 0.007 0.334

Fig. 5 shows the global distribution of the long-term Chl trend (7). Most regions in the western
Mediterranean and Adriatic Sea present a positive trend. The average value in the western basin
is +0.015 + 0.016 mg m=decade™ and it intensifies in the NWMS region to +0.107 + 0.004 mg m"
3 decade and in the northern Alboran Sea (+0.138 + 0.007 mg m™ decade™, Table 1). Large
positive trends are found in the Adriatic Sea where the mean increase is +0.047 + 0.085 mg m™
decade?, and maximum values are found along the north-western shore (+0.241 + 0.022mg m?
decade™, Table 1). In the eastern Mediterranean Sea, either Chl does not show a relevant trend
or it presents a slight decrease of -0.004 + 0.024 mg m= decade™. This decreasing trend is stronger
in the Gulf of Gabes region (-0.071 + 0.009 mg m= decade?, Table 1). However, some regions
corresponding to 30% of the basin, like the eastern Aegean Sea, Iskenderun Bay and the Nile delta
present consistent positive slopes with a mean value of +0.031 + 0.172 mg m~ decade™.
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Fig. 5. Chl trends in the Mediterranean Sea for the 1998-2014. Scale units represent the changes in mg
m-3 decade™. Only 95% significant Theil-Sen trends (p< 0.05) are shown. Black squares at each figure
delimits the ten areas over which trend estimation is shown in Fig. 4 and Table 1 (zones, z1 to z10). Grey
contour line delimits coastal waters (200 m isobath).
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3.2. Basin-wide phytoplankton phenology

The spatial distribution of mean phytoplankton phenological indices in the Mediterranean Sea for
the period 1998-2014 is presented in Fig. 6 (see Suppl. Fig. 1 for Standard Deviation and
Coefficient of Variation values). The seasonal cycle in oceanic areas (>200 m) is typically
characterized by a single growing period initiating early, around the 8-day period -8 (i.e,,
corresponding to the beginning of November) and terminating between the 8-day periods +13
and +20 (corresponding to the end March and mid-May respectively). Largest spatial differences
in b and b. are observed in the NWMS where the main growing period is delayed by
approximately 60 days with respect to other surrounding areas (the growing period starts in mid-
January and ends in late May; Fig. 6a-b). Chl peaks from late January to April, with clear regional
differences (Fig. 6¢). The growing period duration is shorter in the eastern basin (bg™~ 150 days)
compared to the western basin (by~170 days) (Fig. 6d). In the same way, b, is lower in the eastern
basin, with Chl values expanding from 0.1 to 0.5 mg m (mean b,~ 0.35 + 1.36 mg m3) compared
to the western basin, where mean values range from 0.5 to 2.5 mg m= (mean b,~ 0.88 + 1.01mg
m3; Fig. 6e). A spatial variation is seen in the NWMS where the main seasonal peak is more
intense but shorter (by values of up to 3 mg m2and by spanning ~ 120 — 150 days) compared to
the rest of the western oceanic region (Fig. 6d-e).

Shelf regions (< 200m) present similar phenological patterns to the oceanic areas, but with some
particularities. For example, in the Gulf of Gabes, the Adriatic coast of Italy, and in the eastern
Mediterranean coast expanding form Egypt to Lebanon, the timings of b: and beshifted earlier by
about 40 days compared to the oceanic areas i.e. by December — January and b, in February —
March (Fig. 6b-c). These coastal regions also present shorter growing periods compared to the
open ocean areas (bys™~ 100 days, Fig. 6d) and higher peak amplitude (b, ~ 5-7 mg m?, Fig. 6e).
Coastal waters are the areas where the probability of occurrence of an autumn growing period is
higher (>0.7 probability of occurrence). Nevertheless, a second peak is not limited to neritic
regions. Some oceanic areas such as the NWMS, the Strait of Gibraltar and the northern Aegean
Sea also present secondary growing periods (Fig. 6f).
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Fig. 6. Mean (1998 — 2014) phenological indices of the main growing period. Panels a to c indicate timing
of initiation (b;), termination (be) and peak (b:) respectively (with the corresponding month); panel d the
duration (bg) of the growing period (in days); panel e the maximum Chl amplitude (ba) during the growing
period (in mg Chl m™3); and panel f the probability of the occurrence of a second growing period (from 0
to 1). White contour line separates coastal from offshore waters (200 m isobath).

Fig. 7 shows the mean Chl value during the period 1998-2014 over the Mediterranean Sea (Fig.
7a) and the 8-day seasonal climatological cycle of five oceanic (Fig. 7 z1-z5) and five coastal (Fig.
7 26-z10) areas during that period. Coastal areas show higher b, and background Chl values
compared with oceanic areas. Coastal climatological cycles also present higher standard deviation
(see dashed lines). Marked seasonal climatological differences are observed between the oceanic
regions. For example, the NWMS (Fig. 7 z1) presents a well-defined seasonal peak in April (1.3 +
0.2 mg m?3) whereas a weaker (~0.1 mg m) and earlier growing period occurring in February in
the Levantine, lonian Sea and SWMS (Fig. 7 z3-z5). The South Adriatic Sea (Fig. 7 z2) present two
intense phytoplankton growing periods, one in April (0.30 + 0.03 mg m?3) and the second one in
November (0.16 + 0.01 mg m?).

With the exception of the Gulf of Lion and Alboran Sea, coastal regions present a large interannual
variability (standard deviation of 0.7, 1 and 0.7 mg m~for North Adriatic, Nile estuary and Gulf of
Gabes respectively). The North Adriatic Sea (Fig. 7 z7) is markedly different to other coastal areas,
exhibiting two phytoplankton growing periods (May and November) with similar characteristics
in duration and intensity (~2 mg m3). The Nile estuary (Fig. 7 z8) has its Chl peak around February
(1.11 + 1.25 mg m?) and is the coastal area with the highest standard deviation. Finally, the Gulf
of Gabes (Fig. 7 z9) presents one single peak (1.6 + 1.4 mg m?) with the particularity to occur
earlier compared to the rest of the coastal areas, starting in June, peaking in September and
terminating in February. Finally, even though the Alboran Sea (Fig. 7 z10) present relatively large
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variations in the seasonal cycle, the interannual variations are low, as reported in the low
Standard Deviation.
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Fig. 7. a) Mean Chl in the Mediterranean Sea. Black squares delimit the ten areas from which seasonal
climatology was derived. White contour lines separate shelf waters from offshore areas (200 m isobath).
Panels z1 to z10: Mean climatology of 8-day Chl time series for a composite year, relative to 1998-2014,

of oceanic (z1-z5) and coastal areas (z6-z10). Note that different scales are used in some subplots.

3.3. Trends in phytoplankton phenology

Trends in phytoplankton phenology metrics are displayed in Fig. 8. A positive trend in b; is
observed in most of the Mediterranean Sea (~70% of the pixels) indicating a mean delay of +9
5 days decade™. In shelf regions and some areas such as the Alboran Sea or the Rhodes gyre the
main growing period starts earlier (mean -6 + 5 days decade™; Fig. 8a). be is delayed mainly in the
south-western Mediterranean Sea by +9 + 7 days decade?on average, whereas an early be is
observed in the eastern basin (mean -6 + 5 days decade®; Fig. 8b). As shown in Fig. 8c, by is
generally earlier with a mean value of +12 + 8 days decade™in the 71% of the Mediterranean
basin. In the eastern and north-western Mediterranean Sea by has decreased by -12 + 7 days
decade'on average, and increased mainly in the Algerian basin (+11 + 7 days decade™; Fig. 8d).
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The trend in bg, displayed in Fig. 8e, shows an overall increase in 86% of the western basin of
+0.27 £ 0.29 mg m3 decade?, reaching +1 mg m™ decade™ in the NWMS and Alboran Sea. The
exception to this positive pattern is observed in coastal areas such as the Gulf of Lion and less
intensely south of the Balearic Islands (mean decrease in b, of -0.15 + 0.24 mg m™ decade™). In
contrast, the eastern basin presents a decreasing b, of -0.03 + 0.08 mg m decade™in 66% of the
basin. However, some positive trends are observed in coastal areas, particularly in the Nile
Estuary and the north Aegean Sea (mean increase of +0.08 + 0.23 m~ decade™).
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Fig. 8. Sen Slope trends in phenological indices over the Mediterranean Sea for the period 1998-2014. a)
timing of initiation, b) timing of termination, c) timing of Chl peak, d) duration and e) peak Chl amplitude
trends of the main phytoplankton growing period. Only significant values (95% confidence level) are
shown. Color bars a-c represent the number of days/decade that each index advance (negative) or delay
(positive) in timing. Color bar in d indicates the number of days/decade by which the growing period
duration has decreased (negative) or increased (positive). Color bar in e indicates the variation in mg m3
decade™ of the seasonal Chl peak. Grey contour line delimits coastal waters (200 m isobath).

4. DISCUSSION

4.1. Patterns of seasonal and non-seasonal phytoplankton chlorophyll variation

In the present analysis, seasonality is shown as the main contributing component to Chl variability
in the Mediterranean Sea, representing from 50 to 80% of total variance. Lower values are
observed in oceanic compared with coastal areas where high frequency episodes may be locally
important (Fig. 3a). Our estimations are consistent with the values reported by Vantrepotte and
Mélin (2009) who estimated that the contribution of seasonality in the global ocean was 64% of
the total variance, and obtained values >80% in the Mediterranean Sea. The latter value is
consistent with our estimations for low Chl oceanic regions such as Levantine and lonian Sea
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(Table 1). However, it is less representative of the northern regions of the Mediterranean Sea (i.e.
NWMS and North Adriatic). The coastal areas present a higher proportion of high frequency
episodes (irregular variability) as shown in Fig. 3b. Seasonal Chl peaks in these areas are highly
irregular and characterized by a series short-lived (1 to 3 weeks) enhanced Chl episodes during
the productive season. Moreover, these events are not restricted to the main growing season
(i.e. winter) but, instead, are also observed during other periods. This suggests that Chl is driven
by other forcing mechanisms such as intense winds, river outflows and exchanges with adjacent
Seas (i.e in Alboran and Northern Aegean Seas). Indeed, high frequency variability is enhanced in
the Northern Mediterranean where winds are more intense during winter (Zecchetto and De
Biasio, 2007).

Low frequency variations only represent a small fraction of variance (i.e. <15%) and interestingly,
they are intensified in key bottleneck areas. The channels of Ibiza, Mallorca, Otranto, Sardinia-
Sicily and northern Aegean with its connection with the Marmara Sea, present higher variability.
According to Astraldi et al. (1999), the channels and straits of the Mediterranean Sea are crucial
for intercepting the major cells of the Mediterranean Sea circulation and often present complex
circulation patterns (Fig. 3c). In the case of the Balearic channels, it is a transitional area where
strong and highly variable meridional exchanges take place between the north and the south of
the western Mediterranean (Lopez-Jurado et al., 1996). Jordi et al. (2009) observed deviations in
the non-seasonal Chl patterns in the region influenced by the Balearic current and southeast of
Mallorca and lIbiza. Also, Pinot et al. (1995) reported that winter intermediate waters formed
further north, accumulate to the north of the channels in late spring obstructing the circulation
through the Ibiza Channel. This process is determinant for the regulation of the interannual
meridional water exchange in the sub-basin and has consequences in the distribution on the
functioning of the marine ecosystem (Balbin et al., 2014; Pinot and Ganachaud, 1999). In the
case of the northern Aegean Sea, previous studies have reported that variations in water input
from the Black Sea can have the same influence, or even higher, compared with variations that
may be observed in relation to water discharge from any Mediterranean rivers (Zervakis et al.,
2004). Exchanges through the Marmara Sea have also been reported to present a clear
interannual component having the similar influence compared with water discharge from large
rivers discharges (Macias et al., 2018; Maderich et al., 2015). For instance, an increase in nutrient
availability is associated with an increase in Chl amplitude or peak.

Low frequency shifts in phytoplankton abundance and composition in the Mediterranean Sea
have been attributed to long-term alterations in the nutrient stoichiometry (Mercado et al.,
2005). It has been observed that changes in the availability of reduced N and the N:P-ratios in
inorganic and organic forms could be important factors in the control of bloom succession and
ecosystem organization (Pujo-Pay et al., 2006). These nutrient variations can be motivated by
climate driven variations. For example, decadal changes in winter cooling or evaporation can vary
the intensity of vertical motions controlling the exchange of properties between the surface and
deeper layers can influence the uplift of mineralized nutrients in the photic layers enhancing
biological production (Polovina et al., 1995). Garcia-Comas et al. (2011) observed decadal
periodicity in secondary production forced by winter hydrographic conditions in the NWMS.
Gregg and Conkright, (2002) observed, for the global ocean, decadal changes in ocean Chl likely
to be associated with climate oscillations. Furthermore, temperature driven variations in top-
down controls of phytoplankton have been regarded as an important climate-related factor in
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the NWMS (Molinero et al., 2005). Indeed, large scale teleconnection patterns such as the North
Atlantic Oscillation (NAO) are found to be the most important modes of atmospheric variability
related to Chl concentration and distribution in the Mediterranean Sea (Basterretxea et al., 2018;
Katara et al., 2008). However, our analysis shows more spatially localized differences in the long-
term trends (Fig. 3c), which appear to be closely related with hydrographic variations, such as
changes in eddy kinetic energy or intensified exchange through channels and straits. Large
interannual variations in eddy kinetic energy at regional scale have been observed in the
Mediterranean Sea (Pujol and Larnicol, 2005). Sannino et al. (2009) have discussed the
importance of decadal variations of the Atlantic water inflow through the Gibraltar Strait in
determining decadal variations in the western Mediterranean circulation patterns, water column
stratification and convection events; and Civitarese et al. (2010) have emphasized the relevance
of decadal scale variations through the Otranto channel on de biogeochemistry of the Adriatic
Sea.

In the present analysis, the basin scale differences in phytoplankton Chl concentration are marked
and appear to be enhanced associated with the positive trend in the western basin and in the
Adriatic Sea (Fig. 5). Increasing Chl concentration in the western basin was also observed by
Vantrepotte and Mélin, (2009) and further confirmed in more recent studies (Colella et al., 2016;
Coppini et al., 2013). Nevertheless, sub-basin and regional differences appear to stand out from
this general tendency. For example, changes are intensified along the NWMS, in the Alboran Sea
and along the path of the Algerian Current in the SWMS region. Increased phytoplankton Chl
concentration in the NWMS (+0.107 + 0.004 mg m™ decade™, Table 1) has been investigated by
Marty et al. (2002) who report an increase in small-sized phytoplankton in response to the
lengthening of the summer stratification. A marked positive trend is also observed in the northern
Adriatic (+0.241 +0.022 mg m decade™, Table 1). This trend differs from previous studies, which
reported Chl decrease in the Adriatic associated with a decline in productivity due to a reduction
in precipitations and a decrease in nutrient supply from river run-off (Colella et al., 2016; Mélin
et al.,, 2011; Mozeti¢ et al., 2009). Discrepancies with these studies may be explained by the
inclusion in the present analysis of an additional six years (i.e. 2009-2014) displaying an important
enhancement in phytoplankton Chl concentration. The main driver of this recent increase is
uncertain, but it could be related to an increase in the Po River flow including higher phosphates
and dissolved nitrogen concentrations (Giani et al., 2012). Long-term variations are typical from
large river systems which are affected by climatic factors (e.g. Donner and Scavia, 2007; Goolsby
and Battaglin, 2001) and the linear trends used for open waters may not capture well the overall
trend.

In summary, Fig. 5 reveals that trends in Chl concentration of opposite sign are observed between
the western and eastern basin. It is plausible that, these differences could be attributed to the
different forcing mechanisms that regulate phytoplankton productivity in both basins. The
western basin is more responsive to short-term processes such as wind pulses, deep winter
convection and river discharges. Conversely, as suggested by Siokou-Frangou et al. (2010), the
functioning of the eastern basin resembles that of subtropical regions. This region is expected to
be particularly affected by long-term changes in evaporation and precipitation that can influence
vertical mixing and, subsequently, modify nutrient availability (Ozer et al., 2017; Schroeder et al,,
2017).
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4.2. Patterns of phytoplankton phenological variation

The underlying mechanisms driving the variability of phenological indicators (Fig. 6) at each
region can be complex (Thackeray et al., 2016). In the open ocean, the development of an upper
mixed layer following the summer solar heating, and the convective processes caused by winter
cooling and strong winds are the main driving forces of the seasonal signal in phytoplankton Chl
concentration (Lavigne et al., 2013; Siokou-Frangou et al., 2010; Tanhua et al., 2013). However,
variations in open waters, the phenology appear to be more closely related to regional scale than
to basin scale processes. In particular, three regions have been shown to present distinct
phytoplankton phenological characteristics: the NWMS, the Alboran Sea and the Adriatic Sea. The
NWMS is a well-studied area displaying an intense seasonal peak (> 1 mg Chl m3, Fig. 7 z1) that
is generated by the nutrients provided by deep water convection processes driven by cold and
dry winds causing loss of surface water buoyancy and mixing with large depths (Macias et al,,
2018; Mayot et al., 2016; Severin et al., 2014). In the case of the Alboran Sea, productivity is
regulated by the input of Atlantic waters through the Strait of Gibraltar. Mixing in the Gibraltar
sill, the development of strong geostrophic cross-frontal circulation and upwelling of the Atlantic
jet near the Spanish coast increase the fertility of these waters (Estrada, 1996; Oguz et al., 2014;
Solé et al.,, 2016). The influence of Atlantic waters may extend beyond the Alboran Sea by
indirectly enrichening the waters of the Algerian current through the generation of instabilities,
as suggested by Mayot et al., (2016). Finally, the phenology of the Adriatic Sea is driven by
interactions between the outflows of major river discharges and wind induced convection
processes (e.g. Gaci¢ et al., 2002; Mauri et al.,, 2007). These three areas present high Chl
amplitude but short duration in the spring growing period. Also, the probability of occurrence of
a secondary growing period during water column de-stratification in autumn is higher than in
other open ocean areas (Fig. 6 d-f).

There are some differences in phenological metrics between the south-west and the eastern
basin. In the specific case of the SWMS in the Algerian basin (Fig. 7 z5) seasonal patterns are
similar to those in the eastern Mediterranean, as previously observed by D’Ortenzio and Ribera
d’Alcala (2009). Indeed, even the contribution of seasonality to total Chl variability is relatively
similar (73% contribution, Table 1). However, the main difference is that the SWMS is a more
productive area fueled by a shallower nitracline, and weaker mixing efficiency in the eastern
basin, as reported by Lavigne et al. (2015). Furthermore, the phytoplankton growing period last
about ~30 days more in the SWMS compared with the oligotrophic areas of the eastern basin
(Fig. 6 c&d). In the ocean eastern oligotrophic areas such as the lonian (Fig. 7 z4), and Levantine
Sea (Fig. 7 z3), the increase in winter Chl concentration is very low (~0.1 mg m3). Barbieux et al.
(2018) reported that in these areas, phytoplankton Chl is essentially constant throughout the
year. However, field evidence reveals that the eastern Mediterranean is not a stationary system
but, instead, it presents significant seasonality with primary production and phytoplankton Chl
generally increasing in response to winter phosphate and/or nitrate increase, particularly in
coastal areas (Azov, 1986; Balkis, 2009; Ignatiades et al., 2002).

Coastal areas are shown to display different phenological pattern compared to the open ocean
regions. Fueled by land sources and/or by coastal upwelling (Estrada, 1996), the amplitude of the
main growing period b, in coastal areas exceeds that in oceanic waters (Fig. 6 and Fig. 7a).
Secondary growing periods are also frequent in these areas such as the Northern Adriatic, the
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Gulf of Lion, the Nile delta, the northern Aegean Sea and the Gulf of Gabes (Fig. 6f). The first four
areas are Regions Of Fresh water Influence (ROFI) regulated by the discharge cycles of the Po,
Rhone, Nile and other smaller flows such as the Thracian rivers (Nestos and Aliakmon rivers).
However, while the Po and Rhone rivers often display discharge peaks in fall and spring related
to precipitation and snow melt periods (Mariotti et al., 2002a; Montanari, 2012; Sempéré et al.,
2000), this is not the case of Thracian and Nile rivers (Milliman and Farnsworth, 2011). Regarding
the upwelling influence, it will be particularly important in coastal areas where wind fields pulses
are predominant. These areas are characterized by local decrease in SST accompanied by a deep-
water mixing, which brings nutrient-rich deep waters into the coastal euphotic layer associated
with an increase in phytoplankton Chl. These mainly occurs in the Gulf of Lion, west coast of
Greece in the Aegean Sea and in the Algerian Coast (Bakun and Agostini, 2001). In the shallow
Gulf of Gabes, frequent tidal movements can cause vertical mixing and increase productivity
levels (Sammari et al., 2006). In coastal regions displaying autumnal growing periods (see Fig. 6f)
other factors providing new nutrients, such as surface run-off from terrestrial inputs or sediment
resuspension, can be regarded as main drivers of phytoplankton variability as observed by Arin et
al. (2013).

4.3. Trends in phytoplankton chlorophyll concentration and phenology

Phytoplankton growing periods are influenced by global, regional and local driving-factors and
they are likely to be altered by climate change. The Chl and phenological trends presented here
for the Mediterranean Sea may lead to significant variations in the functioning of the marine
ecosystem as result of the alteration of food web structures. The observed trends in
phytoplankton Chl concentration and phenology present notable variations at basin and regional
scale. Perhaps the most striking observation regarding the trends in phenology is the delay in the
timings of initiation b; and peak b; (Fig. 8a and Fig. 8c respectively). These trends do not follow
global general trends described for a warming ocean, i.e. earlier b; and b:and b, decline (Hays et
al., 2005; Poloczanska et al., 2013). In fact, our analysis reveals a delay in the b; and b, mainly in
oceanic waters. Consistently with our results, a delay in the timing of the phytoplankton growing
period in the Mediterranean Sea is coherent with predicted changes in phytoplankton phenology
in mid-latitudes reported by Henson et al. (2018) using an ecosystem model-based analysis. A
second major pattern observed in the phenological trends is the earlier growing period
termination b. (Fig. 8b) and a reduction of duration by in the eastern basin (Fig. 8d). These
phenological changes are coupled with a weakening in the winter growing period amplitude bq
(Fig. 8e), which can further reduce the limited productivity of these ultraoligotrophic waters and
increase the period in which picoplankton dominates the algal community. These structural
changes will have major consequences on the transfer efficiency to higher trophic levels. In the
Mediterranean Sea, most fish species are late spring — early summer spawners, indicating that
their spawning seasonality is coupled to plankton dynamics: fisheries stocks spread their larvae
when food availability arises just after the phytoplankton bloom (Alvarez et al., 2012; Tsikliras et
al., 2010). The hypothesis is that if the timing of the onset of the phytoplankton growing period
advances, fisheries spawning seasonality may also initiate earlier or may become out of phase
(mismatch, such as shown in Koeller et al., 2009). Furthermore if the phytoplankton growing
period becomes shorter in the eastern basin, the fish assemblage could be less abundant or
diverse, causing possible changes in the ecosystem structure and functioning. While an earlier
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termination b. of the growing period in the eastern basin may be explained by the limited
phytoplankton growth (low Chl concentration) caused by scarce nutrient availability in this region,
delays in the initiation b; of the main growing period are more difficult to explain on the basis of
mixing and subsequent stratification and, more complex processes may be need to examined.
Trophic interactions may play an important role modulating the seasonal patterns of Chl
concentration in some oceanic regions (Gomez et al., 2017). The delays observed in the timing of
initiation b; (Fig. 7a) might be explained by the grazing pressure exerted by winter zooplankton,
as reported in other systems (Smetacek and Cloern, 2008). The relative importance of bottom-
up and top-down controls at each biogeographical area may explain the different responses
observed in the phytoplankton phenological indices. In fact, changes in timing and intensity are
not uniform over the globe owing to oceanographically distinct regions and latitudinal drivers
(Friedland et al., 2018).

The trends in Chl peak b, observed in the eastern basin are consistent with studies reporting
ocean regions, which are becoming more oligotrophic (e.g. Gregg and Rousseaux, 2014).
However, globally, this trend has been recently questioned in the light of new and revised data
showing no significant trend in global annual median Chl (Gregg et al., 2017). The trend in bg in
the western basin is positive. This particularly apparent in the NWMS an in the northern Adriatic
(Fig. 8e). The dynamics of phytoplankton in these NWMS is mainly driven by the deep convective
formation of Western Mediterranean Water and influenced by the North Atlantic Oscillation NAO
(Macias et al., 2017; Mayot et al., 2017a). Based on ecosystem model analysis, Macias et al. 2018
predicted that in the near future (~2030) the spring bloom may occur later in the year and last
longer. In the Adriatic Sea, convection is an important mechanism controlling the spring
phytoplankton growing period (Gaci¢ et al., 2002); however, the spatial distribution of the
positive trend seems to follow the area of influence of Po River. Both winter mixing and river flow
in the Mediterranean are closely related to the NAO (Brandimarte et al., 2011; Rixen et al., 2005;
Struglia et al., 2004). Patterns of decadal variability driven by NAO could be influencing the trends
in the amplitude of the Chl peak b, in these regions (e.g. Basterretxea et al., 2018).

Phytoplankton functional group or species-specific responses to changing environmental
conditions are likely to differ from total phytoplankton Chl responses, offering insights into
mechanisms of trophic interactions, which are not possible with measurements and analyses of
bulk Chl alone (Agirbas et al., 2015; Cabré et al., 2016; Ji et al., 2010; Racault et al., 2014a). The
changes in Chl concentration and species composition have complex implications in the dynamics
and diversity of higher trophic levels that the scientific community is only in the beginning to
anticipate. Likewise, mismatch between production cycles and spawning season influences the
recruitment success of some fish and crustaceans species (Asch, 2015; IOCCG, 2009; Koeller et
al., 2009; Platt et al., 2003). Phenological changes can propagate to the rest of the food web and
alter the functioning of the marine ecosystem with important consequences for commercially
important species (Druon et al., 2015; Kassi et al., 2018).

5. CONCLUSIONS

We have analyzed the regional patterns of seasonal and non-seasonal variations in the
Mediterranean Sea using ocean-color remote-sensing data. Our results show that seasonal
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variations are dominant in oceanic areas whereas that non-seasonal variations play an important
role in some specific areas of the Mediterranean Sea. In particular, irregular variations may be
found in areas of intense wind forcing and/or well strong stablished current flows, and large
interannual variations are mainly found in straits and water-exchange zones.

The timings of initiation, peak and termination of the main phytoplankton growing period show
differences at regional scale, and between open ocean and shelf waters. The duration of the
spring growing period in the western basin (~170 days) is longer than in the more oligotrophic
eastern basin (~150 days). The duration generally shortens towards the coast where Chl is
enhanced and where the probability of occurrence of a second growing period is higher (i.e. in
fall).

Using the longest, continuous, bias-corrected ocean-color record, reaching nearly two decades
of observations (17 years), we observed significant trends in the phenological indices. The
duration of phytoplankton growing period has generally increased (+10 + 7 days decade™ on
average during the period of study 1998 - 2014) in the western Mediterranean basin whereas an
average decrease of -12 + 7 days decade™ is observed in the eastern basin. Exceptions to these
trends are found in some coastal areas where more complex processes may control
phytoplankton phenology. The observed variations in the phytoplankton phenological metrics will
be relevant to investigate further and may help us advance understanding of the regulation of
the energy flow in the Mediterranean Sea trophic chain.
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7. SUPLEMENTARY FIGURES

Days
0

d) Duration SD (b ;)

45°N 1 I o - : d K

a2ond e \ e ' L [ 0.8
3N e o el os
36°N TR T Gaeliese el

33°N

e) Amplitude CV (b_) J
30°N , — : : :
0° 8°E 16°E 24°E 32°E

Supp. Fig S1: Standard Deviation (SD) and Coefficient of Variation (CV) for the phenological indices of
the main growing period (1998 - 2014). White contour line separates coastal from offshore waters
(200 m isobath).
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Chapter 2. Patterns of chlorophyll interannual variability in
Mediterranean biogeographical regions.

This chapter is based on the publication:

Basterretxea, G., Font-Mufioz, J.S., Salgado-Hernanz, P.M., Arrieta, J., Hernandez-Carrasco, |.,
2018. Patterns of chlorophyll interannual variability in Mediterranean biogeographical regions.
Remote Sensing of the Environment (ISSN 0034-4257), volume 215, 15 September 2018, pages
7-17. doi:10.1016/j.rse.2018.05.027.

ABSTRACT

The Mediterranean Sea exhibits a strong basin and regional scale phytoplankton variability
correlated to its semi-enclosed nature, complex orography and the variety of physical and
chemical processes that regulate its productivity. Herein, using 17 years of ocean-color
composites, we investigate differences in the regional patterns of interannual variability in
satellite-derived chlorophyll (Chl), a proxy for phytoplankton biomass. A neural network
classification, based on the Self-Organizing Maps (SOM) analysis in the time domain, is used to
reveal regions of similar temporal variability of Chl in the Mediterranean Sea. Characteristic
temporal patterns extracted by the SOM analysis show different scales of variation that can be
related to already identified oceanographic features and biogeochemical variability in the
Mediterranean Sea. Clear differences are noticed between regions located in the western basin
and Adriatic Sea, where rivers, winter mixing and winds are known to drive variations in primary
production at regional scale and regions located in the eastern basin, represented by a large and
rather homogeneous region. Using the SOM-defined characteristic temporal patterns of Chl, we
analyzed the regional influence of the North Atlantic Oscillation (NAO) and El Nifio Southern
Oscillation (ENSO) in the long-term (>1 year) Chl variability. Our results indicate that NAO has
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more influence in the Chl variations occurring in regions located in the western basin whereas
ENSO exhibits higher impact on the central Mediterranean and eastern basin during its positive
phase. Both NAO and ENSO show non-stationary coherence with Mediterranean Chl. The analysis
also reveals a sharp regime shift occurring in 2004 - 2007, when NAO changed from positive to
negative values. This shift particularly affected the winter phytoplankton biomass and it is
indicative of climate driven ecosystem-level changes in the Mediterranean Sea. Our results
stablish a regional connection between interannual phytoplankton variability exhibited in
different regions of the Mediterranean Sea and climate variations.

1. INTRODUCTION

A major challenge in the spatial analysis of oceanic systems is to classify and identify regions with
common patterns since, unlike terrestrial ecosystems the sea is an intrinsically dynamical system
often with diffuse boundaries and shallow gradients (Hinchey et al., 2008). Furthermore,
numerous biological and environmental factors are non-linearly involved in the two-way
environment-organism relations in the sea (e.g. Kavanaugh et al., 2016). Despite these difficulties,
the classification of marine areas into clear cut geographical units, displaying similar
biogeochemical characteristics and/or dynamical behavior, has become essential in the
understanding of the plankton community responses to present and future climate scenarios.
These represent fundamental abstractions of the geographical organization of life in response to
past or current physical and biological forces (Kreft and Jetz, 2010). Biogeographical regions not
only facilitate the understanding of the functioning of marine ecosystems but they are also useful
when trying to define indicators of the environmental state as well as when undertaking the
management of resource and conservation decisions (Spalding et al., 2007). An example of this is
the Marine Strategy Framework Directive (Directive 2008/56/EC; MSFD, 2008) that, in order to
achieve its ecosystem conservation goals, establishes marine regions and sub-regions based on
geographical and environmental criteria.

Biogeographical regionalization can be based on geographic or on ecologically relevant attributes
of the abiotic (i.e., temperature, salinity, eddy kinetic energy, hydrodynamics, etc.) or the biotic
environment (i.e., biomass, taxonomy, size structure, etc.) from measured records or from data
obtained using various modeling approaches. Satellite ocean-color data provides synoptic and
long-term time coverage, which is ideal when attempting this classification. Several approaches
have been traditionally used to identify coherent areas of the sea using ocean color and other
complementary information (see Ayata et al., 2018). Multivariate clustering methods, such as k-
means analysis, Principal Component Analysis (PCA) or Empirical Orthogonal Functions (EOFs),
have proven to be efficient at obtaining coherent patterns of variation that can be explained on
the basis of the main oceanographic characteristics (D’Ortenzio and Ribera d’Alcala, 2009; Foukal
and Thomas, 2014; Yoder and Kennelly, 2003). However, these methods are not capable of
capturing the non-linear and turbulent character of the ocean dynamics. In addition, these
approaches have drawbacks when managing datasets with missing values as they need some
particular functional relationship or assumptions about the data such as distribution normality or
preservation of the variance.
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The Self-Organizing Maps (SOMs) developed in the last decades is a useful bioregionalization
method since robustly clusters and identifies patterns in large datasets (Kohonen, 1982; Vesanto
et al., 2000a). The SOM is a neural network algorithm based on unsupervised learning that works
as a nonlinear alternative to the above mentioned linear grouping methods. While the SOM may
show performance limitations in some cases (Liu et al., 2006; Solidoro et al., 2007) an advantage
of the algorithm is that it preserves topology, and the obtained patterns are topologically ordered.
Similar patterns are arranged to be neighboring units on the neural network, while dissimilar
patterns are located far away from each other. In the case of biological regionalization, this
topological ordination permits the establishment of similarity relationships in the dynamical
behavior of each region defined by the SOM classification. This method has been successfully
used in diverse climate, atmospheric and oceanographic applications (e.g. Lachkar and Gruber,
2012; Leloup et al., 2007; Richardson et al., 2003; Uvo, 2003). In the case of satellite ocean-color
data, SOM classification has been used for a variety of applications including the synthesis of
spatial patterns of chlorophyll (Chl) variation, the optimization of image processing, the
classification of spectral signals for subsequent inference of phytoplankton groups, or for linking
of sea-surface with vertical profiles of Chl (Ainsworth, 1999; Ben Mustapha et al.,, 2014;
Charantonis et al., 2015; Farikou et al., 2015; Richardson et al., 2003; Yacoub et al., 2001). SOM
classification can be applied to both space and time domains and provides a powerful tool for
diagnosing ocean processes, as demonstrated by Liu et al. (2016).

Owing to its semi-enclosed nature in between two continents and to its intricate orography, the
Mediterranean Sea exhibits regions of highly contrasting physical and chemical processes
affecting their biological properties (e.g. Dubois et al., 2016; Reygondeau et al., 2017; Rossi et al.,
2014). This seascape emerges from the three predominant and interacting spatial scales of the
marine flow-basin scale, sub-basin scale, and mesoscale (Robinson et al., 2001), and from the
differences in the geochemical inputs at these scales that determine phytoplankton productivity.
The large scale factors, like the influx of nutrients by the Atlantic jet or the water-column
stratification processes, result into a west-east oligotrophic gradient (e.g. Christaki et al., 2001;
Dolan, 2000). This gradient is modulated by regional differences in terrestrial and atmospheric
loads, dynamical features emerging from exchanges across straits and channels, as well as from
mesoscale activity, frontal dynamics and local meteorology. Regional variations in the physical
and chemical forcings generate a complex mosaic of biogeochemical environments, particularly
in areas with river outflow and/or intricate topography. For example, enhanced Chl values along
the northern coastal areas of the Mediterranean Sea have been associated with the impact of
runoff from continental margins, vertical mixing due to the prevailing winds, or cooling and
density mixing processes as well as persistent mesoscale dynamical features (Barale and Zin,
2000). Furthermore, the influence of the runoff can extend far from the deltas of major rivers
such as the Rhone, Po or Nile, sustaining high phytoplankton production on the Mediterranean
shelves that contrasts with the general oligotrophy prevailing in open waters (e.g. Antoine et al,,
1995; Forget and André, 2007).

Even though the dynamics and pattern of seasonal phytoplankton variability in the
Mediterranean Sea are well founded (e.g. Volpe et al., 2012), less is known about the longer
timescale variability. At this scale, climate regulatory factors can be more important than direct
anthropogenicinfluence in driving primary production and phytoplankton composition shifts (e.g.
Dandonneau et al., 2004; Martinez et al., 2012; Rousseaux and Gregg, 2014). Several studies show
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that large-scale atmospheric circulation patterns described by climatic indices have an influence
over ecological processes in the Mediterranean region (see Lionello et al., (2006). Being located
at the southern limit of the North Atlantic storm tracks, the Mediterranean region is particularly
sensitive to interannual shifts in the trajectories of mid-latitude cyclones that can lead to
remarkable anomalies of precipitation and, to a lesser extent, of temperature (Trigo et al., 2006).
The consequences of these climate scale changes in the dynamics of the marine ecosystem are
different to those guiding seasonal ecological change and the response of phytoplankton to this
type of variability may be spatially variable and depending on the main factors limiting production
at each location. Indeed, the ecology-climate interaction is not always straightforward (Stenseth
et al., 2003) and climate induced interannual variations and ecosystem shifts may depend on
multi-scale processes with interactive variability giving rise to considerable uncertainties in the
prediction of the responses of the marine ecosystems.

Previous studies have reported the influence of large-scale modes of atmospheric variability on
Chl distributions and variability in the Mediterranean Sea (e.g. Katara et al., 2008). In the present
study, we focus on the influence of climatic forcing on the long-term (>1 year) regional variability
of Chl in the Mediterranean Sea. Using satellite-derived Chl datasets, we first classify the
Mediterranean Sea into regions of different characteristic temporal variability revealed by the
SOM analysis in the time domain. By this method, we are able to define coherent biogeographical
regions that will form the basis of our interannual variability analysis. We then used cross-
wavelets analysis of the characteristic temporal Chl patterns of each SOM-defined region to
identify the coherent correlations with two of the most relevant large-scale climate indices
influencing the Mediterranean Sea, the North Atlantic Oscillation (NAO) and El Nifio—Southern
Oscillation (ENSO).

2. MATERIALS AND METHODS
2.1. Remotely sensed ocean-color and Climate indices data

Our analysis is based on the sea surface Chl concentration (mg m3) data product developed by
the European Space Agency Ocean-Color Climate Change Initiative Program (ESA OC-CCl)
(Sathyendranath et al., 2017; Sathyendranath and Krasemann, 2014). This Chl data has been
tailored to the Mediterranean region by reprocessing the ocean color CCl product with the
specific regional algorithm MedOC4 (Mediterranean Ocean-Color 4 bands, (Volpe et al., 2007).
The resulting Level-4 product is distributed by the EU Copernicus Marine Environment Monitoring
Service (CMEMS) and it can be downloaded from http://marine.copernicus.eu. This ocean-color
data product is the result of merging MODIS-Aqua, SeaWiFS and MERIS sensors and it measures
the average Chl content over the first optical depth. The analyzed Chl time series covers the
period 1998 - 2014 for the Mediterranean Sea (30-to 46°N and 6°W to 37°E) and gridded 8-day
temporal resolution and 1-km spatial resolution was downloaded. In order to reduce missing
data, Chl values were first re-gridded to a 4 km regular grid and then the remaining gaps were
filled in by applying spatial and temporal linear interpolation scheme (i.e., spanning three
adjacent values).

NAO and Eastern Pacific and Central Pacific el Nifio-3.4 (hereafter ENSO) indices were obtained

from the National Oceanic and Atmospheric Administration (NOAA) Earth System Research
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Laboratory website (https://www.esrl.noaa.gov/psd/data/climateindices/list/). 8-day averages
were obtained from daily climate index data in order to use the same temporal resolution than
the Chl time series. Other environmental variables such as precipitation and Sea Surface
Temperature (SST) were obtained from available datasets in order to infer possible mechanisms
driving Chl-climate relationships. Monthly precipitation data were obtained from gridded means
provided by the Climate Prediction Center Merged Analysis of Precipitation (CMAP;
https://www.esrl.noaa.gov/psd/data/gridded/data.cmap.html). Monthly SST were downloaded
from the European Center for Medium-Range Weather Forecast (ECMWEF;
http://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/). Monthly means of surface
dust mass concentrations over the Mediterranean Sea were obtained from the Modern Era
Retrospective analysis for Research and Application version 2 (MERRA-2) dataset from the NASA's
Goddard Space Flight Center (Bosilovich et al,, 2016;
https://gmao.gsfc.nasa.gov/reanalysis/MERRA/). Data on MLD and nutrients was downloaded
from CMEMS (http://marine.copernicus.eu/). MLD data was obtained from a reanalysis based on
the version 3.1 of NEMO (Nucleus for European Models of the Ocean) ocean model (Madec,
2008). The nutrient data correspond to a reanalysis of Mediterranean Sea biogeochemistry based
on OGSTM-BFM biogeochemical model and data assimilation of surface Chl concentration
(Teruzzi et al., 2016).

2.2. Bioregionalization using SOM classification

Self-organizing maps, SOM, is a powerful visualization technique based on an unsupervised
learning neural network which is especially suited to extract patterns in large datasets (Kohonen,
1997, 1982). SOM is a nonlinear mapping implementation method that reduces the high
dimensional feature space of the input data to a lower dimensional (usually two dimensional)
networks of units called neurons. In this way, SOM is able to compress the information contained
in a large amount of data into a single set of maps. Since it preserves topology, similar neurons
are mapped close together on the network facilitating the visualization of patterns.

The learning process algorithm consists of a presentation of the input Chl data to a preselected
neuronal network which is modified during an iterative process. Each neuron (or unit) is
represented by a weight vector with the number of components equal to the dimension of the
input sample data. In each iteration the neuron whose weight vector is closest (more similar) to
the presented sample input data vector, called Best-Matching Unit (BMU), is updated together
with its topological neighbors towards the input sample. At the end of the training process the
probability density function of the input data is approximated by the SOM and each unit is
associated with a reference pattern, with a number of components equal to the number of
variables in the dataset, so this process can be interpreted as a local summary or generalization
of similar observations.

For typical satellite imagery the SOM can be applied to both space and time domains. For this
work and since we are interested in the temporal variability, we have addressed the analysis in
the time domain of the Chl datasets. In this case, the input row vector has been built using the
Chltime series at each pixel, so each neuron corresponds to a characteristic Chl temporal pattern,
composed of a specific time series of different values of Chl over the period of study. Since each
of the step iterations has an associated time and location for the sample, we can obtain the
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location of a particular temporal pattern computing the BMU for each pixel providing a map of
regions with different phytoplankton variability.

When using SOM some parameters that control the initialization, training processes and final
output have to be finely tuned. For instance, the optimal size of map (number of neurons)
depends on the number of samples and on the complexity of the patterns to be analyzed. We
choose the map size as [3 x 3], with 9 neurons. Using different sizes, for instance [4 x 4] the
temporal patterns are more detailed and more regions of Chl variability emerge. However, these
new patterns only split the boundaries of regions without providing sufficient insight into regions
with different biochemical or physical behavior. Conversely, when using a [2 x 2] neural map,
patterns are simplified in a few rough patterns without discriminating regions with different
biogeochemical processes. We use hexagonal map lattice in order to have equidistant neighbors
and which do not introduce anisotropy artifact. Concerning the initialization, we opted for a linear
mode, batch training algorithm, and 'ep' type neighborhood function since this parameter
configuration produces the lower quantitative and topological error and computational cost (Liu
et al., 2006). These SOM computations have been performed using the MATLAB toolbox of SOM
v.2.0 (Vesanto et al.,, 2000a, 2000b) provided by the Helsinki University of Technology
(http://www.cis.hut.fi/somtoolbox/).

2.3. Influence of climate indices in the Mediterranean Sea

We base our long-term study on the use of selected mid-latitude climate indices (NAO and ENSO)
with known influence on the Mediterranean region (e.g. Brénnimann, 2007; Jacobeit et al., 2001;
Ropelewski and Halpert, 1997) and characteristic Chl variations for each SOM-defined
Mediterranean biogeographical region. Other indices such as the Arctic Oscillation (AQ), the East
Atlantic/Western Russian pattern (EAWR) or the Mediterranean Oscillation Index (MOI) have
been used to describe different aspects of climate variability in the Mediterranean Sea but we
restricted our analysis of NAO and ENSO because they are widely used indices for which there are
well known mechanistic explanations. Both of these large-scale indices of variability in the climate
system coexist at different temporal and spatial scales reflecting the various atmospheric features
influencing the Mediterranean region (Rodé et al., 1997).

NAO is the dominant mode of climate variability in Europe. It is defined as the normalized average
sea level pressure difference between Ponta Delgada (Azores Lisbon) in Portugal and
Stykkisholmur in Iceland. It characterizes the pressure difference between the middle of the
North Atlantic Ocean and Iceland which affects winter conditions in the North Hemisphere
(Hurrell and Van Loon, 1997; Marshall et al., 2001). For example, large pressure difference
(positive NAQO) results in a relatively dry winter in the Mediterranean but a warmer and wetter
winter in northern Europe, and vice and versa. According to Trigo et al., (2004), the NAO is
significantly correlated with Mediterranean winter precipitation, especially in the western basin.
Because of the increased precipitation, river outflow varies considerably, with most
Mediterranean river flows being anti-correlated with the NAO. Related runoff winter anomalies
are about 10 - 20% of the winter means (Struglia et al., 2004). The NAO also impacts on other
atmospheric variables such as air temperature and wind intensity (e.g. Hurrell et al., 2001).
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ENSO index concerns with variations in temperature in the tropical Pacific or combines different
variables in a multivariate index (MEIl index). We selected NINO3.4 index, which is considered one
of the most ENSO-representative indices (Barnston et al.,, 1997). The influence on the
Mediterranean Sea is believed to be indirect in the sense that changes in the underlying
circulation must have strong impact elsewhere between the ENSO area and Europe (Brénnimann,
2007). With some differences, the signal in European climate is most consistent in late winter and
resembles the negative mode of NAO. In particular, it is demonstrated that ENSO impacts most
significantly on European wintertime rainfalls during positive (warm) phases of the Pacific Decadal
Oscillation (Zanchettin et al., 2008). It also influences wind and precipitation in North Africa, the
eastern Mediterranean and the Middle East (Shaman and Tziperman, 2007). Mariotti et al. (2002)
also found that western Mediterranean-averaged rainfall is significantly correlated with ENSO
variability during autumn, with the sign being opposite to that found in spring.

2.4. Coherence between long-term chlorophyll variability and climate indices

To examine the long-term (>1year) Chl variability and their relationship with climate variations,
we first identify the dominant low frequencies of Chl variation using wavelet analysis. We use
Wavelet Transform Coherence (WTC) analysis (Grinsted et al., 2004) to statistically identify the
time (when and the duration) where low-frequency Chl variations and climate indices (NAO and
ENSQ) are correlated. Coherence is defined as a measure of the intensity of the covariance of the
two series in time-frequency space (Torrence and Webster, 1999). WTC computations identify
possible relationships between two variables by searching frequency bands and time intervals
during which they covary (Gurley et al., 2003; Gurley and Kareem, 1999). WTC is based on the
Continuous Wavelet Transform (CWT) defined as the convolution of the time series with a scaled
and translated mother wavelet function. Wavelet transform is an extension of the concept of the
Fourier transform. While a Fourier transform only provides the global power spectral density of
the characteristic frequencies (it cannot provide changes in frequency structure over time), a
wavelet transform allows to know the power of the characteristic frequencies and when. This is
due to the fact that the kernel in the Fourier transform can only extract frequency information of
the signal, while the kernel of the wavelet is able to extract both frequency and time. In particular,
we use the Morlet kernel wavelet with a number of wavelet cycles wo = 6 since it provides the
best tradeoff between temporal and frequency precision (Grinsted et al., 2004). Therefore, CWT
expands a time series into time-frequency domain thus allowing the analysis of how the
frequency content of a time series changes over time.

Lets W, X(s) and WY (s) be the wavelet transforms of X and Y signals, respectively, where X is the
i SOM temporal pattern of Chl after removing the seasonal signal subtracting its mean
climatology and Y is the time series of the climatic index (NAO or ENSO), n is time index and s is
the time scale in inverse proportion to frequency (Torrence and Compo, 1998). The Cross-wavelet
Transform (W, XY (s)) is defined as

Y * (s)

WnXY(S) = WnX(S) Wy, (1)
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where (*) indicates complex conjugate. The Cross Wavelet Power spectra are given by
|[WXY(s)]2. The XWT finds regions in time frequency space where the time series shows high
common power spectra. The wavelet squared coherency (R,2(s)), is defined as the absolute
value squared of the smoothed cross-wavelet spectrum, normalized by the smoothed wavelet
power spectra,

—1y17 XY 2
R 2 S) = |<S Wi (S))l
n () (s~ WX (s)]*) (s~ wi (o))

1is used to

where the brackets () indicate smoothing in both time and scale. The factor s~
convert to an energy density. Rﬁ(s) ranges between 0 and 1 and can be thought of as the local
correlation between two CWTs searching regions in time frequency space where the two time

series co-vary over time (but does not necessarily showing high power).
The wavelet-coherency phase (¢,,) difference is given by

s 'w, XY (s)}

on =t (GEimtsy) )

where the smoothed real (R) and imaginary (I) parts should have already been calculated in (2),
both R,2(s) and ¢,, are functions of the time index n and the scale s. In this study, we used the
MATLAB-based package downloaded from http://grinsted.github.io/wavelet-coherence/
(Grinsted et al., 2004). This software package uses a Morlet wavelet as a default mother wavelet
function, since it provides a good balance between time and frequency localization. The statistical
significance level of R,2(s) was calculated using a Monte Carlo simulation by 300 surrogate data
set pairs.

3. RESULTS AND DISCUSSION
3.1. Bioregionalization using SOM classification

Fig. 1 shows the 9 characteristic Chl temporal patterns extracted from the 3x3 SOM analysis
(panel a) and the corresponding biogeographical regions depicted from the classification of the
time series of each pixel considering its BMU (panel b). In addition, a mean climatology and its
standard deviation for each time pattern are displayed as inset in Fig. 1a. The topological ordering
of the temporal patterns in the neural network performed by SOM highlights the
differences/similarities between regions. Patterns with large variability (large standard deviation)
and high mean values are located around the bottom-left corner of the neural network and those
with low variability and low mean value around the top-right corner. Acommon feature observed
in all the characteristic temporal patterns is the seasonal variability of Chl over the study area,
which follows the canonical Mediterranean annual cycle with a late winter-spring bloom and a
mid-summer minimum. Variation in mean Chl among these regions reflects the well-known west-
east phytoplankton biomass large-scale gradient produced by the progressive nutrient depletion
of the Atlantic waters in their progress to the eastern basin (D’Ortenzio and Ribera d’Alcala, 2009;
Lazzari et al., 2012). Increased concentrations in Chl are found in regions of major river discharge,
wide continental shelf areas, and regions where particular ocean dynamics enhances
phytoplankton productivity (i.e. Alboran Sea and NW Mediterranean).
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Fig. 1 a) Characteristic temporal patterns of Chl obtained from 3x3 Self-Organizing Map (SOM)
computation of Mediterranean Chl fields, and their corresponding climatology (inset). Units for the
climatology y-axis are also mg m3. b) Regions of different temporal Chl variability depicted from the

classification of the time series of each pixel according to its BMU. The white line in the map indicates the
200 m isobath. Blue lines indicate the location of major rivers.

A prominent feature in the obtained bioregionalization is the difference in the spatial extension
of the regions between the eastern basin, almost entirely included in R7, and the western basin
which shows higher spatial complexity and regional compartmentalization. R7 embraces a vast
oceanic area (median depth = 1962m) displaying very low mean Chl values and reduced seasonal
variations (0.08 + 0.04 mg m?3). Other oceanic regions such as R5 and R8 show a similar
characteristic pattern (see similarity matrix in Suppl. Fig. S1) albeit with slightly higher Chl values.
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Jointly, these three regions comprise 57% of the Mediterranean Sea. These regions broadly
correspond to areas where nitracline and mixed layer depth (MLD) are generally decoupled
(Pasqueron De Fommervault et al., 2015; see the computed climatology of MLD and nutrients
corresponding to each SOM regions shown in Suppl. Fig. S2). Other regions (R6 and R2) exhibit a
decoupling of months when nutrients are supplied and consumed suggesting that other
mechanisms drive the supply of nutrients into the euphotic layer, i.e. the cyclonic circulation in
the northwestern Mediterranean (R6) during winter acting as previous conditions favoring
phytoplankton blooms in spring (Lavigne et al., 2013). Indeed, the nitrate increase in surface
layers during winter mixing at R7 and R8 is modest (<0.5 mmol m™3; Suppl. Fig. 52).

In the opposite side of the neural network arrangement, R3 includes the pixels representing the
most productive areas in the Mediterranean Sea. These areas correspond to shallow (median
depth = 28m) Regions Of Freshwater Influence (ROFIs) in the northern Adriatic, the Nile and Ebro
deltas, as well as in the Rhone river mouth, and to the productive areas in the Northern Alboran
and Gabes Seas. Primary production in this region is not only controlled by winter mixing but also
by the hydrological flow of the aforementioned rivers that maintains enhanced nutrient
concentrations throughout the year (suppl. Fig. S2). As shown in Fig. 1b, SOM provides good
definition of areas displaying strong Chl gradients. This is of particular interest in complex regions
such as the Adriatic, the Aegean or the Alboran Sea, and shelf areas, where cross-shore gradients
may be intense. For example, the narrow regions around the Ebro and Nile river deltas are well-
defined in our SOM classification showing clear cross-shore and alongshore zonation (see major
river discharge areas in Fig. 1b) and are not as clearly resolved in other clusterization schemes
(see examples in Ayata et al. (2018).

The Rhone plume which enriches a large region extending along the coast of the Gulf of Lions
(Forget and Ouillon, 1998) is adequately captured in our biological regionalization. Similarly, the
area affected by the Po River discharge extends at least one hundred kilometers southward from
the delta along the coast and approximately twenty kilometers offshore with maximum Chl
concentrations following closely the river waters (Marini et al., 2010). According to Struglia et al.
(2004), the Adriatic is the sub-basin with the greatest freshwater input (about 2500 m3 s on
annual basis), which is mostly due to the Po River and the confluence of other alpine rivers.
Discharge into this basin has an unusual seasonal cycle with a minimum in summer and two
maxima in May and November (Montanari, 2012). The consequent variations in terrestrial
loadings may induce variations in phytoplankton phenology with respect to open ocean waters
(i.e. occurrence of several blooms).

SOM classification reveals strong cross-shore gradients from R3 to open ocean patterns (i.e. R1
or R7) that are structured by regions R6, R2 and R9. Besides the Adriatic, this transition is also
observed in the Ebro river area, the Gulf of Gabes or even in small bays like the Gulf of Naples. R3
is also present along the upwelling region of the northern Alboran Sea. In this coast, the offshore
transition is spatially structured by the presence of the incoming Atlantic jet from Gibraltar Strait,
and by the two Alboran gyres. In particular, it is worth observing how the SOM bioregionalization
reveals the two Alboran gyres including their productive region (R3) in the periphery of the gyres,
and the boundary jet and a less productive region (R2) in their core (e.g. Macias et al. (2007).

A third major pattern, accounting for 7% of total area, is that occurring in the more productive
waters of the North Western Mediterranean Sea (NWMS), bounding the Alboran gyres and,
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marginally, in the northern Aegean Sea (R6). This region located to the north of the Balearic
Islands, is represented by the larger R6 cluster that matches well with the area of Western
Mediterranean Deep Water formation (WMDM), as described by Somot et al. (2018). The
climatology for this region shows a seasonal Chl peak in late March, following deep mixing
processes occurring in this area (Suppl. Fig. S2, D'Ortenzio et al., 2005; Houpert et al., 2015). This
pattern suggests that deep winter mixing may dominate nitrate supply at the surface layer in the
NW Mediterranean. However, recent studies found that nitrate supply in this region is also
controlled by the depth and gradient of the nitracline at the end of winter, with the particular
cyclonic circulation during winter as a precondition driving the nitracline depth (Lavigne et al,,
2013; Pasqueron De Fommervault et al., 2015). Nonetheless, it should be pointed out that in our
case this SOM typology incorporates information from other Mediterranean areas. This also
influences the climatology pattern of R6 which shows lower Chl mean values than those reported
for the NW Mediterranean (i.e. >1.0 mg m=, D’Ortenzio et al., (2014).

The results of the above-described classification reveal the suitability of SOM for a consistent
regionalization of the Mediterranean in accordance with the main Chl temporal patterns and
geographical limits described for this Sea. As compared to classifications obtained using k-means,
SOM is able to introduce non-linear correlations through the neighborhood function, extracting
more details in the definition of areas, particularly where non-linearities may be important (i.e.
complex dynamical features like eddies, fronts and jet interactions, river plumes and strong
continental slope or coastal transition zones). On the other hand, while studies based on other
variables and classification methods report regional differences in the eastern Mediterranean
patterns (Berline et al., 2014; Rossi et al., 2014) the SOM classification of satellite Chl does not
find significant differences in this region.

To test the relevance of the size of SOM in the regionalization of this large area, we performed a
4x4 SOM classification (Suppl. Fig. S3). The results of using 16 neurons, while increasing the detail
of gradient areas, does not substantially vary the general features observed in the regionalization.
In fact, the main difference between both classifications (3x3 and 4x4) is that a zonal transition
region between the Aegean and the eastern basin emerges to the north of Crete. In addition, a
number of small regions (<3% of total surface) that for many applications are meaningless is also
generated. The detail required for the definition of the bioregions is often variable since, apart
from responding to ecological differences, it often obeys to resource planning and management
necessities. For example, differences between some regions describing oceanic areas are low,
and regionalization could be further reduced to 6 regions by merging similar neurons (i.e. R1 with
R4; R5, R7 and R8; see Suppl. Fig. S1).

The observed variations in Chl convey structural and compositional changes in phytoplankton
assemblages that can be inferred by different algorithms (Brewin et al., 2011; Nair et al., 2008;
Uitz et al.,, 2006). Although our regionalization is based on Chl variation patterns, a
correspondence can be established between these temporal patterns and phytoplankton
structure characteristics. We have estimated the regional size structure of phytoplankton
assemblages at each mean Chl following Di Cicco et al. (2017); see Table 1. The resultant
variations in the dominant groups can be associated with underlying physical and biogeochemical
forcings prevailing at each region. For instance, picoplankton is typically dominant in open waters
where growth is strongly limited by nutrient limitation (R4, R7 and R8). Conversely, nanoplankton
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is predominant in R3, were terrestrial nutrients are supplied, and in the R6 where strong winter
convection injects nutrients into the mixing layer. These two regions exhibit increased
percentages of cryptophytes and diatoms (>5% and >14%; Suppl. Table S1). Differences in size
and composition are enhanced during the winter-spring bloom, when Chl differences between
regions are highest i.e., microplankton exceeds 20% in R3 and R6. This is in agreement with the
observations obtained by Sammartino et al. (2015) who reported higher microphytoplankton
dominance in regions with different and atypical dynamical features, i.e., the NW Mediterranean
Sea and the Alboran Sea, as well as several coastal areas, such as the North Adriatic Sea during
the spring bloom season. In coastal and riverine areas, such as R3, microphytoplankton dominates
in all seasons as the result of the nutrient supply from the terrestrial inputs.

Table 1. Seasonal and annual contribution (%) of the different size classes (pico- nano- and
microplankton) contributing to the phytoplankton community at each region, as estimated from
the empirical equations of Di Cicco et al. (2017).

Picoplankton Nanoplankton Microplankton

Spring Summer Fall Winter Annual Spring Summer Fall Winter Annual Spring Summer Fall Winter Annual
R1 38t4 4711 43+4 34+1 4016 44+2 3811 41413 470 43+4 18+2 15+0 1641 20+1 17+2
R2 3443 41+1 38+2 32+1 364 4612  42+0 4441 47+0 45+2 1941 1620 18+1 200 19+2
R3 2741 3140 29+1 27+0 29+2 48+0 47+0 48+0 48+0 480 24+1 2140 23+1 250 23+2
R4 43+5 54+1 50+4 38+1 46%7 41+4 3241 3643 44+1 3845 1641 1340 1441 18+0 1642
R5 41+4 51+1 47+4 381 4446 42+3 3411 3843 44+1 40+4 1741 1440 15+1 18+0 1642
R6 32+2 38+1 35+2 310 3443 47+1 45+1 4611 4810 46%1 21+1 18+0 1941 21+0 20+2
R7 506 611 565 43+1 5248 364 271 31%4 41+1 34+6 15+¢1 12+0 1341 16+0 14+2
R8 47+5 59+1 545 42+1 51+7 38+4 29+1 32+4 41+1 356 1541 12+0 1341 16+0 14+2
R9 38+4 48+1 4443 37+1 4245 44+2 3741 4042 450 4144 1841 15+0 1641 18+0 17+2

3.2. Long-term chlorophyll variability and teleconnections

The dominant time scales of Chl variability over each SOM-defined region are revealed by
wavelets analysis. As shown in Fig. 2, the seasonal (1-yr) periodic mode is by far the most intense
signal in the nine regions (see also wavelets power spectrum in Suppl. Fig. 4). A semi-annual
period is also relevant in some of the regions, particularly in those corresponding to large open
sea areas (R1, R4 and R7). One or two secondary peaks occur at longer periods (>1 year),
particularly in the 2 to 4-year band. The wavelet power in these lower frequencies is much weaker
than the annual period but shows significant local peaks. Peak periods in this band are centered
in 2.3 and 3.5 years, albeit a sole peak centered in 2.6 years occurs in R3, R6 and R9. Once the
climatological seasonal cycle is subtracted from the Chl time series a considerable variability still
remains over a wide range of time scales.
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band indicates the 2 to 4-year band.

Variations in NAO and ENSO indices are displayed in Fig. 3. During the study period, low frequency
variations in NAO were slightly positive until 2005, and declined thereafter to recover back to
positive in 2013 (Fig. 3a). ENSO was mostly negative throughout, except between 2001 and 2006
(Fig. 3b).
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Fig. 3. The NOAA Climate Prediction Center monthly time series of North Atlantic Oscillation (NAO) and El
Nifio 3.4 (ENSO) anomalies. The dashed line shows the low frequency variation (>2 years).

WTC between the NAO and the deseasonalized characteristic Chl variations of each region are
shown in Fig. 4. Black contour lines in the wavelet spectra enclose energy peaks significant at 95%
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confidence level. High correlation of these two signals is observed at periods of 1.2 years and in
a band extending from ~2 to 4 years and peaking at 3.4 years. As indicated by the arrows in the
figure, a phase difference of 180° is observed in the first period whereas slightly longer phases
are identified in the second one in these coherency period bands. The fact that both signals are
in anti-phase indicates an increase in Chl when the NAO is negative (e.g. more rain or wind over
the Mediterranean) and vice versa.

Regionally, the highest coherence for the 1.2 year period occurs in the western Mediterranean
(R1, R2, R3, R4, R5 and R6). Conversely, the central (R8) and eastern Mediterranean basin (R7)
exhibit a weak influence at this band. The 3.2 year centered band is more widely distributed,
although in R3, R6 and R9, mainly representing the most productive waters in the north
Mediterranean; this band is displaced towards higher frequencies (i.e. 4 - 5 years). The two
coherence bands are non-stationary (present discontinuities over time). A shift is found after
2005, being the 1.2 period relevant until this date, and the 3.4-year period, thereafter. This
suggests a variation in the pathways through which climate factors are influencing Mediterranean
productivity. Our analysis reveals that this regime shift has an important effect on winter
phytoplankton productivity.

0.5

Time (years)

Fig. 4. Wavelet coherence and phase difference between the SOM temporal patterns of Chl variability
shown in Fig. 1a and NAQ. The relative phase relationship is shown as arrows (with in-phase pointing
right, anti-phase pointing left). The black contour lines enclose peaks of >95% significance level using the
red noise model. The red line curve depicts the cone of influence beyond which the edge effects become
important. The dashed line marks the summer 2005. Values in x-axis are years starting in 1998. Colorbar
shows power spectral density.

Due to its control over weather conditions, NAO affects mixing and thus the flow of nutrients to
the photic zone. In consequence, the effect of NAO on marine phytoplankton is more noticeable
during winter when vertical nutrient exchange is not dampened by seasonal stratification. It also
affects river discharges across the Mediterranean catchment primarily in winter (Struglia et al,,
2004). Fig. 6 shows the mean winter (December, January and February) Chl anomalies before and
after 2005, when NAO varies from positive to negative. Most regions show positive winter Chl
anomalies after 2005, and particularly enhanced values between 2008 and 2010, when NAO was
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persistently negative (see Fig. 4). This period was coincident with years of positive precipitation
anomalies and, except in R1, R7 and R8, cooler sea surface temperatures (Fig. 6). Indeed, Chl
anomalies show low but significant correlation with rainfall anomalies (r?= 0.42, p<0.01). As in
the case of NAO-Chl coherence, the weakest correlation is that of R7 (r?= 0.18, p=0.1). Blake et
al. (2011) suggest that the relationship between NAO and rainfall in the eastern Mediterranean
is non-linear and reflects complex links between the large-scale atmosphere and the
Mediterranean circulation. Krichak et al. (2014) also found low influence of precipitation and wind
in the eastern basin, associated with NAO events. In any case, the shift occurring in 2005 cannot
be solely attributed to increased inputs from the atmosphere or rivers. It seems part of a more
global environmental variation which includes changes in the Mediterranean water masses and
variations in the fluxes through Gibraltar driven by the influence of NAO (i.e. through sea level
changes). In fact, as shown in Fig. 5, open ocean waters such as R1 show greater winter Chl
anomalies than ROFI regions (i.e. R3). Moreover, McGinty et al. (2016) also observed a shift in the
NAO-Chl relationships in the North Atlantic after 2005, suggesting that the effects of this climate
scale variation exceed the Mediterranean Sea. Regime shifts in the Atlantic and Mediterranean
Sea associated with NAO phases have been studied in the past and are known to expand
throughout all marine trophic levels (Alheit and Bakun, 2010; Conversi et al., 2010). Schroeder et
al. (2016, 2010) observed an abrupt change in the convective formation of Western
Mediterranean Water affecting the intermediate and deep water masses during this year. This
convective water-mass formation, occurring in R6, is strongly correlated to the NAO (Rixen et al.,
2005).
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Fig 5. Variations in winter Chl anomalies (bars) and low—pass filtered winter precipitation (blue lines, right
axis) and sea surface temperature (red line, right axis) anomalies at each Mediterranean region. Chl
values are depicted from the characteristic time series obtained using SOM analysis. x-labels indicate
years starting in 1998. Years after 2005 are plotted over a gray background.

The influence of ENSO in the different biogeochemical regions is weaker and the overall
coherence is less significant than in the case of the NAO though a good correlation is observed at
time scales of 2- year period in R7 and R8 (Fig. 6). This correlation is higher when ENSO is mostly
positive (from 2001 to 2007). A plausible explanation is that it is the result of the influence of
nutrient rich Saharan dust deposition over these regions. Gallisai et al. (2014) reported good
correlation between Chl in these central and eastern Mediterranean oligotrophic areas and
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Saharan dust deposition. ENSO is also known to exert a control on North African dust export
during summer through its influence on the North African dipole intensity (DeFlorio et al., 2016).

Table 2. Annual mean * SD of surface dust concentration over the 9 SOM-defined regions and
correlation coefficient (r) with ENSO variations.

Region  Concentration r

(ug m?)
R1 21+10 0.27
R2 25+9 0.29
R3 33+ 14 0.45
R4 22+10 0.21
RS 22411 0.37
R6 1747 0.30
R7 40+ 24 0.58
RS 23+11 0.33
R9 16+7 0.29

Satellite depicted surface mass concentrations of dust exhibit clear differences in mean dust
concentration among regions and increases of up to 74% in R7 during positive ENSO phases
(Suppl. Fig. S5). Indeed, concentrations in R7 (40 + 24 pg m>) almost double those observed in
other regions and correlate well with ENSO (r = 0.58, p<0.01; Table 2). However, the correlation
between atmospheric dust concentration and Chl is not significant (p>0.01). This is attributed to
the generally low Chl concentrations in this region and to the rapid transfer through the food
web, as observed by Tsagaraki et al. (2017). While Chl response to Saharan dust storms may be
occasionally important (Gallisai, 2016), in many cases, changes in the eastern Mediterranean are
close to the detection limit of either field or remote sensing measurements (Herut et al., 2005).
In addition, the role of dust fertilization in the eastern Mediterranean Sea is controversial and
some studies indicate that it does not play a significant role in the sustainment of the
phytoplankton dynamics in the Mediterranean Sea (Volpe et al., 2009). Therefore, unraveling the
control of ENSO on Chl necessitates a better understanding of the effects of atmospheric dust on
the long term responses of phytoplankton assemblages in the Mediterranean Sea.
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Fig. 6. Wavelet coherence and phase difference between the SOM temporal patterns of Chl variability
shown in Fig. 1b and ENSO. The relative phase relationship is shown as arrows (with in-phase pointing
right, anti-phase pointing left). The thick black line is the 95% significance level using the red noise model,
and the red line curve depicts the cone of influence beyond which the edge effects become important.
Colorbar shows power spectral density.

4. CONCLUSIONS

Various bioregions in the Mediterranean Sea have been identified based on the satellite depicted
temporal variability of Chl using SOM classification, and the associated size classes of
phytoplankton have been estimated. Firstly, we identified the characteristic time series of Chl
that facilitates the classification of the Mediterranean waters into nine meaningful regions which
are consistent with recognized oceanographic and biogeochemical characteristics of the
Mediterranean Sea. Secondly, we used these characteristic series for the long-term analyses of
Chl variability and its coherence with NAO and ENSO.

Although a comparison between various clustering algorithms was not the focus of this paper,
our observations suggest that in some aspects SOM provides more detailed results than previous
Chl-based bioregionalizations of the Mediterranean Sea (i.e. Ayata et al., 2018; D’Ortenzio and
Ribera d’Alcala, 2009). SOM tends to preserve data topology (i.e. preserves neighboring regions)
and, therefore, it is particularly suited for pattern recognition (Liu and Weisberg, 2005) allowing
adequate classification of areas with high spatial complexity and strong gradients. Furthermore,
reclassifications can be achieved from the topological ordination of the classified areas and the
relative distance among neurons. This allows further analysis based on similarities between
regions and thus some of the areas representing transition zones could indeed be merged with
larger areas for certain conservation and management applications.

The interannual Chl variability at each SOM-defined region has been investigated in relation to
the NAO and ENSO. Both NAO and ENSO exhibit non-stationary coherence with Mediterranean
Chl. NAO effect on phytoplankton variability, mainly in the western biogeographical region, but
the temporal scale at which affects Chl might produce different phytoplankton responses. In fact,
we observed a shift in the coherence between NAO and Chl occurring in 2005 that is paralleled
by an increase in winter Chl after this year (up to 0.4 mg m= increase from low Chl years, see Fig.
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6). Enhanced Chlin winters are broadly related with increased precipitation and lower sea surface
temperatures, but the causative effect of the higher productivity during these negative NAO years
should be further studied in relation to more global environmental factors, including variations in
the thermocline, in the mixing and the exchanges through Gibraltar. In fact, the Alboran Sea and
southwestern Mediterranean are the regions exhibiting higher winter Chl anomalies.

The long-term Chl variability central and eastern basins exhibit a lower response to NAO and
better coherence with ENSO. In the absence of other atmospheric mechanisms, such as
precipitation or wind forcing as an explanation for this atmosphere-ocean coupling we suggest
that variations in atmospheric dust deposition could account for this link between ENSO and Chl.
We show that satellite depicted surface dust mass concentrations in R7 (40 + 24 ug m3) almost
doubles the values observed in other regions and correlate well with ENSO (r=0.58, p<0.01).
However, direct relationships between dust concentration and Chl are difficult to determine most
likely because Chl variations in the eastern Mediterranean are low and close to the detection limit
of field and of remote sensing measurements.
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6. SUPPLEMENTARY INFORMATION

Suppl. Table S1. Depth (median [g1 g3]) and phytoplankton functional types (PFTs) for each SOM-
defined region. PFTs are expressed as a fraction of total community (%) and were estimated
following Di Cicco et al. (2017).

Depth (m) Diatoms Dinophytes Cryptophytes Haptophytes Prochlorophytes Prokariotes
R1 2136 [385 2752] 12+2 611 411 3910 813 3216
R2 164 [67 1149] 13+2 611 411 3910 10+2 28+5
R3 28 [14 58] 18+2 5+1 711 4010 13+0 173
R4 1061 [262 2318] 10+1 5+1 3+1 39+1 612 376
R5 245 [117 850] 11+1 5¢1 3+1 390 612 365
R6 1660 [108 2556] 14+2 6t1 5+1 390 1142 254
R7 1962 [735 2812] 9+1 5+1 241 38+1 412 4245
R8 1662 [499 2777] 9t1 5+1 3+1 38+1 412 4145
R9 710 [150 1359] 11+1 5+1 4+1 39+1 713 3315
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Suppl. Fig. S1. Similarity colored according to the distance matrix of the nine neurons shown in Fig. 1.
Similar neurons are coded with blue values in the colorbar and indicate relative distance between

neurons.
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Suppl. Fig. S2. Climatology of mixed layer depth (black) and nitrate concentration at 50 m depth (red)
corresponding to each biogeographical region depicted from SOM analysis. Data obtained from CMEMS
reanalysis (http://marine.copernicus.eu/).
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Suppl. Fig. S3. a) Characteristic temporal patterns of Chl obtained from 4x4 Self-Organizing Map (SOM)
computation of Mediterranean Chl fields. X-axis is time in years starting in 1998. b) Regional map
depicted from the classification of the time series of each pixel according to its BMU. The white line in the
map indicates the 200 m isobath. Blue lines indicate the location of major rivers. The similarity of the 16
neurons colored according to the distance matrix are shown in the map inset.
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Suppl. Fig. S4. Wavelet power spectrum of the SOM-derived characteristic temporal patterns of Chl
variability shown in Fig. 1a. The black contour lines enclose peaks of >95% significance level using the red
noise model. Colorbar shows power spectral density.
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Chapter 3. Primary production in coastal waters of the
Mediterranean Sea: variability, trends and contribution to basin
scale budgets.

This chapter is to be submitted.

Salgado-Hernanz, P.M., Regaudie de Gioux, A., Antoine, D., Basterretxea, G. Primary production
in coastal waters of the Mediterranean Sea: variability, trends and contribution to basin scale
budgets.

ABSTRACT

We estimate primary production (PP) rates in the coastal (<200 m depth) Mediterranean Sea from
satellite-borne data, their contribution to basin scale carbon fixation, their variability, and long-
term trends during the period 2002 - 2016. Global production estimates on the coast yield 0.075
GtC yrt, which approximately represent 20% of total carbon fixation of the Mediterranean Sea.
Almost 50% of this coastal production occurs in the eastern basin, whereas the western and
Adriatic shelves contribute with 28 and 24% respectively. Regional coastal production is strongly
variable, from high productive areas generally associated with major river discharges (>350 gCm-
2 yr) to unproductive provinces (<50 g€ m2 yr) in the south eastern Mediterranean. During the
15 analysed years (2002 - 2016), the long-term PP variability is dominated by interannual
variations that are inversely correlated with Sea Surface Temperature (SST) (r = -0.5, p<0.001)
and more loosely with the climatic indices North Atlantic Oscillation (NAQ) and Mediterranean
Oscillation Index (MOI) (r =-0.29 and -0.40 respectively, p<0.001). Regionally, most coastal areas
present either non-significant or weakly declining PP trends (-0.05 to -0.1 gC m™ decade?)
whereas they exceeds +0.1 g€C m2 decade® in the Adriatic region. Using the temporal variations
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observed at each pixel and Self-Organizing Maps (SOM) we classify the coastal waters into 18
alongshore regions with mean PP magnitudes varying five-fold. The SOM analysis reveals two
groups of coastal waters: regions showing low cross-shore variability, mainly located in narrow
width shelf areas, and regions showing strong cross-shore gradients, observed in wider regions
with river discharges. Our study provides insight on the contribution of coastal waters to basin
scale carbon balances in the Mediterranean Sea while highlighting the importance of the different
temporal and spatial scales of variability.

1. INTRODUCTION

Coastal ocean waters (i.e. <200 m depth) are an important link between land and the open ocean.
They act as a buffer for terrestrial and human influences before such impacts reach the open
ocean (Gattuso et al., 1998; Liu and Chao, 2000). Despite their relatively reduced extension (~7
% of ocean surface area; Gattuso et al. (1998), they behold some of the most productive habitats
on the planet. Therefore, they have a disproportionate importance in many basin-scale
biogeochemical and ecological processes, including carbon and nitrogen cycling, and in the
maintenance of marine diversity (Cebrian, 2002; Coll et al., 2010; Dunne et al., 2007). Besides,
continental shelves generate a biological production supporting over 90% of global fish catches
(Pauly et al., 2002; Pauly and Christensen, 1995).

Coastal sea waters support high rates of primary production (PP), contributing to 14 - 30 % of the
global ocean productivity (Gattuso et al., 1998). These high rates of organic productivity occur in
the coastal oceans due to the rapid turnover of the large inputs of nutrients and organic carbon
from land. PP drives a significant carbon sink in the ocean (Falkowski et al., 2000; Field et al., 1998;
Muller-Karger et al., 2005), and is a key regulator of ecological processes such as elemental
cycling, trophic structure variabilities and climate change (Bauer et al., 2013; Chavez et al.,, 2011;
Pauly and Christensen, 1995). In coastal waters, physical and biological processes enhance the
carbon transport out of the continental margins into the deep layers of the oceans, thus
connecting terrestrial with deep oceanic systems (e.g. Cai, 2011; Carlson et al., 2001; Cole et al.,
2007). The productivity of coastal sea areas is also of strategic socio-economic importance for
many countries considering that PP constrains the amount of fish and invertebrates available to
expanding fisheries, a primary resource for many coastal human communities (Chassot et al,,
2010). The estimation and understanding of PP evolution and trends in the coastal seas is
therefore essential to improve our knowledge of the oceanic carbon cycle.

Scaling up local measurements to estimate the contribution of coastal regions to global carbon
fluxes has been hindered by the high spatial and temporal heterogeneity of these waters. Global
models of oceanic systems produce carbon fixation estimates with a high degree of uncertainty
in coastal regions (Muller-Karger et al., 2005). Coastal waters are complex because of the tight
connection between terrestrial and oceanic systems. Terrestrial uploads of nutrients and organic
matter originating from groundwater inputs, flashfloods and/or river runoff as well as exchanges
with seafloor importantly control the productivity of these waters (Woodson and Litvin, 2015).
The amplitude of seasonal variation of surface chlorophyll (Chl) and surface temperature is often
higher on coastal waters compared to the open ocean (Cloern and Jassby, 2008). Furthermore,
coastal topography and its interaction with winds, waves and currents generates a high variety of
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physicochemical niches for phytoplankton growth. Likewise, benthic-pelagic coupling allows the
remineralization of nutrients present in shelf sediments during most intense storms. These
episodic variations may constitute an important contribution to the overall productivity of shelf
waters. Because of the high spatio-temporal heterogeneity in the main coastal subsystems and
the concomitant lack of data, most estimated carbon fluxes in these subsystems have relatively
high uncertainties (Bauer et al., 2013). In addition, direct human activities and climate change
lead to a long-term variation in terrestrial fluxes and coastal biogeochemistry that can potentially
have important consequences for the global carbon cycle (Gregg et al., 2003; Muller-Karger et
al., 2005).

In the Mediterranean Sea, coastal and shelf areas represent about 21% of the global basin
(259,000 km?) contributing in a higher percentage to the total basin surface than in other global
ocean (Pinardi et al., 2004). Although the Mediterranean Sea is amongst the most oligotrophic
areas of the world oceans, few seas display such a variety of environmental conditions. This
variability is owed to the variety of regional climate and oceanographic conditions in the
Mediterranean basin as well as to the multiple land-derived fluxes that locally fertilize the coastal
waters (e.g. Goffart et al., 2002). Human activities on river discharges and nutrient inputs affect
continental shelf productivity in this sea sustaining locally enhanced pelagic and benthic biomass.
Indeed, the influence of some river flows has been notably reduced by damming affecting water
chemistry and sediment loads and, thereby, the productivity of coastal waters at local and
regional scales (Ludwig et al., 2009; Tovar-Sanchez et al., 2016). Moreover, intensive agricultural
practices and urbanization have brought unprecedented use and contamination of coastal
groundwater (Basterretxea et al., 2010; Tovar-Sanchez et al., 2014). For example, the use of
fertilizers have resulted in higher nutrient flowing into the Adriatic and lagoons of the Nile, which
has led to eutrophication (Turley, 1999). However, the impact of this anthropogenic nutrient
enrichment may vary between regions, and modelling projections suggest spatial variations in PP
as results of climate change.

Accurate quantification and assessment of the heterogeneity of coastal PP is fundamental for the
understanding and the characterization of global carbon cycling in this region. Changes in PP have
important effects on fish stocks that are socially relevant because of the economical dependency
of many Mediterranean coastal communities on marine food products. Several studies have
assessed PP at the scale of the entire Mediterranean Sea from remote sensing data (Bosc et al,,
2004; Lazzari et al., 2012). However, the contribution of coastal waters to basin scale budgets is
still largely unknown. Most coastal studies have a focus on specific regions and/or times (e.g.
Estrada, 1996; Marty, 2002; Moutin and Raimbault, 2002; Rahav et al., 2013). Moreover, in
despite that observed rates of climate change in the Mediterranean basin exceed global trends
(Cramer et al., 2018), and despite that expectations of future warming in the Mediterranean
region is expected to exceed global rates by 25% (Lionello and Scarascia, 2018), long term
responses of PP in coast areas to climate forcing remain uncertain because of the scarcity of
adequate field datasets (e.g. Gasol et al., 2016).

In this study, we present major characteristics of PP in Mediterranean coastal waters based on
high spatial and temporal resolution satellite-borne information for the period 2002 - 2016. First,
we provide global estimations of PP in coastal waters and we assess their contribution to basin
scale budgets, their interannual variability and long-term trends. Then, we regionalize the coastal
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waters based on their temporal patterns of PP using Self-Organizing Maps (SOM) and we analyse
the contribution of each region to total coastal PP.

2. METHODOLOGY
2.1. Remote sensing data

Ocean color products from the Moderate Resolution Imaging Spectroradiometer (MODIS) aboard
the Terra and Agua satellites, the Medium Resolution Imaging Spectrometer (MERIS) on board
the ENVISAT satellite, and the Sea-Viewing Wide Field-of-View Sensor (SeaWiFS) aboard SeaStar
were downloaded from the National Aeronautics and Space Administration (NASA) ocean color
archive website (http://oceancolor.gsfc.nasa.gov/). These data products are processed and
distributed by the NASA Ocean Biology Processing Group (OBPG) at the Goddard Space Flight
Center (GSFC). All available MODIS Local Area Coverage (LAC), MERIS Full Resolution Swath (FRS)
and SeaWiFS Local Area Coverage (MLAC) Level-2 ocean color satellite orbits available within the
Mediterranean Sea (30° to 46°N and 6°W to 37°E; Fig. 1), from January 2002 to December 2016,
were downloaded for the following variables: Chlorophyll-a (Chl, mg m?3), and sea surface
temperature (SST, °C). Daily (24-hour averaged) photosynthetically active radiation (PAR, in E m-
2day?) was obtained as a Level 3 product at 9 km, the best available resolution.
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Fig. 1. Mediterranean Sea geography with its main sub-basins. Main sea regions, surrounding countries and
rivers are indicated. Bathymetric data were obtained from ETOPO1 (Amante and Eakins, 2009).

We use Chl as values derived from the maximum-band-ratio NASA OC4v4 algorithm for SeaWiFS
and MERIS, and the OC3 variant algorithm from MODIS (O’Reilly et al., 2000, 1998b). At global
scale, the OC4v4 algorithm vyields a median difference of 33% with in situ data, which is
comparable to measurement uncertainties in the field (Behrenfeld et al., 2006). However, OC4v4
is known to overestimate low Chl concentrations in the Mediterranean Sea (i.e. when Chl < 0.15
mg m~; Bricaud et al., 2002). These low values represent 31% of our database and mainly
correspond to summer conditions and outer shelf zones. In addition, Chl may be overestimated
in regions such as the Gulf of Gabes and off the Nile delta were high dissolved organic matter and

suspended particles can exert an adverse effect on Chl estimations (Katlane et al., 2011; Lavender
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et al., 2009). Despite these limitations, we decided to use the NASA algorithm in order to obtain
comparable results to previous PP estimations in the Mediterranean Sea that use this algorithm
(e.g. Bosc et al., 2004; Bricaud et al., 2002). In the case of SST data, only night-time orbits were
selected to avoid problems with skin temperature during daylight. Orbits with quality flag 2 in SST
were included after checking their validity and accuracy in order to have a more complete
dataset.

All satellite-derived variables were remapped onto a regular 1-km spatial grid over the study area,
by averaging all available pixel within each grid cell. For each parameter, outliers were removed
whenever they exceeded about 3-times the mean * SD of the time series. For the purpose of this
study, coastal areas are defined as the waters lying between 5 and 200 m depth. Only values at
depths exceeding 5 m depth were considered in order to avoid any Chl bias due to the bottom
reflectance.

2.2. Primary production estimations

We estimated PP from satellite-derived Chl, SST and PAR values using the time-, depth-, and
wavelength-resolved light-photosynthesis model of Morel (1991). This model was previously used
for estimating PP in the Mediterranean sea (Antoine et al., 1995) and at global scale (Antoine et
al., 1996; Antoine and Morel, 1996). This model was shown to perform well when compared to
in situ measurements (Campbell et al., 2002; Friedrichs et al., 2009) or when compared to other
similar algorithms designed for use with satellite observations (Carr et al., 2006; Saba et al., 2011).

This model derives the instantaneous PP at depth z of the water column, time t of the day, and
for absorption of irradiance at wavelength A, P(A z, t), via:

P(A,z,t) = E(A,z1t) Chl(z,t) a*(A,z,t) d(A,z,t) (gCm3st) (1)

where quantities at depth zand time t are: E(A), the spectral scalar irradiance, Chl, the chlorophyll
concentration, a*(A) the spectral chlorophyll-specific absorption coefficient of phytoplankton,
and @, the quantum yield of photosynthesis for carbon fixation (its possible spectral changes are
ignored).

The triple integration of (1) w.r.t. wavelength, depth and time gives the daily column-integrated
primary production, PP:

PP=[" [ [IP(\zt) didzdt (gCm?)  (2)

where D is the day length, Z, the depth of the productive layer, and the spectral integration is
performed over the visible range (400 to 700 nm). Zp is the depth where the integrated
Photosynthetically Available Radiation (PAR) falls to 0.1% of its value just below the sea surface
(so approximately 1.5 times the euphotic depth). The spectral integration was performed at a
5nm resolution, the depth integration with intervals equal to one fiftieth of Z, (but stopped at the
bottom depth when that depth was lower than Z;), and the time integration with intervals equal
to one thirtieth of the day length (so about 20 to 30min depending on season).

The spectral irradiance at a given depth, E(A, z), is calculated as (starting from just below the sea
surface):
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E(A,z) = E(A,z — dz) exp(—K4(A, 2)z) (3)

where the diffuse attenuation for downward irradiance, Kq(A, z), is computed from Morel and
Maritorena (2001):

Ky(Az) = KA, 2) + XQO) Chl()®" (m?)  (4)

Details about how values are assigned to the parameters a*, @, and X(A) and their dependence
on temperature, and other features of this model, are to be found in Morel (1991) and Morel et
al. (1996).

The model was operated both for clear sky conditions and the actual PAR values given by the
MODIS product, in which case a reduction of the clear-sky irradiance is uniformly applied across
the entire day, as being the ratio between the actual satellite PAR value to the clear-sky PAR value.
The Chl was assumed to be uniformly distributed with depth, and equal to the satellite-derived
value. This simplification was considered more appropriate for the generally shallow and well-
mixed waters of coastal areas than the use of global parameterisation of the shape of the vertical
profile as a function of the surface Chl value (e.g. Morel and Berthon, 1989; Uitz et al., 2006),
whose validity outside of open ocean waters is not established.

From PP estimates, new (PPnew) and regenerated (PPrg) production was calculated using the ef-
ratio of export to total production (Laws et al 2000). Assuming a steady state, this export
production must equal the new production fuelled by new nutrients brought to the surface layers.
The ef-ratio as a function of satellite-derived temperature and production can be obtained from
the empirical relationship obtained by Laws et al. (2011):

(0.5857-0.0165 T) PPrean
(51.7+4 PPrean)

ef ratio = (5)

where T is temperature in degrees Celsius (°C), PPmean is the daily mean PP in mgC m™2 d™*. ef-
ratios and export production values calculated using (5) reflect the fact that the equation is
derived from estimates of new production based on nitrate uptake and are considered to be an
upper bound on new production (Laws et al., 2011; Yool et al., 2007). In order to estimate the
sinking Particulate Organic Carbon (POC) flux settling to the deep Mediterranean seafloor we
have used the exponential decay empirical model developed in Pace et al. (1987) and previously
and globally used by Muller-Karger et al. (2005). This model employs the annual PP mean, in gC
m~2 d™! and the bathymetry, in m:

POC flux = 3.523 PP,cqn bathymetry (6)

Besides mapping PP, we report global (XPP) and basin scale integrated (2PPpasin) estimations in
GtC yr!. We divided the Mediterranean into three main basins, western, eastern and Adriatic
basin. While some authors include this latter basin in the eastern basin (e.g. Bosc et al., 2004), we
separated the Adriatic shelf from the eastern Mediterranean shelf considering its peculiarities -
bathymetry, influence of rivers, eutrophic character- that differentiate it from the rest of the
Mediterranean Sea (Cushman-Roisin et al., 2001). Characteristically, most of the Adriatic has a
shallow (<200m) bathymetry and it collects some 30% of the freshwater flowing into the
Mediterranean acting as a dilution basin of the nutrients discharged by the Po and other Adriatic
rivers.
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2.3. Coastal regionalization

We used a two-step classification procedure to define coastal regions along the Mediterranean
based on their temporal patterns of PP. First, a classification in 9 regions (R1 to R9) was made
using a classification technique based on an unsupervised learning neural network (self-
organizing maps or SOM; Kohonen, 2001, 1982). Then, 18 alongshore marine ecoregions were
obtained considering the most relevant cross-shore limits of the SOM-derived regions (Z1 to Z18).

SOM is an unsupervised neural network model method that reduces the high dimensional feature
space of the input data to a lower dimensional networks of units called neurons. SOM is especially
suited to extract patterns in large datasets and has been previously used in studies encompassing
satellite data (Basterretxea et al., 2018; Ben Mustapha et al., 2014; Charantonis et al., 2015;
Farikou et al., 2015). Unlike other classification methods, like k-means, SOM tends to preserve
data topology (i.e. preserves neighboring regions) and, therefore, it is particularly suited for
pattern recognition (Liu and Weisberg, 2005) allowing adequate classification of areas with high
spatial complexity and strong gradients. Similar neurons are mapped close together on the
network facilitating the visualization of patterns and a topological ordination of the classified
areas and the relative distance among neurons is obtained as results of the analysis.

For typical satellite imagery, SOM can be applied to both space and time domains. Here, we have
addressed the analysis in the time domain of the datasets, which allows regionalising the studied
area on the basis of similitudes in the time variation of PP. We chose a map size of [3 x 3], with 9
neurons (for further details, see Basterretxea et al., (2018a). We used a hexagonal map lattice in
order to have equidistant neighbours and to avoid introducing anisotropy artefacts. For the
algorithm initialization, we opted for linear mode, batch training algorithm, and 'ep' type
neighbourhood function since this parameter configuration produces the lower quantitative and
topological error and computational cost (Liu et al.,, 2006). These SOM computations were
performed using the MATLAB toolbox of SOM v.2.0 (Vesanto et al., 2000a, 2000b) provided by
the Helsinki University of Technology (http://www.cis.hut.fi/somtoolbox/).

2.4. Climate data

To estimate possible drivers of long-term variability in PP we searched for correlations with two
climate indices, the North Atlantic Oscillation index (NAQO) and the Mediterranean Oscillation
Index (MOI). The corresponding data were downloaded from the Climate Research Unit at the
University of East Anglia (https://crudata.uea.ac.uk/cru/data/). Climate indices are defined either
as anomalies of a climatic variable, using the difference between two geographical points, or as
principal components (Hurrell, 1995; Lépez-Bustins et al., 2008). NAO is the central mode of
climate variability of the Northern Hemisphere atmosphere. It characterizes the pressure
difference between the middle of the North Atlantic Ocean and Iceland, which affects winter
conditions in the North Hemisphere (Hurrell and Van Loon, 1997; Marshall et al., 2001). Positive
NAO results in a relatively dry winter in the Mediterranean but a warmer and wetter winter in
northern Europe, and vice versa. Because of its effects on precipitation, Mediterranean river
inflows are generally anti-correlated with the NAO. MOl is the most widely used teleconnection
index for the Mediterranean basin. There are different versions depending on the points of
reference (Criado-Aldeanueva and Soto-Navarro, 2013). We used the version obtained as the
normalized pressure difference between Gibraltar and Israel (Palutikof, 2003). It reflects
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differences in temperature, precipitation, circulation, evaporation and other parameters
between the eastern and western basin. Positive MOI phases are associated with increased
atmospheric pressures over the Mediterranean Sea that promote a shift of the wind trajectories
toward lower latitudes leading to milder winters (Criado-Aldeanueva and Soto-Navarro, 2013).
Under these conditions, reduced precipitation is observed in the southeastern Mediterranean
region (Tornros, 2013). With some regional differences, NAO and MOI express relatively similar
climate patterns over the Mediterranean Sea since they are highly positively correlated in winter,
and weakly but still significantly correlated in summer (Efthymiadis et al., 2011; Martinez-Asensio
etal., 2014).

2.5. Statistical analyses

Linear trends in the PP series were calculated using Theil-Sen slope adjustment (Sen, 1968) of the
residuals of the deseasonalized series. Only pixels where the trend is statistically significant at the
95% level were considered. Correlation analyses used to statistically investigate relationships
between datasets were tested using the Pearson Product Moment correlation. Differences
between means were tested using Kolmogorov-Smirnov test (Frank and Maseey, 1951).

3. RESULTS
3.1. Coastal primary production

Annual integrated coastal primary production (2PPcoast) in the Mediterranean Sea is estimated
here at 0.075 + 0.002 GtC yr?, which represents some 20% of total carbon fixation in the
Mediterranean Sea (Table 1). Mean annual PP (PPamean) per surface area is 16% higher than in the
open ocean (158 + 126 and 136 + 40 gC m2 yr! respectively; see Table 1). Approximately, 80% of
this 2PPcoast is sustained by recycling processes and, the rest, is new production exported to the
seafloor or to nearby areas.

Marked differences in PP are observed between the more productive western coasts and shelf
waters in the eastern basin (PPamesn = 167 + 106 gC m2 yrt and 139 + 120 gC m2 yr?, p<0.001).
However, the Adriatic shelf is by far the most productive basin of the Mediterranean Sea (PPamean
=198 + 148 gC m2 yr, Table 1). Annual carbon fixation is 76% higher in the eastern (ZPPeast =
0.037 £0.002 GtCyr?) than in the western shelf (ZPPwest = 0.021 + 0.001 GtC yr!) which is due to
greater eastern surface area (about twice the western surface area; Table 1). PPamean varies
between 90 and 300 gC m? yrin the western shelf, and between 50 and 220 gC m2 yr? in the
eastern basin where lowest values (<75 gC m? yrl) are found along the Gulf of Sirte.
Contrastingly, PPamean exceeds 120 gC m2 yr't in the Adriatic basin reaching values above 400 gC
m=2yrtin the north western coast (Fig. 2a). The most productive coastal regions (>180 gC m2 yr-
1) are mainly located in the European coast and are related with the outflow regions of major
rivers. This is best revealed by the coefficient of variation of PP (CVep) that it is enhanced in the
mouth of the Ebro, Rhone, Tiber, Po, Neretva or Nestos/Evros (Fig. 1 and Fig. 2b). Along the
western African coast, PPamean is Not particularly low (>180 gC m yr!); however, being the shelf
very narrow, its contribution to 2PPcoast is marginal.
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Table 1. Surface area, annual mean surface Chl (Chlmean), annual averaged PP (PPamean) and annual
integrated PP (2PP) for the Mediterranean Sea, open ocean waters, and coastal waters during the
period 2002-2016.

Surface area Chlmean PPamean 2PP
(10°km?) (%)  (mgm?)  (gCm?yr?)  (GtCyr?) (%)
Mediterranean Sea 2,504 0.19+0.78* 141 +32** (0.383+0.118***
Open ocean waters 1,975 0.11+0.18* 136+40** 0.308+0.118
Coastal waters 529 100 0.49+0.65 158 + 126 0.075 £ 0.002 100
Western shelf 141 27 0.44+0.95 167 + 106 0.021 +£0.001 28
Eastern shelf 287 54 0.45+0.64 139+120 0.037 £ 0.002 48
Adriatic shelf 101 19 0.65+0.98 198 + 148 0.018 + 0.001 24

* Annual mean surface Chlvalues (Chlmean) obtained by averaging the 8-days and 4-km resolution of surface
satellite Chl values obtained from CMEMS time series (2002—-2014).

** PPmean estimated by averaging published satellite data shown in Table 2.

*** 3PP estimated from published data for open ocean waters and values from the present study.
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Fig. 2. a) Distribution of annual mean PP (PPamean,) and b) PP coefficient of variation (CVep).
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Table 2. Published values of annual mean PP (PPamean) and annual integrated PP (2PP) estimations

for the different Mediterranean basins.

Region Period PPamean IPP Method Reference
(years) (gCm2yr?) (GtCyr?)
Global
estimation - 80-90 In situ (**C data) (Sournia, 1973)
1981 94 +60-117.5+75%* Satellite (CZCS) (Morel and André, 1991)
1979 - 1983 125 - 156* 0.308-0.385* Satellite (CZCS) (Antoine et al., 1995)
1997 - 1998 190 Satellite (SeaWiFS) (Bricaud et al., 2002)
1998 - 2001 79.1-88.4 Satellite (SeaWiFS) (Colella et al., 2003)
1998 - 2001 130 - 140 Satellite (SeaWiFS) (Bosc et al., 2004)
1998 - 2007 0.5 Satellite (SeaWiFS)  (Uitz et al,, 2010)
1998 - 2013 116 Satellite (5 sensors) (O’Reilly and Sherman, 2016)
Western
basin 1980 - 1985 120 In situ (Oxygen) (Bethoux, 1989)
1981 157,7 Satellite (CZCS) (Morel and André, 1991)
1979 - 1983 157 -197* Satellite (CZCS) (Antoine et al., 1995)
1996 140 - 150 In situ (**C data) (Conan et al., 1998)
1997 - 1998 198 Satellite (SeaWiFS) (Bricaud et al., 2002)
1991 - 1999 83-235 In situ (**C data) (Marty et al., 2002)
1996 145 In situ (**C data) (Moutin and Raimbault, 2002)
1998 - 2001 93.8-98.8 Satellite (SeaWiFS) (Colella et al., 2003)
1998 - 2001 163+7 Satellite (SeaWiFS) (Bosc et al., 2004)
Eastern
basin 1980 - 1985 137 - 150 ** In situ (Phosphorous)  (Béthoux et al., 1998)
(including 1981 109.4 Satellite (CZCS) (Morel and André, 1991)
Adriatic) 1979 - 1983 110-137* Satellite (CZCS) (Antoine et al., 1995)
1997 - 1998 183 Satellite (SeaWiFS) (Bricaud et al., 2002)
1996 99 In situ (**C data) (Moutin and Raimbault, 2002)
1998 - 2001 69.1-81.5 Satellite (SeaWiFS) (Colella et al., 2003)
1998 - 2001 121+5 Satellite (SeaWiFS) (Bosc et al., 2004)
Adriatic
basin 1978 - 1983 241 -301* 0.0235 Satellite (CZCS) (Antoine et al., 1995)
1998 - 2001 92.4-104.4 Satellite (SeaWiFS) (Colella et al., 2003)

* The estimates from Antoine et al.(1995) and Morel and André (1991) have been corrected by a factor of
1.25 as recommended by Morel et al. (1996).

** Obtained from Colella et al. (2003), who estimated it using f ratios (the ratio between new and total PP)
obtained from Boldrin et al. (2002).

ef-ratios are generally low, varying between 0.1 and 0.3 (Fig. 3a). Highest PP values are highly
constrained to shallow coastal areas and riverine discharge areas (Fig. 3b). These values are in the
range of early estimations by Dugdale and Wilkerson (1998). In the rest of the coastal regions,
PPnew is quite homogeneous varying between 10 and 60 gC m™2 yrt. PP, that may exceed 200 gC
m2yr?, represents on average 77 + 3% of total production (Fig. 3c). The annual POC flux, ranging
from ~5 up to ~100 gC m™ yr!reveals that high flux values (>50 gC m™ yr?) correspond to the
riverine continental margins, coinciding with the areas where the contribution of PPy is higher
(Suppl. Fig. S3). The relationship obtain for the satellite derived PPnew and POC correlate for the
Mediterranean coastal waters is of r = 95%. In the Mediterranean Sea shelves, the mean value of
PP deposited as carbon on the seabed is 56 gC m™ yr?, corresponding to 28% of the total mean
PP.
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Fig. 3: a) Averaged ef —ratio, b) annual new PP (PPnew) and c) annual regenerated PP (PPieg) for the
Mediterranean coastal during the period 2002-2016.

Spring is the most productive season in coastal waters of the Mediterranean Sea (Fig. 4). Average
seasonal PP values from spring to winter are 54 + 36, 44 + 36, 34 + 7 and 33 + 26 gC m™ season’
! respectively. The maximum mean daily production (PPamean) 0ccurs around mid-March in both
western and eastern basins (PPamean = 0.70 + 0.23 and 0.49 + 0.30 gC m2 d? respectively).
Although mean global values indicate that summer is highly productive, summer PP values are
biased by high rates remaining early in the season in northern coastal regions such as the Adriatic
Sea, the Gulf of Lions and, less so, the northern Aegean. In particular, PP in the Adriatic peaks late
in the year, between May and June (PPamesn = 0.82 + 0.51 gC m™2 d!). Seasonal coefficient of
variations are shown in Supp. Figl.
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Fig. 4. Mean seasonal PP over the 2002—-2016 period for coastal Mediterranean areas (< 200 m isobath).
Quarterly composites: winter (Dec-Jan-Feb), spring (Mar-Apr-May), summer (Jun-Jul-Aug) and autumn
(Sep-Oct-Nov).

3.2. Long-term variability and trends

As shown in Fig. 5, long-term variability is dominated by short scale variations (i.e. subdecadal).
2PPcoast €xhibits moderate interannual variability (up to 12%) whereas basin scale interannual
variations range between 19% in the eastern and western basins to 22% in the Adriatic basin.
Positive anomalies extended between 2004 and 2010 (mean 0.076 + 0.001 GtC yr'?; Fig. 5a). Year
2012 was particularly anomalous in all three basins. This anomaly was apparent between 2012
and 2014 in the eastern basin (Fig. 5¢). The difference between the estimated maximum and
minimum annual 2PPcoastar is 0.01GtC yr .

Long-term trends in PP at the 95% level are only significant in the eastern and Adriatic Sea
(p<0.05; Fig. 5). However, while a slight negative tendency is observed in the eastern basin (-12.5
TC decade™), the Adriatic Sea displays a positive trend (+10.5 TC decade™). As revealed by Fig. 6,
several regionally coherent patches of significant trend in PP are observed along the coast. Most
of these regions presented declining PP trends. Typical trend magnitudes observed along the
Spanish Mediterranean coast and the North African coastal from the Gulf of Gabes range from -
0.05 to -0.1 g€ m% decade™. Contrastingly, coherently with basin scale trends, significant positive
PP trend is observed in the Adriatic Sea exceeding +0.1 gC m decade™.
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Fig. 5. Monthly integrated PP anomalies, where black solid lines indicate the original data and blue solid
lines show its low frequency, over the 2002-2016 period for the Mediterranean coastal areas (< 200 m

isobath). Each panel shows the entire and the different sub-basin: a) Mediterranean coast, b) western
coast, c) eastern coast and d) the Adriatic coast. The grey band indicates year 2012.
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Fig. 6. Theil-Sen trend in primary production over the Mediterranean coastal Sea estimated from daily
values for the 2002—2016 period. Only significant trends (p<0.05) are shown.
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An inverse correspondence between long-term XPP and SST variations (r = -0.54, p<0.001; Fig.
7a) is found at global scale. This correlation was similar in the western and the eastern basin (r =
-0.51, p<0.001), but it was not significant in the Adriatic basin. In addition, we observed evidence
of inverse relationship between PP variability and the phase of the climatic indices NAO and MOI
(Fig. 7b-c). A positive phase of the indexes resulted in a decrease in 2PP and the opposite pattern
(r=-0.29, p<0.001 and r = -0.40, p<0.001 respectively). We also observed different connection
between the index variability and the different regions depending on the season. In autumn, NAO
had more influence in the PP variations in the western basin (r = 0.37, p = 0.02) whereas in
summer, it presented higher influence in PP variations in the eastern basin (r = 0.22, p = 0.08).
MOl variations correlated best with PP variations in spring (r = 0.39, p = 0.01), when productivity
is high. No significant correlation was found during the winter season for any index.
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Fig. 7: Monthly 2PP: for the coastal Mediterranean and a) SST anomalies, b) NAO and c) MOl

3.3. Coastal regionalization

The nine characteristic temporal PP patterns, their corresponding spatial distribution obtained
from SOM analysis and the 18 zones in which the coastal region was classified are shown in Fig.
8. Generally, wider shelfs present higher spatial complexity manifested as a larger number of SOM
patterns present in these zones. More than 65% of the shelf waters correspond to R1, R2 and R4
regions. While R1 and R2 corresponds to the less productive areas influenced by oceanic
conditions (PPamean = 73 + 39 and 115 + 50 gC m2 yrl, respectively; Table 3), R4 presents slightly
higher productivity than R1 and R2 (PPamean = 151 + 63 gC m2yr'; Table 3) and a wider daily range
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of variation (0.17 - 0.74 gC m2 d’%; Fig. 8) mainly corresponding to the Adriatic Sea open waters
and slope regions in the western Mediterranean (22.1% of the coastal surface).
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Fig. 8. a) Characteristic temporal patterns of PP obtained from [3 x 3] SOM classification (R1 to R9) and b)
coastal regions defined from alongshore variations of the SOM — regions (Z1 to Z18).

Variations in mean PP among the SOM regions reveal that R2, the pattern with the highest
occurrence (29% of the total surface area), comprises vast shelf regions around the main
Mediterranean islands such as the Balearics, Corsica, Sardinia and Sicily but also the central
Aegean coastal region. R4 pattern, the second extended surface was localized mainly in the
deepest coastal areas of the Adriatic basin. Both R2 and R4 clusters were characterized by a PP
of approximately 0.016 Gt C m2 yr, contributing together to 44% of the total productivity of the
coastal areas. In contrast, R7, R8 and R9 represented the highest productive areas (PPamean >340
gCm2d?; Table 2). R8 and R9 clusters are constrained to ROFIs (Simpson, 1997) next to the Nile,
Po and Rhone deltas, but also represents the northern Alboran sea. Indeed, R8 is exclusively
restricted to the mouth of the rivers and presents a range of variation of 0.76 to 2.62 gC m? d*
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With PPamean 1.5 + 0.42 gCm2 d%. R7 pattern is exclusively located in the shallowest inner shelf of
the Gulf of Gabes and it is bounded by R3, a transition region between the inner and outer shelf.
Unlike the other regions, where PP peaks in late winter-spring, maximum PP in R7 occurs in fall.
Finally, R5 and R6 are transition regions accounting for 23.6% of the total productivity and
covering 17.7% of the total coastal region. While R5 is mainly located in deltas areas, R6 is located
in the western Mediterranean shelf, including the north African coast (0.78 - 1.11 gC m2 d’%; Fig.
8).

Table 3. Coastal surface area and its coverage percentage, annual mean PP (PPamean) annual
integrated PP (ZPP) and its contribution in each SOM-defined region to the total coastal
Mediterranean Sea PP.

Area PPamean 2PP

(km?) (%) (gCm?yr?) (10°GtCyr?) (%)
R1 87,281 166  73+39 530+042 7.1
R2 152,572 28.9 115+50 16.60+0.69 22.3
R3 24013 46 127+67  284+026 3.8
R4 116,484 22.1 151+63 16.42+0.67 22.0
R5 43211 83 227+116 885+046 118
R6 49,053 9.4 195+108 8.93+0.40 11.8
R7 9962 2 346+180 2.70+0.17 3.6
R8 13,944 2.7 575+283 528+030 7.1
RO 26,135 5 341+179 7.77+0.44 104

The SOM-based regionalization in Fig. 8 reveals two different groups of coastal waters; those with
low cross-shore variability (including one or two SOM regions; i.e. Z1, Z13, Z16 and Z18); and
those strong cross-shore gradients, including several SOM-regions from (i.e. Z4, 79, 712, 715,
Supp. Table 1). The first pattern is typically observed in narrow continental shelf areas with low
influence river inputs whereas the second group is found in regions with wider continental shelf
such as ROFIs (the Rhone delta, the north and western coastline of the Adriatic Sea and the Nile
Delta) and the Gulf of Gabes. Table 4 shows the mean and 2PP of the eighteen alongshore zones
obtained. The western Adriatic (Z9) and the Gulf of Gabes (Z17) are the largest contributors to
Y PPcoast cOntributing together to 40% of total shelf production in the Mediterranean Sea but, in
the case of Z17, it is mainly due to its large extension. Mean PP per surface area is high in the
norther Alboran sea (Z1), Nile delta (Z15), the western Adriatic (Z9), and Gulf of Lions (Z4). With
the exception of Z1, these zones receive important riverine fluxes (Q).
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Table 4: Surface, river discharge flow (Q), annual mean PP (PPamean), annual integrated PP (ZPP)
and its contribution respect to the total coastal Mediterranean Sea PP for each of the 18
alongshore zones characterized in the Mediterranean Sea after the SOM regionalization.

Area Q* PPamean IPP

(km?) (%) (km3yr?) (gCm?yr?) (x103GtCyrl) (%)
Z1 1,891 0.4 0.5 321+189 0.51 £0.05 0.7
72 7,312 1.4 1.2 178 £99 1.17 £0.11 1.6
73 19,095 3.6 21.4 180+ 101 3.18 £0.25 4.2
Z4 15,377 2.9 57.7 224 + 125 3.14 £0.21 4.2
75 888 0.2 1.9 142 + 84 0.10 £0.01 0.1
6 20,636 3.8 14.6 176 £ 121 3.24 £0.25 4.3
Z7 30,020 5.6 0.5 120 £ 68 3.24 £0.26 4.3
8 8,276 1.5 3.7 146 £ 89 1.00 £0.09 1.3
79 65,553 14.1 70.5 225+ 169 1344 £1.11 17.9
Z10 41,486 7.2 35.8 147 £71 5.37 £0.35 7.2
711 58,947 11.0 21.5 122 £+ 89 594 +046 7.9
712 26,027 49 21.2 203 +£153 448 +0.56 6.0
Z13 3,108 0.6 0 76 £42 0.19+0.02 0.3
714 17,014 3.2 21.3 160 + 108 232 £0.15 3.1
Z15 28,884 54 17 231+ 196 591 £+0.26 7.9
16 46,614 8.7 0 70 £ 46 3.07 £0.28 4.1
717 124,539 23.2 1.1 140 + 106 16.54 £+0.79 22.1
718 13,571 2.5 6.1 209 +111 2.54 +0.17 3.4

*(Ludwig et al., 2009; Milliman and Farnsworth, 2011; Skoulikidis et al., 2009; Tokner et al., 2009)

4, DISCUSSION
4.1. Coastal primary production

To our knowledge, this is the first study focused on the contribution of coastal waters to overall
PP in the Mediterranean Sea. We quantify in 20% the contribution of coastal waters to basin scale
carbon fixation in the Mediterranean Sea, and mean coastal values (158 + 126 gC m™2 yr?) are
similar to the mean global values over the continental shelf (160 + 40 gC m™ yr'!; Smith and
Hollibaugh, 1993). While this estimation is subject to the uncertainties inherent to the limitation
of ocean color information to the upper ocean (<25 m) and to the poor performance of the ocean
color models in some areas (i.e. Case-ll waters), it provides an approximation to net rates of
carbon fixation in coastal areas that is consistent with global estimations of the contribution of
coastal areas to oceanic production (14 - 30%; Gattuso et al., 1998). Bias in coastal Chl estimations
is mainly due to the presence of non-phytoplankton components such as CDOM or other
terrestrial substances (Morel et al., 2006). These compounds are originated by coastal erosion,
resuspension in shallow areas, river inputs or anthropogenic effluents. Likewise, Case-Il affects
the propagation of photosynthetic radiation through the water column (Morel, 1991). However,
for surface Chl values ranging from ~0.04 to ~3 mg m?, @ in equation (1) would vary only by +
4% around its mean (Morel, 1991; Morel and André, 1991). In any case, Case-l waters are largely
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predominated in the coastal Mediterranean regions whereas Case-ll waters are reduced to less
than 5% of the whole basin. In particular, they are confined to the north Adriatic Sea, Gulf of
Gabes and around Nile delta (Antoine et al., 1995; Bosc et al., 2004; Morel and André, 1991)
where our PP estimations may present larger uncertainties. However, our values for the Nile river
delta, >100 gC m™ yr?, are only slightly higher than those reported by Antoine et al. (1995), 80-
100 gC m2 yr. Highest values, >300 gC m yr, are restricted to a narrow coastal area. In the
case of the Adriatic Sea, Zoppini et al. (1995) estimated PP rates from 210 to 260 C m™ yrtin the
north coastal areas of the Adriatic Sea that are between 15 and 30% lower than our estimations.
However, Umani (1996) reported large PP variability in the Adriatic coastal areas, varying from
~50t0 200 gC m2yr.

Because of its extension, the eastern basin contributes more importantly than the western basin
to overall coastal production (48% and 28%, respectively; Table 1). Carbon fixation in the Adriatic
is somewhat lower (24% of global Mediterranean basin) but it cannot be omitted considering its
reduced extension (19% of Mediterranean coastal waters). The relevance of the contribution of
the Adriatic relies in two main characteristics; (1) coastal waters (<200 m) constitute a large part
of the Adriatic Sea and (2) about one third of the river discharge in the Mediterranean is
concentrated in the Adriatic Sea (Table 4; Ludwig et al. (2009). Indeed, patterns in the northern
Adriatic Sea reflect a variation in the drivers of PP with respect to other regions. For example,
while internal processes (i.e. vertical diffusion and mixing) and, less so, atmospheric deposition,
drive PP in most coastal waters, production in the north Adriatic would be mainly driven by fluvial
sources of carbon and regeneration through bacterial pathways (Umani et al., 2007). Moreover,
distinctive dynamics in this sea is driven by the influence of river outflows on stratification and
general circulation patterns (Djakovac et al., 2012; Giani et al., 2012).

Here, from ef-ratios, we estimated that on average only 23 + 15 % of the coastal production (37
gC m?2 yr) in the Mediterranean Sea is new and the rest is sustained via regenerated sources.
This PPrew value is comparable mean organic carbon that sinks to the sea floor (28%, estimated
following Muller-Karger et al., 2005; and Pace et al., 1987; Supp. Fig. S3) but higher than PPpew
estimations provided by Vidussi et al. (2001) for oceanic waters in the eastern basin (15% of total
production). However, it should be noted that our coastal average not only includes the more
productive waters in the eastern basin, but also, the highly productive areas in the northern
Adriatic. Indeed, higher ef-ratios (>0.3) are observed in the areas where nutrient inputs from the
Atlantic and river effluents significantly enhance PPnew (Fig. 3a). Further, ef-ratios present
significant seasonality, varying between 0.29 + 0.04 in the most productive winter-spring season
and 0.16 + 0.02 in summer, when the water column is strongly stratified and food web shifts to a
more recycling dominated system.

Moran et al. (2002) estimated in 16%, the fraction of total PP that is directly released by
phytoplankton to the dissolved carbon pool sustaining bacterial production, but values as high as
35% have been reported by Ldépez-Sandoval et al. (2011) in the oceanic waters in the
Mediterranean Sea. Because of the nutrient limitations and predominance of microbial pathways,
exportation to the adjacent ocean or to sinking of organic matter is weak. Unlike, the oceanic
waters in which POC sinks to the deep ocean, sinking organic matter in coastal waters is
intercepted by the seabed, which explains the richness of some benthic communities. For
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example, areas favouring accumulation, such as submarine canyons are site of enhanced benthic
productivity (Palanques et al., 2005).

PP in the coastal ocean is in the root of the sustainment of high trophic level organisms. The fate
PP in the ocean is determined by food web structure. Picoplankton and small autotrophs that are
grazed by microheterotrophs typically characterize pelagic assemblages in the Mediterranean
Sea for most of the seasonal cycle (Siokou-Frangou et al., 2010). This community is known to be
highly responsive to local or episodic variations in nutrient availability presenting high variability
in its composition along the coast (Caroppo et al., 2006). Major switches occur during the late
winter-spring bloom and, occasionally on autumn, when this community switches to a diatom
dominated assemblage (Psarra et al., 2000). The fate of this production can be tightly controlled
by microheterotrophs (Drira et al., 2010).

Duarte and Cebrian, (1996) estimated that grazing by microheterotrophs (mainly protists) and
mesozooplankton removes about 57% and 41% of oceanic and coastal marine PP, respectively.
Accordingly, Schmoker et al. (2013) estimated a mean consumption of 57% of PP in regions such
as the Mediterranean Sea with a PP consumption five times higher for micro- than for
mesozooplankton. This value is subject to strong seasonal variations, with up to 100% of
phytoplankton production removed daily by microbial grazers in summer and only 25% in winter,
which is attributed to changes in the planktonic community composition (Calbet, 2008). This
implies that about 0.03 GtC yr* would be grazed by microherbivores. Approximately 35% of this
ingested carbon would be respired allowing about 0.02 GtC yr! to be available for higher trophic
levels (Bougis, 1974; Kigrboe et al., 1985; Pagano et al., 1993; Schmoker et al., 2011). This value
is consistent with estimations of the proportion of primary production that sustain fisheries
(between 24.2% for tropical coastal shelves and up to 35.3% for temperate coastal shelves; Pauly
and Christensen, 1995). Nevertheless, while strong linkage between PP and fisheries production
has been reported (Chassot et al., 2010), it is uncertain to what extent these PP rates sustain the
complex fishery, composed by a great number of fishes, crustaceans and mollusks with different
biological requirements (Lleonart and Maynou, 2003). A more direct effect is the influence of PP
rates on the location of fish spawning in this Sea, as reported by Sabatés et al. (2007).

4.2. Long-term variability and trends

Long-term trends obtained from available ocean color data present a high degree of uncertainty
particularly if decadal variability is sufficiently large. Indeed, as reported by Henson et al. (2010),
decadal variability can appear to reverse a climate change trend when short datasets are
examined. Despite these limitations, satellite observations of ocean color over the last decades
suggest relationship between warming and reduced productivity, yet most remarkable changes
are observed in permanently stratified areas (Behrenfeld et al., 2006). Since clear tendencies of
warming are observed in the Mediterranean Sea (Nykjaer, 2009; Pastor et al., 2017),
intensification of stratification and consequent mixed layer depth reduction would limit nutrient
supply to phytoplankton and, thus, limit PP (Behrenfeld et al., 2006; Stambler, 2014).

Barale et al. (2008) observed a general decrease in Chl biomass in the Mediterranean Sea over
the period 1998-2003. However, some coastal areas in their study displayed an inverse tendency.
Macias et al. (2015) anticipated no future global changes of integrated PP in the Mediterranean
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Sea from modelling results. They predicted a tendency to oligotrophication in the western basin
and increase in the productivity of the eastern basin. Our study reveals that, with the available
satellite data, global trends in 2PPcoastal in the Mediterranean Sea are not significant (Fig. 5a).
However, slight tendencies were observed in the Eastern and in the Adriatic basin (-12.5 and
+10.5 TC decade; Fig. 5c-d). A detailed spatial analysis reveals that, even in the western basin,
some regions present weak but spatially coherent and significant tendencies (p< 0.05; Fig. 6). In
particular, the eastern coast of Spain and the northern coast of Africa present declining
productivities. Conversely, trends in some areas of the Adriatic Sea were markedly positive (>0.1
gC m? decade) mainly due to the PP increase after 2008. While the negative tendency of the
eastern basin seems to fit with the assumed model of PP limitation associated with increasing
temperatures, the origin of the positive trend in the Adriatic basin is more uncertain. A plausible
explanation is the variation in the flux or/and loads of the northern Adriatic rivers. Indeed, Giani
et al. (2012) observed an increase of the Po River flow increasing phosphate and dissolved
nitrogen concentrations in the Po’s delta and its surrounding shelf waters. Alternatively, changes
occurring between 2004 and 2006 in the deep structure of the Mediterranean Sea could have
affected mass and nutrient exchanges between the Adriatic and the north lonian Sea (Font et al,,
2007; Schroeder et al., 2008; Soli¢ et al., 2008; Vilici¢ et al., 2012).

Long-term variations in the eastern and western basins are mostly coupled, suggesting that they
share the same PP drivers at this basin scale (Fig. 5b-c). A major feature in the interannual pattern
is a global decrease in productivity in 2012 that it extended to the following years in the eastern
basin (up to 2014). Durrieu De Madron et al. (2013) reported peculiar atmospheric conditions in
the Mediterranean Sea during 2012 that triggered a massive formation of dense water on the
continental shelf and in the deep basin of the Gulf of Lions. A similar anomaly was described in
the Adriatic shelf where unprecedented dense water generation was preconditioned by a dry and
warm year resulting in a significant reduction of coastal freshwaters and basin-wide salinity
increase (Mihanovi¢ et al., 2013; Raicich et al., 2013). Additionally, Pastor et al. (2017) observed
an anomalously temperature increase in the Mediterranean Sea during summer 2012. From our
analysis, we believe that this climate-related event had strong influence on the global coastal PP
of the Mediterranean Sea.

It has been often assumed that open ocean was more sensitive to climate influences while coastal
regions are more sensitive to land-based impacts. However, similarly to our results, several
studies have reported influence of climate variations in the coast (Belgrano et al., 1999; Cloern et
al., 2007). In agreement, we observed that climate driven forcings are also major drivers of coastal
productivity as suggest the inverse correlations between PP and SST and, more loosely, with
NAO and MOI (Fig. 7). While these correlations emphasize the pre-eminent role of climate
variability in the regulation of interannual to decadal scale coastal on coastal productivity, the
pathways through which this control of the atmosphere over coastal productivity is exerted are
complex and may regionally differ (e.g. Grbec et al. 2009).

Climate can influence phytoplankton growth by direct effect of temperature on algal metabolism,
by changes in basin scale circulation (including exchanges with adjacent seas), by regulating
nutrient supply through variations in the thermocline intensity, by changes in wind patterns
affecting mixing and dust deposition pathways or through changes in precipitation that have
direct influence on wet deposition and on river runoff. Nevertheless, these effects are modulated
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by changes in the biota and in the interaction between organisms (e.g. Molinero et al., 2005). The
relative importance of climate driven processes depends on regional characteristics and may be
seasonally varying. For example, variations in dust deposition are expected to be more important
in the eastern and southern Mediterranean coasts because to their proximity to the Saharan dust
sources and to the low relevancy of riverine inflows. Indeed, dust is considered to sustain more
than 50% of new production in the Levantine basin (Herut et al., 2002; Kress and Herut, 2001).
Likewise, variations in cooling and vertical mixing are expected to be more effective during late
winter when PP peaks and when diatoms dominate proliferate in the Mediterranean Sea (Lacroix
and Nival, 1998; Marty, 2002; Marty and Chiavérini, 2010).

Further, our results reveal that in contrast to other shelf areas like the North Sea (Capuzzo et al,,
2017) or the Arctic Ocean (Gregg et al., 2003) the coastal Mediterranean Sea did not globally
display a marked decline in PP during the last decades. We believe that in coastal areas, unlike
oceanic regions, a decrease in vertical nutrient supply though the thermocline may be
compensated by other nutrient sources. Variations in atmospheric deposition, groundwater and
river outflows together with the influence of human activities through changes in landscape use
and nutrient management are important sources of nutrient in the ecossytem and thus, act as
major drivers of PP in these waters (e.g. Paerl et al., 1999). As consequence of human activities
both terrestrial and coastal ecosystems have experienced progressive nutrient enrichment
(Conley et al., 2009; Deegan et al., 2012). However, while this effect is evident nearshore, its
influence in the ocean is estimated to be minimal (Wang et al., 2018). In the Mediterranean Sea,
high coast population growth rates and concomitant food demand have resulted in dramatic
increase of water demand for irrigation farming and fertilizer use (Ryan, 2008). Indeed, while
Mediterranean rivers have seen a significant reduction in freshwater discharge during recent
decades (~20%) their total nitrogen inputs are estimated to have increased by a factor of >5
fuelling PP in river influenced areas (Ludwig et al., 2009). While the importance of groundwater
in the Mediterranean Sea could be comparble to that of rivers (Rodellas et al.,, 2015) and
generalized nitrification of Mediterranean coastal aquifers is acknowledged (EEA, 1995; Zalidis et
al., 2002) general trends in groundwater discharges remain largely unknown.

4.3. Coastal primary production

Contrastingly, other drivers such as coastal upwelling, riverine inputs or inflows from adjacent
seas regulate regions like the northern Alboran Sea, northwestern Adriatic or the northern
Aegean. Depending on the magnitude of these processes a high degree of regional variation in
PP is observed (>4-fold) between the most productive areas (Z1 = 321 + 189 gC m2 yr?) and the
more oligotrophic areas (Z16 = 70 + 46 gC m™2 yr). In regions such as the northern Adriatic, PP
may be controlled by the rate of oxidation of organic matter supplied by river inflows. This fact,
together with the combined influence of the rivers discharging along the western Adriatic coast,
may explain the wide extension of influence of the Po River in the PP of the Adriatic Sea.

Coastal regionalization reveals marked differences in the productivity of coastal waters in the
Mediterranean Sea. Values range from 321 + 189 gC m2 yrtin Z1 (north Alboran) to 70 + 46 gC
m2yrlin Z16, extending along the coasts of Egypt and Libya. These values fit well with published
data, yet, literature values in coastal waters are highly variable depending on methodology, depth
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and/or sampling date. For example, Garcia-gorriz and Carr (2001) estimate values of 300 - 900 gC
m2yrifor Z1 but Moran and Estrada (2001) narrow this range to mean values between 366 and
121 gCm?yrldepending on distance from the coast. Pugnetti et al. (2008) reported mean values
of 150 gC m= yr! that are consistent with our values at Z8. In the lower range, Sournia (1973)
estimated 30 - 60 gC m2yrtin Z16. In this sense, despite the limitations inherent to satellite data,
the preset work provides estimations based on a homogeneous methodology.

The nine characteristic temporal patterns obtained from SOM analysis (Fig. 8) reveal small
differences in PP among the different regions. Most variations are due to changes in the
magnitude of carbon fixation but seasonality remains very similar. Exceptions are R7 and R3, in
the Gulf of Gabes, where seasonal PP maximum occurs late in the year and R8, and in the mouth
of major rivers, where seasonal peak is delayed between one and two months. Likewise,
interannual variations among regions are highly coherent among regions, following the basin
scale pattern shown in Fig. 5, including the exceptionally low productivity in 2012. Exceptions are
R1 in the Gulf of Sirte and R7 in Gulf of Gabes where a different interannual variability suggests
alternative sources of PP variability in this region. Indeed, the Gulf of Gabes is a peculiar region
displaying consistently high Chl and PP in most studies (e.g. Barale et al., 2008; Bosc et al., 2004).
Drira et al. (2008) reported high biomass and toxic dinoflagellate blooms in the inner shelf of the
Gulf of Gabes where surface nitrate concentration often exceeded 1 uM. This enrichment is
associated with degradation of the water quality attributed to industrial and urban activities
(Hamza-Chaffai et al., 1997; Zairi and Rouis, 1999). However, even though these waters may
suffer from eutrophication, satellite-borne data overestimates Chl with in these waters, as
revealed by in situ data. Katlane et al. (2011) observed constant high turbidity and suspended
matter of industrial origin affecting these waters but also, reflection from the bottom affecting
MODIS data. This suggests that general Chl algorithms may be particularly inaccurate in this
region.

The magnitude of coastal PP has been often related to both shelf width and magnitude of river
discharge (Liu et al 2010). Our data does not display a general relationship between shelf width,
Q and PPamean (Table 4 & Fig. 9). Indeed, wide shelves with important river discharge flux from
the Po, and Rhone and Nile rivers display high productivity (Z4, Z9 and Z15> 224 gC m™ yr?)
whereas production is low in narrowest shelves like 72, Z5 and Z16. However, PP in some regions
with important river inflows, like Z10, are significantly lower (147 + 71 gC m™ yrl). In other
regions, like R1 and R8 productivity is high despite the lack of important freshwater sources.
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Fig. 9: Relation between shelf width and river discharge flow (Q). The size of the bubbles is proportional
to the annual mean PP (PPamean) of each of the 18-defined zones (see Fig. 8 and Table 4).

The role played by river discharges depends both on Q and on nutrient loads. Most
Mediterranean rivers have lost their natural flows and discharges to the sea are strongly regulated
by dams and water abstractions. As a consequence, their outflow to the Mediterranean Sea is
highly uncoupled from climatic variability. Indeed, some rivers flowing into the Adriatic and lonian
Seas, like the Acheloos, Nestos or Aliakmon nowadays present high to maximum discharge in July
due to peak hydropower production (Skoulikidis et al., 2009).

Nutrient and organic matter loads have globally increased during the last century (Beusen et al.,
2016). Concentrations exported to nearby seas depend on the combined effects of lithology and
the effects of urban effluents, industry and agriculture in catchment basins that are often difficult
to quantify. Rivers like the Rhone and Po with important influence on coastal productivity flow
through extensive areas accumulating the impact from anthropogenic activities. Agricultural
practices and urban effluents can strongly determine the concentration and molar ratios of the
nutrients flowing into coastal waters. For example, despite the flux of the Nile river has been
drastically reduced after the operation of the Aswan Dam (from 47 to 17 km3 yr, Ludwig et al.
(2009), with a consequent diminishing of major nutrient contribution to this area (Azov, 1991),
the coastal region is still highly productive. This is explained by the fact that since the dam was
built in 1969—72 there has been a remarkable increase in inputs of nitrate from fertilizers and
sewage (Nixon, 2004, 2003; Turley, 1999). Conversely, pollution pressures in the western Balkan
basins are relatively low and the Neretva (210), running through a karstic region in Croatia display
considerably lower nutrient levels than the formerly mentioned rivers (Ludwig et al., 2009;
Skoulikidis et al., 2009).

Finally, other oceanographic processes determine the productivity of coastal regions. In
particular, Z1 and 718, in the Alboran Sea are comparatively more productive than other areas.
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The influence of winds and circulation patterns favouring subsurface water upwelling higher
productivity in the northern Alboran Sea where described by Garcia-gorriz and Carr, (2001). Also,
localized patterns of relatively high primary production were found in persistent deep water
density fronts resulting from the interaction of MAW and Mediterranean water by Lohrenz et al.
(1988).

5. CONCLUSIONS

In summary, PP in shelves coastal regions of the Mediterranean Sea during the period 2002-2016
is estimated in this study for the first time using the longest high-resolution NASA ocean-color
product available. This analysis demonstrates that although their reduced extension, interannual
variability and regional differences, their influence to the global Mediterranean productivity may
not be undervalued and ought to be included in future productivity studies.

In the present work, we estimated that 20% of PP of the Mediterranean Sea is attributable to
coastal production and from that, about 77% of this carbon fixation is sustained by regenerated
pathways. High PP variation was observed among the different regions that is mainly driven by
major river effluents. Our analysis also reveals that, with the available satellite data, global
Mediterranean climate trends in PP are non-significant but locally they mostly exhibit weakly
negative tendencies. Since most of the variability at larger scales is dominated by interannual or
sub-decadal variations, PP trends should be considered cautiously and longer records are
necessary for robust assessment of climate scale trends. Finally, we identify 18 alongshelf zones
based on temporal PP patterns. Two main PP groups were observed: zones with strong cross-
shore gradients, typically found in wider estuarine regions and homogeneous zones with narrow
continental shelf areas. This regionalization could help for a better comprehension and scientific-
based management of the coastal Mediterranean Sea.
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7. SUPPLEMENTARY TABLES AND FIGURES

Supp. Table 1: Percentages of SOM regions presence at each alongshore zone characterized in

Fig. 7 and Table 4 respect to the total number of pixels at each zone region.

%R1 %R2 %R3 %R4 %R5 %R6 %R7 %R8 %R9
1 1 0 0 0 10 16 1 5 67
22 2 7 0 48 3 36 0 1 3
3 3 2 0 43 4 44 0 0 4
4 2 2 0 25 34 19 1 2 15
5 7 32 0 45 8 7 0 0 1
6 2 26 0 29 6 27 0 1 9
Z7 8 85 0 5 0 2 0 0 0
8 7 49 0 18 2 23 0 0 1
29 1 0 0 49 26 0 2 7 15
710 4 9 0 77 6 3 0 0 1
711 23 58 0 11 2 4 0 1 1
212 3 10 0 33 28 16 0 5 5
Z13 90 7 0 2 1 0 0 0 0
714 6 39 0 28 13 8 1 1 4
715 27 14 6 4 4 9 3 15 18
716 96 2 0 1 1 0 0 0 0
717 8 54 17 8 2 4 6 1 0
718 2 2 0 1 7 80 0 1 7
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Supp. Fig. S1. Coefficient of variation for mean seasonal PP values over the 2002—2016 period for the
coastal Mediterranean areas (< 200 m isobath). Quarterly composites: a & e) winter (Dec-Jan-Feb), b & f)
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IV. GENERAL DISCUSSION

This work provides insight on three main aspects of phytoplankton dynamics in the
Mediterranean Sea. Section Il - Chapter 1 addresses the characterization of the seasonal and
non-seasonal components of phytoplankton variability, emphasizing differences in the response
of oceanic and coastal regions. Much of phytoplankton variability in the open ocean is generated
by the annual cycles of solar radiation and atmospheric heat input (Cushing, 1959; Sverdrup,
1953) and, indeed, seasonality is the strongest Chl signal for most the Mediterranean Sea.
However, we show that in shelf areas and regions with particular dynamics (i.e. straits and sills),
phytoplankton variability is affected by many additional processes acting at either shorter or
larger timescales. We also show that seasonal patterns are time varying, as demonstrated by the
observed trends in phytoplankton phenology. These long-term trend estimations, still present
large uncertainties, but they provide an interesting perspective of decadal and climatic variation
in the ocean.

Section Il - Chapter 2 emphasizes the need to consider the regional differences in the
Mediterranean Sea as far as the long-term phytoplankton dynamics is concerned. The
Mediterranean is a region characterized by strong climatic contrasts that are indebted to the
restrictions to ocean and atmospheric flows by coastal topography and land orography, which
results in large differences in driving forces such as wind stress or river outflows (Trigo et al.,
2006). This section investigates the importance of these regional differences in the response to
climate driven variability.

Section lll - Chapter 3 assesses the contribution of coastal waters to basin scale carbon fixation
rates. Coastal waters (i.e. <200 m depth) represent up to 20% of the Mediterranean waters and
therefore are proportionally more relevant than in the global ocean. Thus, their contribution to
carbon cycles in the Mediterranean Sea cannot be neglected. Mediterranean shelf regions display
great variability and are highly susceptible to environmental and anthropogenic changes (Pinardi
et al., 2004). Consequently, in this section the coastal zone is divided into several regions that
display marked regional differences in PP. Most of these variations are due to bathymetric
characteristics of the shelf (i.e. width, shallowness) or to the presence of major river discharges.



IV. General Discussion

The interannual variability at basin and regional scale and its relationship with climate indices is
also considered in this chapter.

The present work addresses different aspects of phytoplankton dynamics in the Mediterranean
Sea by focusing on Chl and PP variability. Regional and interannual variability has been considered
as a fundamental part of each chapter as well as the differences between coastal and oceanic
regions. The subsections below discuss more in detail the main relevant aspects reported in each
of the three chapters presented in Section Ill.

Chapter 1. Trends in phytoplankton phenology

This chapter provides a vision on the seasonal, the irregular and the interannual variability of
phytoplankton in the Mediterranean Sea. Since seasonality is a major driver of phytoplankton
variability, characterizing phenology is crucial to understand the long term responses of marine
ecosystems. In this chapter, phytoplankton phenology has been characterized by using a
threshold-based methodology (Racault et al., 2017b). This approach has not been applied to the
Mediterranean Sea until now but its adequateness has been tested in previous studies in other
world areas (Kassi et al., 2018; Land et al., 2014; Platt and Sathyendranath, 2008; Racault et al.,
2012; Siegel et al., 2002). This method, based on a pixel-by-pixel time series threshold approach,
brings novelty compared to previous phenological studies in the Mediterranean region, such as
the ones by D’Ortenzio and Ribera d’Alcala (2009) or Lavigne et al. (2013), that are based on
climatological patterns. Additionally, the threshold method allows to detect more than one
phytoplankton growing period. Secondary blooms have been previously described in regional
scale studies (e.g. Macias et al., 2018; Mayot et al., 2017); however, a comprehensive assessment
of the occurrence of secondary blooms in the Mediterranean Sea had not been addressed before.

Several studies demonstrate that climate change influences the phenological responses of marine
phytoplankton. Phenological changes affect the rates of carbon sequestration in the ocean. Also,
changes in the phenological response of phytoplankton disturb the interactions with other
components of the pelagic food webs and may cause mismatch in the trophic exchanges
(Edwards and Richardson, 2004). These mismatches can be caused by either shifts in bloom
timing, variations in seasonal biomass peaks or changes in species composition affecting prey-
predator relationships (Hillebrand et al., 2018).

There is plenty scientific evidence indicating that climate warming induces shifts in phytoplankton
biomass and in its phenology. Indeed, SST in the Mediterranean Sea have increased over the last
4 decades (Nykjaer, 2009; Shaltout and Omstedt, 2014) and models expect conditions to be
warmer and drier with increase evaporation at least until 2100 (Mariotti et al., 2015; Sakalli,
2017). Poloczanska et al. (2013) reported a general trend in the onset of the phytoplankton spring
bloom of -4.4 + 0.7 days decade™ attributed to global warming. However, the Mediterranean
phenological trends herein reported show a delay in the onset of the main phytoplankton growing
period (+9 5 days decade™?) and in the peak timing (+12 + 8 days decade™). While this may seem
contradictory with global trends, there are evidences demonstrating different responses in
phytoplankton phenology depending on the particularities of each oceanic system. For example,
Henson et al. (2018) reported that there is no clear global tendency since bloom timing generally
shifts later at mid-latitudes and earlier at high and low latitudes by ~5 days per decade. Also,
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Gittings et al. (2018) reported that for the period 1998 - 2015, the tropical northern Red Sea
presented weaker winter phytoplankton blooms, initiating later and lasting shorter.

Large uncertainties remain in the estimation of long term trends in phytoplankton phenology
derived from ocean color information (Mélin et al., 2017). Nevertheless, although some of the
presently derived tendency may be highly influenced by decadal patterns of variation, large
improvements are expected as longer satellite data time series become available.

Chapter 2. Patterns of chlorophyll interannual variability

In this chapter, SOM analysis of ocean color data is used to define different regions in the
Mediterranean Sea based on their temporal Chl variations. With some exceptions (i.e. Solidoro et
al. 2007), this is a clustering technique that had not been applied before to the study of
phytoplankton dynamics in the Mediterranean Sea. SOM analysis can be used as an alternative
to traditional k-means clustering with the advantage that is 'topology preserving': i.e., similar
neighboring clusters are usually grouped together.

The results of the regionalization obtained in this chapter somewhat differ from previous studies
(e.g. D’Ortenzio and Ribera d’Alcala, 2009; Lavigne et al., 2013). One of the most relevant
discrepancies is that while an extensive homogeneous region is obtained in the eastern basin
using SOM analysis, other methodologies delimit different sub regions in this basin (Ayata et al.,
2018). Another relevant characteristic depicted from SOM analysis is that a detailed definition of
coastal gradient zones is obtained. This allows to discriminate coastal regions affected by
different features such as rivers, shallow regions or slope areas where Chl varies at small spatial
scales. This high pattern definition allows to adequately detect characteristics poorly defined in
previous studies.

The PSC spatial distribution examined for the different SOM-defined regions demonstrated that
the three defined phytoplankton sizes (pico-,nano-,micro-) coexist at every region. The
predominance of one group over the others is strongly dependent on the physical and biological
processes occurring at each region. Our regionalization reveals that in oceanic oligotrophic
regions picoplankton Chl contribution can suppose >50%. By contrast, bigger phytoplankton sizes
(nanoplankton and microplankton) shows relevant percentage values (~50% nano-,20 - 25%
micro- against a lower value of about ~30% from pico-) in areas controlled by external nutrient
inputs such as the north Adriatic, the Alboran Sea or the NWMS (i.e. river discharges or winter
convection processes that inject nutrients to the surface layers). This is consistent with previous
studies performed in the Mediterranean Sea (Di Cicco et al., 2017; Sammartino et al., 2015).
Nevertheless, Di Cicco et al. (2017) reported that nanoplankton Chl contribution dominates in the
western basin and coastal regions, ranging from 30 to 40% of total phytoplankton, whereas
picoplankton is the principal Chl contribution size group in the eastern basin. Although this partly
agrees with our results, our regionalization allows to identify some oceanic areas in the western
basin where picoplankton Chl contribution is also dominant, such as the south Balearic and the
Tyrrhenian Seas.

Uitz et al. (2012) quantified the contribution of each PSC to the PP of the Mediterranean Sea using
the classification described in D’Ortenzio and Ribera d’Alcala (2009). These authors concluded
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that 48% of the PP at basin-scale was due to nanoplankton. They also reported that
microplankton increases its contribution to PP during the spring bloom (~38% vs. 27% coming
from nanoplankton). Despite that our study does not quantify the contribution to PP of the
different size groups, we also observe an increase in the microplankton community to Chl
contribution (up to >20% ) during winter and spring, mainly in coastal regions.

A main result portrayed in Chapter 2 is the response of phytoplankton biomass at each
biogeographical region to climate forcing. The different regions present dissimilar response to
climate variability. For instance, the regions in the western basin are more influenced by NAO
than the eastern ones. Negative phases of NAO are associated with an increase precipitation and
lower SST in winter in the western basin with a subsequent increase in Chl. The enhanced mixing
and river runoff could be the cause of that increase in Chl concentration. Contrastingly, ENSO is
more influential in the central and eastern basins in its positive phase. We speculatively infer that
this is mediated by the effect of enhanced dust deposition in this region. Our study reports that
dust concentration practically doubles in regions located in the eastern basin (i.e from 30 - 40
umg m3 in the Gulf of Gabes and the extended eastern basin). Therefore, years with more
nutrient-rich dust deposition may be associated with a positive phase of ENSO and a subsequent
increase in Chl (DeFlorio et al., 2016).

The wavelets analysis reveals that a high correlation between NAO and Chl signal is observed at
periods of 1.2 years (mainly in the western basin) and, to a lesser degree, at a 3.4 years in the
most productive waters. Besides this 1.2 year Chl - NAO relationship pattern (i.e. phytoplankton
dynamics to climate variability), a shift is observed around years 2004-2007 revealing non —
stationary coherence of mainly winter Chl with NAO at the same time interval. NAO changed from
positive to negative value in 2005, and the relevant period of correlation changed from the 1.2
to be the 3.4 period after. This shift may be caused by caused by global environmental factors
affecting the Mediterranean Sea thought the NAO index. For instance Schroeder et al. (2016)
reported an abrupt change in 2005 in the intermediate and deep layers of the western
Mediterranean waters that brought significant dense water formation events with an increase in
the Chl level of the basin.

This chapter sustains the idea that regional scale responses ought to be considered in future
climatological studies in the Mediterranean Sea. Global scale analyses miss relevant information
for the interpretation of phytoplankton dynamics and composition. Moreover, this study reveals
that the influence of climate variations on marine phytoplankton are non-stationary and that
other factors may override present relationships between Chl and climate.

Chapter 3. Primary production in coastal waters

This chapter is focused on coastal regions since they have been traditionally avoided in satellite-
based studies due to their complex optical characteristics. Present understanding on the
contribution and trends of PP shelves is very limited because PP estimations have been
traditionally inferred from in situ observations at discrete locations during a specific time and
using different methodologies. In this work, a homogeneous and spatially coherent satellite-
based method is used to estimate PP in the coastal waters of the Mediterranean Sea. In particular,
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a specific light-dependent and depth-integrated and time-resolved version of the model for
carbon fixation is used to estimate PP (Morel 1991; Antoine and Morel 1996).

One of the most relevant contributions of the present study is the estimation of overall
contribution of coastal waters to basin-scale PP in the Mediterranean Sea. It is estimated that
coastal regions contribute to 20% of the total annual integrated PP in this sea. This is mainly due
to the contribution of the eastern basin, and specifically to the carbon fixation rates occurring at
the extensive Gabes-Sicily region. This area represents 22% of the total integrated annual PP
which is on average 28 times higher than PP in other areas. The Adriatic region is the basin with
the highest annual mean PP (~200 gC m™ yr). This region is highly influenced by the Po River
which is the one the largest rivers discharging in the Mediterranean Sea (Struglia et al., 2004).

A second important aspect to consider in this chapter is that approximately 80% of total carbon
fixation is of regenerated origin. Only about 20% comes from new nutrients. As main sources of
these allochtonous nutrients are river discharges, new PP is mainly located in the Po, Rhone and
Nile delta. This new PP presents marked seasonal variability, being higher in spring and winter
and lower in autumn. Bethoux (1989) reported that new PP in the Mediterranean Sea varies
between 12 and 35 gC m2 yr, and anticipated an increase of this value during the 21 century
due to the increasing of anthropogenic P discharges. Using a different approach, our study reveals
a higher value of mean new PP at basin scale of 40 gC m2yr. No study has been found reporting
global new and regenerated PP. However, their relative contribution can be inferred from global
ef-ratio maps reported in Laws et al. (2011), i.e., the higher the ratio, the higher the new PP. At a
global scale, ef-ratios varied from 0.1 to 0.9, being higher values placed at high latitudes (e.g Arctic
Sea). Herein, it is reported an averaged ef-ratio of 0.23 for the Mediterranean Sea, which indicates
that most PP in the Mediterranean Sea is sustained by nutrient regeneration.

Another relevant aspect to consider in this chapter is that, although PP rate in the entire basin
does nor display a clear tendency in the last decades, there are some coastal Mediterranean
regions displaying weak but significant PP trends. Consistently, Macias et al. (2015) did not
observe a global trend at basin-scale during the period 1960 - 2012. However, they performed
some simulations to foresee a future oligotrophication in the western basin due to an increase in
stratification, and an increase in surface PP in the eastern basin because of increasing evaporation
rate. The results in this chapter show negative trends in the eastern basin (-12.5 TC decade™) and
positive trends in the Adriatic Sea (+10.5 TC decade™). Regionally, weakly declining productivity
trends are observed in the western side, particularly in the Gulf of Gabes and along the Spanish
coast. As mentioned in Section Il - Chapter 1, there is evidence of warming in the Mediterranean
Sea (e.g. Shaltout and Omstedt, 2014). Here we observe that PP is inversely correlated with SST
and although more poorly, with the climatic indices such as NAO and MOI. This may be a
consequence of an increase in stratification due to SST and subsequent decrease in productivity.
Contrastingly, the Adriatic sea shows an inverse pattern that may be attributed to variations in
the nutrient discharges by the Po River (Giani et al., 2012).

The final contribution of this chapter is that we illustrate the importance of regionalizing the
Mediterranean coastal waters. The resultant classification is consistent with the one obtained in
the previous chapter where regional differences are mainly due to the presence of different
degree of cross-shore variability patterns in shelf regions, which tend to be more common in
wider zones and regions affected by river inputs. PP magnitudes between the defined zones can
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vary by a factor of 5. This difference may be mainly due to its extension and input of nutrients.
Generically, regions that are more productive are the one with river presence.

Quantifying PP in coastal areas has special importance due to two main causes. Firstly, PP in the
coast maintains richer food webs than in the open ocean. Therefore, understanding changes in
PP in coastal areas is fundamental to the understanding the dynamics and productivity of coastal
ecosystems. The PP decrease seen in certain coastal waters may provoke a reduction of energy
and biomass transfer up (e.g. plankton to fish) in the food web (Macias et al., 2014). Secondly, PP
is a key ecological climate regulator since is responsible of organic matter exported to the deep
ocean. As a consequence, understanding PP variability is crucial to understand and predict the
effects of global warming, ocean acidification and the productivity of coastal fisheries (Cheung et
al., 2010; Doney et al., 2009; Keeling et al., 2010).
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V. CONCLUSIONS

As results of what has been exposed in the present work, we can extract the following general

conclusions:

1.

Ocean color remote sensing data is a valuable tool to address phytoplankton dynamics
and primary production variability at fine space—time resolution in the Mediterranean
Sea in both oceanic and coastal regions.

The assessment of phytoplankton dynamics reveals that seasonal variations are
dominant in oceanic Mediterranean areas whereas non-seasonal variability is important
in specific regions dominated by particular forcings (i.e. runoff, local winds).

Phenological indices (i.e. in timings and biomass) present differences between oceanic
and coastal areas, as well as at regional scale. It results relevant that at sub-basin scale,
the main growing period last about 20 days more and doubles the peak magnitude in the
western basin (~170 days and 0.9 mg m™®) respect to the eastern one (~150 days and 0.35
mg m?3).

The probability of occurrence of second growing periods is higher (~80 %) in coastal
waters, the NWMS and in the Strait of Gibraltar. In these regions, the main phytoplankton
growing period generally shortens with respect to the regions with only one growing
period.

A significant positive trend in Chl of +0.015mg m™ decade™ is observed in the western
basin. Contrastingly, the eastern basin reflects a negative Chl trend of about -0.004 mg
m= decade? over the period 1998-2014. These changes are reflected in the trends of
phenological indices where an increase in both amplitude and duration of the spring
bloom is observed in the western basin (bloom peak rising about +0.3 mg m= and lasting
+10 days decade™) whereas the opposite occurs in the eastern basin (bloom peak
reducing about -0.03 mg m™ and lasting -12 days decade™).
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6.

10.

11.

12.

It is demonstrated that phytoplankton response to climate is regionally varying. Long-
term Chl interannual variability is influence with NAO variability in the western
biogeographical regions whereas a better coherence with the positive phase of ENSO in
seen in the eastern and central zones.

A shift occurred in the coherence between NAO and Chl around year 2005 in western
basin. This change in phytoplankton is consistent with previous studies reporting changes
in intermediate and deep layers of the western Mediterranean basin during the same
year.

Coastal regions contribute to 20% of the overall primary production in the Mediterranean
Sea, with a mean primary production of about 200 g€ m?yr? and a total value of 0.075
GtCyr. Up to 50% of this carbon fixation occurs in the eastern basin, 28% in the western
shelf and 24% in the Adriatic.

High spatial variability is observed in the primary production of coastal Mediterranean
waters. Values range between 70 and 500 gC m2 yr™.

About 80% of primary production in the coastal Mediterranean Sea is regenerated. New
primary production is constraint to specific regions where sources of nutrients are
frequent such as the north Adriatic Sea or the Alboran Sea.

An inverse correlation is found between the long-term primary production and sea
surface temperature variations (r = -0.5) at basin scale. A similar correlation is seen with
climatic indices NAO and MOI although with a slightly reduced value (r = -0.3 and 0.4
respectively)

No significant trend is detected at basin scale in primary production in the Mediterranean
Sea during the period 2002-2015. However, sub-basin scale differences are observed.
The Adriatic Sea has significantly increased its productivity by +10.5TC decade™.
Conversely, the eastern basin is becoming less productive, showing a reduction of -12.5
TC decade™ during the period of study.
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