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Preface

The present volume brings together a multidisciplinary, up-to-date survey of the current status
of our knowledge regarding the Mediterranean. It begins with the very birth of Mare Nostrum
along with all of the Earth’s oceans, “Let the waters under the heaven be gathered together unto
one place, and let the dry land appear: and it was so ... and the gathering together of the waters
called the Seas ... and it was good”.

The geology chapters relating past events that shaped the Mediterranean, as we know it,
are followed by discourses of current regimes and nutrient fluxes, and paleoclimatology.
These abiotic aspects set the stage for a detailed discussion of the main components of the
Mediterranean ecosystems and their trophic levels: chemosynthesis, primary productivity,
divided into phytoplankton, seaweeds and seagrasses, and moving through the various
heterotrophic taxa, bacteria, corals, mollusks, bryozoans, and crustaceans, through fishes.
All discussed taxa are viewed from their earliest Mediterranean evidence, present status and
future threats.

The past, present and likely future features of the Mediterranean ecosystems are discussed
from structural through functional aspects, in relation to paleoclimatic evidence, current pro-
cesses and future scenarios. Ongoing changes in biodiversity are presented as driven by the
increasing influx of Lessepsian Indo-Pacific invaders, facilitated by the exponential growth of
cargo shipping and the “tropicalization” of the Mediterranean.

A major focus of the volume is the discourse of Global Climate Change processes and
their main marine expressions, seawater warming and acidification, focusing on their likely
future effects on sensitive taxa, on the balance between bioconstruction and bioerosion
processes, ecosystem level changes and their socioeconomic consequences and opportunities.
Effects of the steeply accelerating changes in the water level, temperature and acidity of
the Mediterranean are covered in the book’s chapters, describing how these are likely to
force adjustments of maricultural practices and health safeguards, as they increase security
instability likelihood of tensions and conflicts. All of these require policy and legislation
responses.

Human relations with the Sea are examined, from our ancestors timidly skirting its
shores, while mixing genes and metes among surrounding tribes, all the way through the
intense marine traffic of our times, from exploiting the “Royal purple” to current mariculture,
overfishing and oil drilling and exploitation. Mankind’s responsibilities towards safe-
guarding the Mediterranean biodiversity and its cultural heritage summarize the volume’s
message: “And the LORD God took the man, and put him into the Garden of Eden to dress

it and to keep it”.
The volume is written by leading authorities in all relevant fields and will be an indispensable

addition to the bookshelves of specialists and advanced students, alerting them to the value of
a broad view of the Mediterranean and its abiotic features shaping life in its waters and along
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Preface

the long shorelines, the cradle of Western Civilization. It is unique in the breath of its scope,
covering geology, climatology, oceanography, ecology, botany, zoology, science of humanity,
history, culture, through socioeconomic analysis and forecasting.

Bologna, Italy Stefano Goffredo
Ramat Gan, Israel Zvy Dubinsky

The idea leading to the publication of this book was born during the implementation of the EU
project “CoralWarm — Corals and Global Warming: The Mediterranean versus the Red Sea”,
funded by the European Research Council under the European Union’s Seventh Framework
Programme (FP7/2007-2013)/ERC grant agreement n° [249930; www.CoralWarm.eu]
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The Geological Origins

and Paleoceanographic History
of the Mediterranean Region:
Tethys to Present

Vincenzo Picotti, Alessandra Negri, and Bruno Capaccioni

Abstract

In this chapter we briefly discussed the main steps of the evolution of the Mediterranean
sea, from the Tethys to its closure, until the present days. It is worth highlighting the impor-
tance of the physical processes controlling the final shape and bathymetry of the basin,
namely the subduction/collision of Africa and Eurasia and associated microplates, and the
erosion and sediment dispersal. Both carbonate platforms and organic rich layers (ORL or
sapropels) represent the sink of inorganic and organic Carbon, respectively. Therefore, their
occurrence and evolution is critical for the carbon cycle, with feedbacks on the global bio-
geochemical cycle. This chapter highlights how the most interesting geological objects are

the result of the interaction between the biological and physical processes.

Keywords

Mediterranean region ¢ Evaporites ¢ Sapropels ¢ Tethys ¢ Paleoceanography ¢ Paleoecology

Introduction

The Mediterranean we presently see is the result of a long
geological history of rifting, spreading, subduction and col-
lision of plates and microplates since the Mesozoic (Fig. 1.1).
At the beginning of that time, a wide ocean, the Tethys, was
encased between the continental masses of the Pangea, forming
a large gulf, wedging to the west into this supercontinent.
The subsequent geological history brings to the modern
Mediterranean through the collision between African and
Eurasian continents almost consuming all the former oce-
anic crust of the Tethys.

V. Picotti  B. Capaccioni (P<)

Department of Earth and Environmental-Geological Sciences,
University of Bologna, Bologna, Italy
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Nowadays, it is possible to distinguish the Western
Mediterranean from the Eastern, separated by the Sicily
channel and characterized by different age and setting.

The Eastern Mediterranean includes the oldest portion of
oceanic lithosphere preserved from subduction in two
remnants: the Ionian and Herodotus abyssal plains, at present
among the deepest portion of the Mediterranean. They con-
sists of an old oceanic lithosphere, possibly of pre-Jurassic
to Cretaceous age that is subducting under the Eurasian
plate. This subduction forms the Mediterranean Ridge, an
accretionary prism of deformed rocks, scraped off from the
subducting plate. Associated with this subduction are some
features that characterize the entire Eastern Mediterranean:
the opening of the Aegean sea, a back-arc basin created by
stretching of the upper (Eurasian) plate, due to the retreat of
the subducting plate. The Anatolian microplate started drift-
ing to the west at the same time of the Aegean spreading, i.e.
around 23 My ago, basically driven by the collision of Arabia
against Eurasia, and the occurrence of a free boundary to
the west, i.e. the Aegean opening. Toward the northwest,
the Tonian oceanic lithosphere subducts again part of the
Eurasian plate, with the accretionary prism affecting a wide
area known as Calabrian arc (see Fig. 1.1). The Adriatic Sea
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Fig.1.1 Main geostructure of the Mediterranean region

is a relict epicontinental sea formed by patches of carbonate
platforms and intervening basins, whose most prominent are
the Apulian platform and the Umbro-Marchean-Adriatic
basin. The sea is bordered by active margins, documenting
the subduction of the Adriatic plate to the northeast under the
Dinarides, as well as to the southwest under the Apennines.

The Western Mediterranean is much younger with respect
to the Eastern (Fig. 1.1). It developed as the now consumed
oceanic crust of the African plate (the so-called Neo-Tethys,
or Alpine Tethys) was subducted under Eurasia. The retreat
of this oceanic crust forced the upper (Eurasian) plate to
stretch and open back-arc basins, that developed in relatively
short time periods, as is the case of the Ligurian-Provencal
basin, started around 20 My and stopped at 15, the Alboran
and Algerian basins (between 16 and 8 My) and the
Tyrrhenian (between 7 and 2 My). The Corsica — Sardinia
block was rifted off from Eurasia and drifted to the present-
day setting by the opening of the Ligurian-Provencgal basin.
Also the Apenninic chain was rifted and rotated by the
opening of the Tyrrhenian Sea.

A Brief Synthesis of the Geological Evolution
of the Mediterranean Region

To describe the evolution of the marine environments along
time, it is necessary to recall the main steps that brought
from the Tethys to the present Mediterranean. The starting
point is around the beginning of the Mesozoic, the time of

the supercontinent Pangea, when the marine basins formed a
gulf within a large continental mass: the Tehtyan gulf. The
breakup and dispersal of the African and Eurasian plates,
interspersed with microplates, such as Adria and Anatolia
created a series of sub-basins collectively called Tethys, that
became a proto-Mediterranean after the Eocene, a time of
collision of continental masses against Eurasia. This process
brought about the progressive separation of the eastern
basins, also known as Paratethys, presently represented by
the residual Black Sea and Caspian Sea. The spreading of the
Western Mediterranean basins and the consumption of the
Tethyan oceanic crust dominated the Miocene and Pliocene
Mediterranean (23-3 My), until it reached a final confi-
guration at the end of the Miocene. The last 0.6 My of
the Miocene are very important for the evolution of the
Mediterranean, because of the severe drawdown that affected
the whole basin, and the associated dramatic changes in the
sedimentation dynamics. In fact huge amounts of evaporites
(gypsum, anhydrite and halite) deposited, especially in the
deepest portion of the basin, where they reach hundreds of
meters in thickness. After the opening of the Gibraltar
strait, the normal oceanic conditions re-established, and the
Plio-Pleistocene Mediterranean developed in conditions
gradually similar to the present-day.

In the following chapters, the history of opening of the
Tethyan and closure and formation of the Mediterranean is
provided with some more detail. The first chapter will
present the evolution of the Tethys from a paleogeographic
and paleoecologic point of view, whereas the most
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important events characterizing the evolution of the
Mediterranean after the collision will be focused on the
events of the last 6 My, i.e. between the end Miocene and
the Holocene.

Paleoecology of Tethyan Carbonate
Platforms as Trackers of Its Geological
Evolution and Associated
Paleoceanographic Changes

We briefly presented the rich and complex geological history
of the Mediterranean. In order to highlight the main evolu-
tionary steps of the basin from the Mesozoic on, we will
deal with one of the geological objects more sensitive to the
paleoceanographic changes: the carbonate platforms.

Geologists call carbonate platforms the accumulations of
carbonate sediments directly deriving from biotic activity in
the shallow sea, i.e. formed by skeletal rests of organisms or
mud crystalized after biotic activity (e.g. Tucker et al. 1990).
The present day global distribution of the carbonate plat-
forms allows associating paleoceanographic significance to
the their main ecologic characters. Warm, oligotrophic and
transparent shallow water favors photosynthetic or photo-
symbiontic organisms. Carbonate platforms developed in
such intertropical settings includes skeletal remains of green
calcareous algae, corals, calcareous sponges and endosymbi-
ontic thick-shelled bivalves, as well as non-skeletal mud or
ooids crystalized thanks to photosynthetic organisms, such
as bacteria and cyanophyceae among others. To recall the
main ecological relationships, these platforms have been
called Photozoan (James 1997). Cool, mesotrophic and tur-
bid water favors suspension feeders, such as mollusks, fora-
minifers, bryozoans, and, especially in the past, brachiopods
and crinoids. Water turbidity tends to select red calcareous
algae with respect to green algae, basically absent. The non-
skeletal fraction is virtually lacking, due to the strongly
reduced photosynthesis, hampering the productivity of
bacteria and cyanophyceae. Due to their living strategy, these
platforms, typical of temperate latitude, or even to areas of
upwelling and river mouth vicinity in tropical regions, are
known as Heterozoan (James 1997).

In Fig. 1.2 we compiled an evolutionary diagram of the
occurrence of carbonate platforms in the Tethyan and
Mediterranean basins from the Late Triassic on, based on
the ecological subdivision previously mentioned. The dia-
gram shows in a qualitative way the relative abundance and
the main ecological characters of the platforms, based on
published reviews (e.g. Bosellini 1989; Kiessling et al.
2002) and our own experience. The productivity of the plat-
forms varied through time, due to several reasons, related to
local and global variations/perturbations of the climate,
such as plate configurations changes, carbon cycle perturba-
tions, or the relative sea-level. In Fig. 1.2 we add three

curves, to track local and global variations: the dashed line
marks the paleolatitudinal evolution of a point presently at
around 40° on the Apulia platform (see Fig. 1.1), according
to Stampfli and Borel (2002). The paleolatitude do track the
changes of the whole basin to match the variations of local
plate configurations that can affect sea-surface temperature
or the current patterns, therefore directly impacting the car-
bonate platform communities (see Carannante et al. 1988).
The continuous curve, taken from Bown et al. (2004) shows
the evolutionary trend of calcareous nannoplankton,
worldwide, and is intended to track the global evolution of
planktonic primary producers. The closeness of this trend
with the curve of relative sea-level speaks about its control
on the speciation of the calcareous nannoplankton. Of
course, the misfits document the presence of other processes,
controlling the evolution of species in general, such as the
K/T boundary (bolide impacts) or the so-called Oceanic
Anoxic Events of the Cretaceous (global perturbations of
the Carbon cycle).

Throughout the Late Triassic and the Early Jurassic until
the end Pliensbachian the Tethyan gulf was at low latitude
protected from the zonal flux by the occurrence of the Pangea
Supercontinent to the west, therefore the scarce terrestrial
runoff and the wide shelves favoured the abundance of
Photozoan platform, locally interrupted by climatic pertur-
bations, such as the end-Norian humid period (Iannace and
Frisia 1994), or the early Sinemurian platform crisis (Picotti
and Cobianchi 1996). At the end of Pliensbachian, a pertur-
bation of the Carbon cycle occur, whose effects lasted till the
Early Toarcian (Cobianchi and Picotti 2001).

After the Pliensbachian, the carbonate productivity
shifted dramatically toward the Heterozoan, with abundance
of crinoids, brachiopods and minor non skeletal sediments,
such as ooids. At the same time, the paleolatitude was mov-
ing toward the tropic, reaching 28° at the Aalenian, around
180 Ma, due to the opening of the proto-Atlantic and its sea-
ways with the Tethys. This opening of a new corridor possi-
bly changed the trophic status of oceanic waters in the
intertropical belt. This perturbation was globally recorded by
the first decrease of calcareous nannoplankton species rich-
ness (see Fig. 1.2), and ended around the Bathonian, a criti-
cal period for platforms, with reworking of ooids toward the
basin. The Callovian and Oxfordian are periods of renewed
Photozoan platform, spreading all over the Tethyan margins
with abundant corals, calcareous sponge and green algae.
The Photozoan carbonate productivity was high, but slowly
decreasing up to the Valanginian, a time of crisis possibly
associated to a sea-level fall (Fig. 1.2). The paleolatitude was
well within the intertropical belt for most of the Cretaceous,
whereas the productivity was shifting, for the near absence
of corals and calcareous sponge and the presence of large
foraminifers, red algae and bivalves. Among these latter, the
prevailing were the Rudists, a group of thick-shelled pelecy-
pods, whose occurrence of endosymbionts is dubious, locally
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Fig. 1.2 History of the Tethyan carbonate platform compared with
local and global events. Width of brackets represents the distribution
of Photozoan and Heterozoan platforms around the present-day
Mediterranean. Grey bars are periods of crisis and non — deposition of

forming patches also in deep-water setting. For these rea-
sons, we showed in Fig. 1.2 an important component of
Heterozoan producers. Two oceanic events, widely recorded
on the Tethyan realm, but also worldwide, the so-called
Oceanic Anoxic Events of Early Aptian and Late Cenomanian
have been indicated. These events represents major perturba-
tion of the Carbon cycle, with the worldwide expansion of
the Oxygen Minimum Zone and the deposition of thick and
widespread organic rich deposits (black shales, see the
section “The Anoxic Events (Sapropels)”).

Their impact on the shallow water carbonate platforms is
difficult to ascertain, given the relatively short duration and
the difficult platform-basin stratigraphic correlation. It is
widely recognized, however, that the shallow water carbon-
ate factory cannot stand strong perturbations of the Carbon

I I |

100 200 300
relative sea-level (m)

platform carbonates. Dashed line represents the paleolatitude of a point
presently placed at 40° at the Apulian platform, dots represent the
data of Stampfli and Borel (2002). Nannofossil species richness and
sea-level curve after Bown et al. (2004)

cycle, such as those described, therefore serious stops of
the carbonate factories (drowning unconformities of Schlager
1993) are expected in coeval platform intervals. However,
these unconformities on the geological record of the
shallow water platform are not evident or well explored in
the literature.

Throughout the Late Cretaceous, the species richness of
the nannoplankton increased almost gradually, due to the
dispersal of the continents and the increase of the sea-level,
opening new ecological niches. The productivity of the
Tethyan platform was relatively high, but it collapsed at the
Cretaceous — Tertiary (K-T) boundary, one of the most
important extinction in the Earth history, together with the
richness of calcareous nannoplankton species. The recovery
after the K-T extinction was relatively rapid for the
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carbonate platforms, however the main producers were
mostly red algae, large forams and bryozoans, with minor
contribution of corals. Paleogene platforms, however, are
less abundant than the Cretaceous, for the double cause of
the continuous northward drift of the Tethyan realm, passing
the 30° of paleolatitude within the Eocene, and the increas-
ing elevation of the peri- Tethyan belts, shedding more and
more clastics to the sea, therefore diminishing the niches for
carbonate productivity.

Late Eocene to Oligocene was a time of minimum rich-
ness of the calcareous nannofossil species and of pronounced
low global sea-level. The Tethyan ocean at that time was
severely reduced, due to collision of the Indian continent and
other microplates to the west that closed most of the seaways
and separated a large internal basin, the Paratethys, mostly
filled now (Pannonian plains), but still represented by the
Caspian and Black seas. The Mediterranean seaway to the
east was interrupted and the local currents dramatically
changed: this brought about the near absence of carbonate
platforms.

The recovery of the carbonate productivity occurred dur-
ing the Late Oligocene, but the Photozoan organisms never
recovered, due to the increasingly high latitude. Only few
periods of time were warm enough to allow patch corals
to spread into the shelves: the late Burdigalian (Miocene
Climatic Optimum, around 18 Ma) and the Tortonian to
Early Messinian (Late Miocene, around 7 Ma), the latter
dominated by Porites corals. The carbonate platforms of other
times, less and less abundant through time are dominated by
mollusks, bryozoans, forams and red algae, locally showing
hyper-calcified skeletons during particularly warm periods.

After the late Messinian salinity crisis (around 5.6 Ma,
see next chapter) and especially with the onset of Northern
Hemishpere glaciations (around 3 Ma), the occurrence of
carbonate platforms are more and more patchy, mostly as
isolated banks of mollusks, documenting the increasing cli-
mate variability and associated variable paleoceanographic
conditions.

After the Mediterranean Closure

In the early 1960s, seismic soundings in the Mediterranean
found ubiquitous evidence of an acoustic reflector a few hun-
dred meters below the sea floor and closely simulating its
topography — named the M layer. In August of 1970 the
DSDP ship Challenger was positioned in the western
Mediterranean, south of the Balearic Islands, in almost
3,000 m of water. The geologists on board looking for the
source of that prominent sub-sea-floor seismic feature drilled
into a thick layer of anhydrite (calcium sulfate, precipitated
only from saline ground-water originally as gypsum) — and
stromatolites (organic fossils of algal mats likely formed in

an intertidal environment). These sediments indicated that
6 million years ago the Mediterranean, which had likely sim-
ilar bathymetry as today and had been deep sea for many
millions of years, had been a series of brackish lakes and
desiccated tidal flats, (Hsu 1983). Research since then has
built up the picture of one of the greatest evaporitic basins in
Earth history, not only in shallow marine environments, but
also widespread in the deeper Mediterranean.

The chronology of the event, although difficult because of
lacking fossil remains, is based on 87Sr, 0180, and 013C
isotopes, magnetostratigraphy, astrochronology, and strati-
graphical studies where uplift and exhumation have exposed
sequences, mainly in Italy and Spain. Although still matter
of debate the age of the progression of the event are:

7.24/6.88 Ma — alternations of marine marls and sapropels
(organic rich sediments, see later) in Sicilian and Northern
Apennine strata, reflecting gradual modification of water
exchange with the Atlantic ocean;

5.96+0.02 Ma — synchronous transition to regressive evapo-
rite deposition over the entire Mediterranean. Deposition of
Lower Evaporite unit (Fig. 1.3), possibly indicating a relative
sea-level fall of 200 m or even more;

5.8-5.5 Ma - complete isolation established. In basins
erosional surface/M-layer (lowstand in sequence stratigra-
phy terms), on land deeply incised fluvial channels cut.
Diachronous onset of transgressive Upper Evaporites (Sicily
and deep basins) and ‘Lago Mare’ deposits with anomalous
marine water masses, from brackish to fresh-water, fed by
(warmer?) wetter climate in river drainage areas (Willett
et al. 2000).

5.33 Ma — abrupt synchronous return to full marine conditions.
Miocene/Pliocene boundary. (Krijgsman et al. 1999).

It is now widely accepted that the closure of the marine
passages between the Atlantic and the Mediterranean, and
the consequent negative hydraulic budget, is responsible of
the large volumes of evaporites spread all over the
Mediterranean Sea. The important question, which is still
debated, is the mechanism which caused the isolation of
the Mediterranean and the major sea-level drawdawn —
glacioeustatic climate change, tectonic movements, or a
combination?

However, a fact is that the present-day precipitation-
evaporation budget in the Mediterranean basin is negative.
Without a significant inflow of ocean water from Atlantic, the
Mediterranean sea level cannot be sustained. An impor-
tant feature pointing to the dramatic drawdown of the
Mediterranean is that, during the lowstand, rivers incised
deep canyons. The building of the Aswan Dam in the 1950s,
1,200 km from the sea, was complicated by the discovery of
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Fig. 1.3 The Lower Evaporite unit in the Northern Apennines consists in well bedded gypsum deposited in tidal flats (Photo courtesy: G.B. Vai)

a deep narrow gorge in granite hundreds of metres below sea
level, and found to be 2,500 m deep below the Nile at Cairo.
The Rhone and Ebro also have gorges 1,500 m below sea
level, filled with late Miocene gravels and early Pliocene
marine fossils. Other buried gorges and channels have been
found in Israel and Syria and linked to the mouths of modern
rivers all round the Mediterranean. Atlantic and Pacific
canyons are linked to turbidity canyons on the continental
shelf, whereas the Mediterranean ones all appear to be
drowned river valleys (Hsu 1983).

Another important question is how did the Messinian
crisis end? The beginning of the Pliocene was warmer, and
rainfall increased in drainage areas, but the sudden return
to full marine conditions with deep- sea fossils, cannot be
explained by a climatic change. The maximum sea-level
risewas found to have been reached 170 Ka before oceanic
re- flooding. Faulting or tectonic slumping opening the
Gibraltar gateway in the Betic-Rif mountain arc have been
suggested, but have not been supported by any study. A recent
paper (Loget and Van Der Driesche 2006) proposed the
backward retreat of the river incision to explain the opening
of the Gibraltar V-shaped strait.

The Anoxic Events (Sapropels)

An important feature already appearing at the end of the
Miocene is the deposition of sediments rich in organic matter
that, according to Hilgen (1991), occur cyclically

(approximately every 22 kyr), this cyclicity being related to
the Milankovi¢ theory. Milankovi¢, in fact, mathematically
theorized that variations in eccentricity, axial tilt, and preces-
sion of the Earth’s orbit determined climatic patterns on
Earth through orbital forcing. This cyclical deposition is
interrupted by the evaporites sedimentation, but occurs once
again in the Early Pliocene. In fact, after the return to normal
marine condition, the Mediterranean sea experienced dramatic
anoxic events that swiped out almost completely the life on
the sea bottom. These events are materialized as dark sedi-
ments called sapropels.

Sapropel (a contraction of ancient Greek words sapros
and pelos, meaning putrefaction and mud), is a term used
in marine geology to describe dark-coloured sediments, rich in
organic matter, which occur, alternate to normal sediment, in
the Mediterranean. Those sediments were studied in great
detail after two Scientific cruises (DSDP Leg 13 and Leg
42). Since the very beginning, the researchers inferred that,
since those levels are interbedded as dark layers within
lighter “open marine” sediments, the formation of these
layers should refer to short-lived, but dramatic, alterations in
oceanographic conditions probably linked to climatic cyclical
changes. Since then, many models dealing with the origin of
those layers have been proposed. Among the various processes
that have been invoked to explain sapropel formation
(see Rohling 1994 and Rohling et al. 2009 for a review),
the “stagnation/anoxia” and the “increased productivity”
models are the most discussed. According to the stagnation/
anoxia model, anoxic bottom conditions are caused by a
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Fig. 1.4 From bottom to top: Medstack detrended power in the 23, 41
and 100 k band (Colleoni et al. 2012); Sapropels (black, organic
content>2 %) and grey layers succession from Emeis et al. (2000b)

strong stratification of the water column that prevents
vertical mixing and oxygen supply to the bottom waters. The
origin of this stratification was explained as due to increased
Nile river runoff linked to the periodic enhancement of the
African-Asian monsoons (Rossignol-Strick 1983, 1985) and
by increased rainfalls and river discharge along the northern
part of the Eastern Mediterranean Sea (Cramp et al. 1988;
Rohling and Hilgen 1991). Instead, the “increased productivity”
model, sapropel deposition is linked to enhanced organic
matter flux (Calvert 1983; Calvert et al. 1992), since the
present production of organic matter in the eastern
Mediterranean cannot account for the high values of organic
carbon (TOC) characterizing these layers (Calvert 1983).
However, sapropels are probably the result of a combined
interplay of the two causes that are not mutually exclusive
and some authors (Rohling and Gieskes 1989; Castradori
1993; Rohling 1994; Emeis et al. 1998, 2000a, b), proposed
a mechanism in which stratification and productivity could
have been combined.

Sapropels occur in the whole Mediterranean basin, but
their origin has been and still is matter of debate. Those
layers represent a response of the Mediterranean system to
the climatic perturbation and preferentially occur during time
intervals of high CO2 in the atmosphere (Negri et al. 2012),
when the system reacts sinking Organic Carbon to the sea
bottom. Then, sapropels or ORL must be seen as a precious
source of information, useful for the understanding of the
evolution of our changing planet. In this frame, the recently
published paper by Colleoni et al. (2012), in fact show that

and Lourens et al. (1996). The vertical dotted line corresponds to the
intensification of the Northern Hemisphere Glaciation (~2.75 Ma).
MPT Mid Pleistocene Transition

the sapropel deposition is related to monsoon intensification,
and the response of the Mediterranean is linked to the
precession signal but also to the influence of the high
latitude processes (e.g. glaciations). This paper examines
the behavior of the planktonic foraminifera signal in a
composite stack encompassing the last 4.5 Ma. They show
(Fig. 1.4) that the interruption of the cyclical deposition of
sapropels corresponds the so-called Middle Pleistocene
Transition (MPT), when the glacial intervals alternate to the
interglacials forced by the 100 kyr cyclicity (eccentricity),
instead of the 41 kyr (obliquity). This means that the signal
of ice formation at the high latitudes penetrates to the low
latitude and perturbs the processes, causing the deposition
of sapropels. In addition, the Authors evidence that in the
first part of the Pliocene before the NHG (Northern
Hemisphere Glaciation) intensification the occurrence of
gray intervals (roughly: not well developed sapropels)
suggests that the monsoon intensity was reduced during
the Early Pliocene compared to the Late Pleistocene and
was able to expand further to North Africa only during
exceptional precession times (Larrasoafia et al. 2003).
Indeed, less and less gray layers were deposited and more
and more black sapropels were formed but only during the
largest summer insolation peaks, with increasing correlation
between the African monsoon index and the occurrence
of sapropels.

Finally, the 8'%0 signal evidence that the Mediterranean Sea
(Fig. 1.4), before the intensification of the NHG, shows a regional
signal (related to the monsoons) precession. Afterwards, but
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before the MPT, the signal is mixed, dominated by the polar
obliquity signal. After the MPT, also the response of the
Mediterranean sea is synchronized with the Oceans showing
fluctuations related to the 100 kyr periodicity.

This strengthens the suggestion that sapropels must be
considered not only a geological accident, but instead they
must be explored at a global scale to decipher the response of
a system like the Mediterranean to extreme climatic events.
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A Channeled Shelf Fan Initiated
by Flooding of the Black Sea
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Abstract

High-resolution mapping and reflection profiling reveal a depositional fan on the Black Sea
SW shelf fed from the Strait of Istanbul (Bosporus). The fan is constructed with an initial
deposit of pebbles mixed with glacial and post-glacial shell debris. The pebbles are identical
in their composition to quartzite and gabbro recovered in drill cores from the Bosporus
Strait. Directly above the pebble layer are mollusks and foraminifera of Mediterranean
provenance dated at 6.9 ka bp (uncorrected). Synchronicity between the onset of fan con-
struction and arrival of Mediterranean fauna suggests an origin linked to the connection of
the Black Sea’s lake with the global ocean. The volume of the chaotic interior of the fan is
comparable in magnitude to the volume excavated from the floor of the Bosporus Strait. We
propose that when the exterior ocean breached the sill of this inlet, it transformed into an
outburst of saltwater that gained energy as it enlarged the inlet. Torrents stripped the glacial
and post-glacial covering from its pathway and scattered entrained debris in sheets and
mounds as far away as the edge of the shelf. Even in areas where the pre-existing cover
survived, its eroded surface attests to the passage of flooding water.
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Introduction

The Black Sea is the world’s largest (534 x10° km?®) and
deepest (2.2 km) body of water whose physical, chemical
and biological properties are regulated by the nature of its
connection to the external ocean as well as to its extensive
fluvial system (Strakhov 1971; Sorokin 1983; Murray et al.
1991). Today this connection is via the Strait of Istanbul
(Bosporus) through which excess fresh water is expelled to
the Sea of Marmara and saltwater from the Mediterranean
is supplied (Oguz et al. 1990; Ozsoy et al. 1993). During
this two-way exchange, the saltwater passes through the
Bosporus as an undercurrent. Upon entering the Black Sea,
it flows across the continental shelf. The plume remains
mostly confined within a network of channels and experi-
ences minimal turbulent entrainment with overlying water
(Di Torio and Yiice 1999; Gregg and Oszoy 1999; Ozsoy
et al. 2001, 2002). It is only at the shelf break and beyond
where the major mixing with the Black Sea cold interme-
diate layer takes place (Bogdanova 1963; Latif et al. 1991;
Ozsoy et al. 1993). The Black Sea deep-water is the product
of this mixing between the two-end member compositions
(Murray et al. 2007).

At times of past low global sea level this inflow did not
exist. The Black Sea transformed into a giant inland lake
(Arkhangel’skiy and Strakhov 1938; Chepalyga 1984).
Assemblages of diatoms in deep-sea drill cores (Schrader
et al. 1979) and mollusks from coastal outcrops (Svitoch
et al. 2000; Sorokin 2011) indicate that during the past
five million years the Black Sea has been predominately a
fresh to brackish lake with only 8—10 marine incursions
in late Pleistocene interglacial stages coinciding with
brief episodes of high global sea level (Zubakov 1988).
This paper addresses the last reconnection of the
Mediterranean with the Black Sea. Most researchers con-
sider this reconnection and subsequent mixing of waters
to have been a gradual process with the surface of the two
seas at the same level when the post-glacial global ocean
surface reached the elevation of Bosporus inlet (Ross
et al. 1970; Kuprin et al. 1974; Fedorov 1988; Lane-Serff
et al. 1997; Aksu et al. 2002; Hiscott et al. 2002; 2007a, b).
However, an alternate and now controversial hypothesis
has proposed an abrupt flooding of saltwater into the lake
whose surface lay below the inlet (Ryan et al. 1997a, b;
2003).

North of Bosporus exit, the continental shelf of the Black
Sea has a conspicuous delta-shaped apron of sediment
crossed by a splay of channels leading to the heads of subma-
rine canyons (Fig. 2.1). The surface of this deposit has been
mapped with multibeam echo-sounding methods (Di Iorio
etal. 1999; Flood et al. 2009; Okay et al. 2011). The interior has

Fig.2.1 Shaded relief bathymetry of the margin of the Black Sea north
of the Bosporus Strait. Bathymetry is from digital elevation models
obtained with multibeam swath mapping (Lericolais et al. 2003;
Di lorio and Yiice 1999). Shown are the locations of the three surveys
reported here and Figs. 2.3, 2.4 and 2.5

been imaged by seismic reflection profiles (Aksu et al. 2002;
Algan et al. 2002, 2007; Gokasan et al. 1997, 2005; Okay
et al. 2011). The channel network is clearly sourced from the
Bosporus. We adopt the term ‘shelf fan’ from Flood et al.
(2009) to describe this feature.

Prior Observations

The northward-flowing undercurrent in the Bosporus has
been known and exploited by mariners since antiquity
(Scholten 1974). The floor of the 22-km long Strait has
now been mapped in remarkable detail by the Department
of Navigation, Hydrography and Oceanography of the
Turkish Navy (Gokasan et al. 2005). On its winding pas-
sage from the Sea of Marmara the Bosporus deepens
northwards from a —33 m sill near Istanbul to its exit into
the Black Sea at —75 m. Although containing some sub-
stantial sediment fill in a bedrock gorge, bathymetry and
seismic reflection profiling show that below a depth of
around —50 m the valley has an inner, more sinuous chan-
nel that has been eroded into earlier fill. This entrenched
inner channel continues out onto the Black Sea shelf as a
straight chute. After 8 km it turns in a broad curve to the
NW (Fig. 2.1).
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Fig.2.2 Contours at a 2-m interval of the shelf fan showing in red the
paths of the channels and their bifurcations. (elevation model from; Di
Torio and Yiice 1999). Boxes with white outline demark surveys of areas
3 and 4

Shelf Fan Morphology

The shelf fan displays an active main trunk with numerous
secondary channels as well as abandoned trunks and their
channels (Di Iorio et al. 1999) (Fig. 2.2). Although the lateral
levees of the main active channel now block older pathways,
there are some escape routes through low regions of the
levees. Flow pathways have shifted during the construction
of the fan, leaving inactive distributaries (Fig. 2.3). This evo-
lution has constructed a fan deposit that is thick under levees
and thin within the interfluves and with many bumps,
mounds, pinnacles and tear shaped islands.

The levee tops and backsides are crenulated by sub-
parallel asymmetric bedforms of 1-4 m in height and spaced
100-500 m apart. These bedforms are particularly evident on
channel floors as well as on the flanks of levees, where the
active channel exiting the Bosporus turns to the northwest. In
the bend, the steepest sides of the asymmetric bedforms face
away from the channel and the ridge crests are oriented more
or less parallel to the levees. Outside of the levees, the asym-
metric bedforms are nearly perpendicular to the levees. Even
where aligned in fields and parallel to each other, the crests
of bedforms are not straight, but somewhat sinuous. The
levees and interfluves of the distal channels are thoroughly
crenulated. Overall, there seems to be a somewhat system-
atic SE-NW orientation to the bedform crests.

Fig. 2.3 The main channel trunk curving to the NW and branching
around ‘tear-shaped ‘islands’ (upper left) produced by the changing
paths of the channels crossing through the shelf fan and tear-shaped
elevations (lower left) caused by upstream accumulation of sediment
against mounds protruding through the fan surface. These especially
large protrusions are abundant on the inner shelf near the exit of the
Bosporus Strait. Illumination is from the upper right (NE)

Many protrusions dot the surface of the shelf fan both in
the distal portions of the shelf as well as in the environs of
the channel levees (Fig. 2.3). Sedimentation on the lee side
of protrusions results in tear-shaped knolls.

Seismic Stratigraphy

A shelf-wide unconformity appears in reflection profiles
crossing all Black Sea margins (Ryan et al. 1997a,b, 2003;
Aksu et al. 2002; Genov 2004; Algan et al. 2007; Lericolais
et al. 2007a,b; Glebov and Shel’ting 2007). Where sampled,
this unconformity has been identified as an erosion surface
developed during a lowstand of the lake (Fig. 2.4). On the
SW Black Sea shelf the reflector that corresponds to this
unconformity has been labeled o (Aksu et al. 2002). A paleo-
shoreline of the lake has been documented on the Ukraine
(Evvsylekov and Shimkus 1995; Ryan, et al. 1997a), Russian
(Ivanova et al. 2007), Romanian (Lericolais et al. 2007a, b)
and Bulgarian (Dimitrov et al. 1979) margins at a depth circa
—90 to —95 m. The shoreline appears in reflection profiles as
a prominent wave-cut terrace, steep shore-face with berm
and an adjacent belt of relict coastal dunes (Ryan et al.
1997b; Naudsts et al. 2006; Lericolais et al. 2009).
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Fig. 2.4 Reflection profile extending from the mouth of Bosporus
Strait, crossing the Shelf Fan and two of its channels and reaching
Area 4. The interior “chaotic deposit)” of the fan consists of highly-

Litho- and Bio-Stratigraphy

Where sampled by cores landward of the paleo-shoreline, the
erosion surface is covered with a relatively thin (5-20 cm)
deposit composed mostly of sand- to gravel-size fragments of
freshwater mollusks (called a shell hash) with rare intact
specimens of Dreissena sp. dated between 8.8 and 8.2 ka bp'
(Major et al. 2002, 2006; Lericolais et al. 2007a, b). Some of
the individually-dated Dreissena specimens co-occur in the
same sample with Monodacna caspia and Turricaspia caspia
lincta dated somewhat younger and between 7.9 and 7.2 ka
bp and occasionally with Cardium exiggum (also called
Cardium edule or Parvicardium exiguum) dated at 7.15 ka bp.
All of the intact specimens (i.e., still articulated when sam-
pled) of fresh to brackish affinity from this shell hash on these
three margins have an ¥Sr/*Sr isotopic composition (0.70897
—0.70912) indicative of an on-going mixing of Mediterranean
water having a value of 0.709155 with Black Sea water hav-
ing a distinctly different isotopic composition of 0.70885
(Major et al. 2006). The shell hash often contains stained,
abraded, polished and fragmented specimens. When such
specimens are individually dated, they produce scattered
ages. These shells, the shell debris (all bleached white) and
detrital sand with occasional gravel that makes up the bulk of
the shell hash, have been interpreted to be a lag deposit
derived from the substrate while the surface of the continental
shelf (i.e., its wave ravinement surface) was transgressed by

! Lower case bp indicates uncorrected AMS measurements. Calibration
to calendar years is not provided due to inadequate knowledge of radio-
carbon reservoir ages, as will be discussed. All dating is with single
specimens.

reverberant strata. This deposit is draped by a more acoustically transparent
cover. The Shelf Fan has been built upon reflector al. Unit 1B is present
only in the mid region of the Shelf Fan at depths between —80 and —95 m

the rising level of the lake (Lericolais et al. 2007a, b). Directly
above the shell hash, one finds Cardium exiggum with an age
no earlier than 7.15 ka bp (Ryan et al. 1997a, b, 2003; Major
2006). The fully euryhaline species Mytilus galloprovincialis
appears with an age of 6.9 ka bp.

It is only at locations beyond the paleo-shoreline that one
finds sandy mud with mollusks living during the period pre-
ceding Younger Dryas stadial and Bglling-Allergd intersta-
dials of the terminal Pleistocene (Major et al. 2002; Ryan
et al. 2003).

Methods

In July-Aug 2005, we investigated the internal structure of the
shelf fan with reflection profiles calibrated by coring. Our
surveys aboard the R/V Mediterranean Explorer deployed an
Edgetech SB424 chirp reflection profiler navigated by GPS.
N-S and E-W track lines were spaced 185—-150 m apart. Each
of the three survey regions was approximately 4 by 6 km on
a side. The digital field data were sampled at a 0.125 ms inter-
val across a 0.2 s window and recorded in jsf format. The files
were converted to SEGY format for shipboard analysis with
the TKS Kingdom Suite® software package. We digitized
seafloor and subsurface reflectors to generate bathymetric and
sediment thickness maps to assist the targeting of sites for
sampling. Gravity coring was accomplished with a 10-cm
diameter and 3-m long barrel propelled by a 400 kg core
head. Cores were split, photographed, described and sampled
at sea. Radiocarbon dates were obtained on ultrasonically
cleaned single shells at the NOSAMS facility in Woods Hole,
MA and at the Archacometric Laboratory of the Weizmann
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Fig. 2.5 Area 1-2. (a): Bathymetry contours showing a chain of
mounds trending down slope towards the NE. Also depicted are the
crests of asymmetric bedforms, and a channel where the sediment
veneer above unconformity o is swept clean. Lines 13a and 13b are
profiles of Aksu et al. (2002) and are labeled according to their figure
number. The other lines (a, b, ¢) show the locations of chirp profiles

Institute of Science, Rehovot, Israel. Cores are archived (one
half each) at the Istanbul Technical University and the
University of Haifa.

We conducted our exploration in three rectangular regions
and one transit line (Fig. 2.1). Two surveys are located near the
shelf edge where the sediment cover above reflector o is suffi-
ciently thin to penetrate by gravity coring. The third survey is on
the eastern right-hand side (looking down stream) of the main
channel at a location midway across the shelf and displaying
two abandoned channels that are still evident in the bathymetry.
A single chirp line crosses the channeled fan from shelf edge to
inner shelf. Cores were obtained in areas 1-2 and 4.

New Results
Survey Area 1-2

Survey Area 1-2 is located between 40 and 50 km down-
stream from the Bosporus exit and therefore in the distal
channel-levee complex close to the shelf edge at a depth of
—-95 to —125 m (Fig. 2.5a). Two channels cross this region.
One channel extends south to north along the east side of
the survey. For the most part, its floor is clean of the
sediment cover that elsewhere overlies reflectors o and
al of Aksu et al. (2002). The other channel is partly filled.
It runs SW to NE and is bounded on its left bank by a linear
chain of knolls. These mostly-conical hills have a relief of
up to 12 m high above the underlying unconformity upon
which they have formed (Fig. 2.5b). The authors adopt the
term ‘mounds’ as the descriptive term for these knolls so as
to be consistent with Flood et al. (2009) and Okay et al.
(2011). However, in order to distinguish them from other
mound-like features, these particular ones are called tall
mounds.

The tall mounds are composed of an upper layer of wavy
reflectors overlying an acoustically amorphous (e.g., lacking
stratification) interior. Cores MedEx05-10 and MedEx05-11
were extracted, respectively, from the base and from the top
of the same mound. Both cores recovered soft mud. However
the core from the summit penetrated deeper and reached
repetitive beds of large (5 cm) shells of Mytilus galloprovin-
cialis. The valves of these shells were still articulated and
were hosted in a matrix of stiff mud with voids produced by
gas expansion after recovery. The chirp profiles display a
drape of 2-5 m thickness for the wavy reflectors above the

<
<

illustrated in Fig. 2.6. (b): Thickness in meters of the Unit 1 sediments
reflector . The mounds (up to 9 m in relief) belong to Unit 1 and have
formed on the o surface. Sediment is very thin to absent on the floor of
the channel on the eastern side of the survey area. (c¢): Contours in
meters of the a reflector revealing a regionally-smooth surface without
channels and dipping to the NE
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Fig. 2.6 Chirp lines a, b, and ¢ (located in Fig. 2.5a), showing the
absence of the Unit 1 sediment cover along the axis of the eastern
channel. The saw-tooth nature of the reverberant bottom is the result of

non-stratified interior that forms the primary relief and
foundation of the tall mounds. Other numerous, but much
lower relief (<1 m high), bumps populate the erosion
surface. A few orient in lines, most are scattered. We also
use the nomenclature of Aksu et al. (2002) to refer to these
features as ‘mounds’, but call them small mounds. The latter
are distributed everywhere across reflector al. Their interi-
ors contain reflectors that tend to be inclined in the upslope
direction.

The floor of the abandon channel is populated by asym-
metric, wedge-shaped bedforms spaced 150 — 500 m apart
and built over the small mounds. The crests of these bed-
forms orient perpendicular to the channel axis; their steeper
flanks commonly face downstream (Fig. 2.5a). These wedge-
shaped features have evolved from amorphous (without
stratification) cores that appear to have nucleated over the
small mounds. The amorphous cores are followed by the
progressive growth of inclined clinoforms advancing in
the downdip direction and then capped by an upper layer of
generally wavy reflectors that show progressive growth in
the updip direction. Where sampled by coring the upper
layer consists of mud with marine mollusks, foraminifera
and ostracods.

The surface of reflector o is regionally smooth, but
locally jagged, and deepens seaward towards the shelf
edge at progressively steeper inclines (Fig. 2.5¢). When the
reflector is viewed in dip lines (Fig. 2.6), its small-scale
roughness results from differential erosion of the underlying
and more-steeply dipping strata. The toplap terminations of
these underlying strata have been attributed to subaerial
erosion (Aksu et al. 2002; Algan et al. 2007). The floor of
the channel without observable sediment fill displays
a high acoustic backscatter with amplitude equivalent to the
strong backscatter from the floor of the main trunk (Flood
et al. 2009).

100 m

truncated underlying seaward-dipping beds. The reflective sub-surface
horizon corresponds to reflector o

Survey Area 4

Area 4 is also located on the outer shelf, but extends beyond
the shelf break and onto the upper slope (Fig. 2.7a).
Asymmetric bedforms are also present in this region of the
shelf fan. However, these features are not necessarily con-
fined to channel floors as in Area 1-2, but are widespread
with lengths of crests reaching several kilometers. The nar-
row and steep flanks face down the regional dip and the
broad and smooth flanks with their cover of wavy reflectors
occur on the updip side. At the base of the steep sides, there
are depressions where the substrate is exposed. Several tall
mounds with heights up to 9 m occupy the SW region of the
survey area. Except for the tall mounds the sediment thick-
ness above reflector a is less than 2.5 m (Fig. 2.7b). However,
just beyond the shelf break the sediment cover increases sub-
stantially. When stripped of the cover above reflector a, the
surface of the underlying substrate is regionally smooth with
the exception of a few gullies on the uppermost slope. Some
of these gullies have cut into the shelf break (Fig. 2.7c).

Core MedEx05-13, at a depth of —118 m, penetrated a
53 cm-thick layer of soft mud, passed through reflectors ol and
o where they are indistinguishable from each other and bot-
tomed in the substrate of steeply-dipping and truncated strata
belonging to Unit 2 of Aksu et al. (2002). The sediment corre-
sponding to reflector o is a 17 cm-thick bed of sub-rounded
gravel and pebbles. The pebbles range from 0.2 to 4 cm in size.
One of the larger pebbles is a metamorphic-grade quartzite
(Fig. 2.8a). Another is a mildly-metamorphosed gabbro.

The pebble deposit is clast-supported with a matrix of
firm sand containing disarticulated shells of Dreissena sp.
and small gastropods of mixed ages. One Dreissena speci-
men was radiocarbon dated at 10.75+0.07 ka bp and another
abraded and eroded specimen at 28.2+0.3 ka bp (Fig. 2.8b).
A sharp angular contact separates the pebble bed from stiff
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Fig. 2.7 Area 4. (a): Bathymetric contours showing the crests of
asymmetric bedforms that curve and cross isobaths. Green dots are
MedEXO05 cores 12, 13 and 14. Lines 9 and 20c are profiles of Aksu et al.
(2002) and are labeled according to their figure number. (b): Thickness

gray clay below containing specimens of Mytilus sp. both
scattered and in densely packed beds. The Mytilus sp. are
articulated and very well preserved with lustrous nacre
(Fig. 2.8c). However, these Mytilus specimens from below
reflector o are radiocarbon inactive and thus older than
50 ka bp.

The sediment above the pebble layer is soft olive gray
mud with large specimens of Mytilus galloprovincialis. A
specimen from the base of this layer provides an age of
6.86+0.06 ka bp. Cores MedEx05-12 and MedEx05-14 only
recovered the upper wavy sediments above reflector a1, con-
sisting of similar olive gray mud with abundant Mytilus
galloprovincialis.

Survey Area 3

Area 3 is located in the mid shelf between —80 and —95 m
where asymmetric bedforms on the shelf fan are oriented
approximately NW-SE. There are fewer tall mounds here,
but many small ones. (Fig. 2.9a). The tallest large mound
stands 8 m above the surrounding seafloor. All mounds, both
small and large, have accreted on reflector al. The tall
mounds have acoustically amorphous interiors that absorb

i 41728

in meters of Unit 1 above reflector a. All of the mounds have formed
on the a surface. (¢): Perspective view (from the NW) of the regionally-
smooth a surface without channeling prior to the development of the
overlying Shelf Fan

sound energy. The attenuation of sound energy within the
interiors partly to completely masks reflector al and the
strata below this reflector.

The asymmetric bedforms are a lens-shaped deposit that
grew from an initial core situated beneath the crest. When
viewed in cross-section the cores appear to have acted as the
site of nucleation above small reflective mounds. However,
when mapped in plan view the small mounds and their
overlying cores are elongate deposits whose orientation
determined the strike for the subsequent growth of the bed-
form. At the base of the steeper down-dip flanks there
are, once again, narrow depressions where the cover above
reflector al is either extremely thin or absent. The distin-
guishing feature of this survey region is the greater thickness
of the layer separating reflectors al and o and comprising
subunit 1B of Aksu et al. (2002). In Area 3, this layer thins
seaward and is not prevalent in the survey region beyond the
—88 m isobath.

The sediment thickness map (Fig. 2.9b) reveals thin
regions that may serve as passages for the plume of Mediter-
ranean water that has kept them more or less sediment
free. The floor of the western gap displays high acoustic
backscatter. Along portions of both pathways, there are local
exposures of reflector al and even reflector a.
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Fig. 2.8 (a) Sub-rounded pebble of quartzite from core MedEX05-13
recovered from the o reflector surface.; (b) abraded specimen of
Dreissena dated at 22.6 ka bp from the same level as the pebbles;
(¢) intact specimen of Mytilus galloprovincialia with an age>50 ka

Transit Line

A chirp line extends from Survey Area 4 southward across
the shelf fan toward the Bosporus Strait (Fig. 2.4). Additional
lines to the west have been added in Fig 2.10. As the shelf fan
is crossed, the layer between reflectors al and o first thick-
ens and then thins to eventually disappear altogether at
depths shallower than 75 — 70 m. It is here and shoreward
where the shelf fan has been constructed directly on a jagged
surface corresponding to reflector o. The initial deposit of
the middle and inner shelf fan that provides the foundation
for the bedforms, levees, and tall mounds is strongly rever-
berant, suggesting internal scattering from point sources. Its
lack of stratification gives it a “chaotic” appearance in chirp
profiles (Okay et al. 2011). The reverberant layer forms
much of the underlying relief of the shelf fan. An upper wavy
and more acoustically transparent layer of more uniform and
reduced thickness drapes the “chaotic” foundation.
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MedEXx transit

Fig. 2.10 Tracing and interpretation of profile 19 from Aksu et al.
(2002), lines 6 and 7 from Algan et al. (2007) and the MedEXx transit chirp
line across the shelf-fan. These lines show the limits of the chaotic,

Discussion

Hypothesis to Be Evaluated for the Origin
of the Shelf Fan

The shelf fan is a unique feature on the margin of the Black
Sea. The northward splay of the channels and branching
pattern of the fan are clear evidence of sediment delivery
from the Bosporus (Flood et al. 2009). In contrast, no similar
sediment deposit is present where the ancient Danube, Dniepr
and Don Rivers once extended onto the shelf during glacial
times (Popescu et al. 2004; Ryan et al. 1997b; Konikov
2007; Glebov and Shel’tring 2007; Lericolais et al. 2009,

reverberant deposit (stippled) and the position of this deposit directly
on reflector al and, in places, on reflector a. Line 7 passes through
survey area 3. The bounds of survey area 4 are projected onto Line 7

2011). Three explanations for sediment delivery from the
Bosporus are discussed.

First, the fan may have been initiated as a sub-aerial delta
sourced by a river flowing out of the Bosporus valley during
a lowstand of the Black Sea lake, an option discussed by
Ozsoy et al. (2001).

Second, the fan was built more or less continuously over
thousands of years by the inflowing Mediterranean undercur-
rent beginning ~8.0 ka and well after reconnection of the Black
Sea with the Mediterranean at 10.5 ka (Flood et al. 2009).

Third, the deposit originated with the opening of the
Bosporus at a time when the shore of the Black Sea lake was
located on the outer shelf (Lericolais et al. 2003).
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Lowstand River Delta

If the deposit was a river delta, one might ask why is such a
delta so extraordinarily large and well-preserved here and
not elsewhere? The drainage area feeding a delta via a
Bosporus river is confined to the narrow strip of land between
the Marmara and Black Seas. This surface area is miniscule
compared to drainage basins of the major rivers emptying
into the Black Sea from the interior of Asia and Europe. Yet,
none of the rivers such as the Danube, Dnieper and Don have
shelf fans on their offshore shelves.

Construction Delayed After the Initial
Mediterranean Connection

Construction of the shelf fan from a subaqueous plume of
Mediterranean origin is supported by many observations.
The sediment cover is almost always thin to absent along the
floors of active channels crossing through the survey areas.
The local exposure of the underlying substrate suggests
ongoing scour and/or non-deposition in the path of the saline
inflow, especially where it is confined within channels or has
broken through gaps in the levees (Flood et al. 2009).
Continuous inflow with occasional over-bank spillage is also
consistent with the progressive lateral growth of the mud-
rich asymmetric bedforms populating the channel floors and
levee backsides. Transport of Mediterranean water carrying
suspended sediment across the fan is a compelling explana-
tion for the observed accumulation on the upstream flanks of
these bedforms. The large 200-1,000 m wavelengths and
1-5 m heights of the asymmetric bedforms are similar in
many respects to abyssal mudwaves formed beneath thick
nepheloid layers under conditions of supercritical flow
(Flood 1988).

In respect to the timing of the birth of the shelf fan, the
Mpytilus galloprovincialis sampled directly above the ol
reflector in core MedEx05-13 provides a date of 6.8 ka bp.
This age is practically identical to the observed appearance
of this species elsewhere on the Romanian, Ukraine and
Russian shelves (Major et al. 2006) and hardly distinguish-
able from the 6.7 ka bp age for the first appearance of benthic
foraminifera overlying reflector al elsewhere on the fan in
core B2KS02 (Okay et al. 2011). The dating links fan depo-
sition quite firmly to a time when or shortly after Black Sea
salinity was elevated sufficiently high to both enable coloni-
zation by euryhaline fauna and completely exclude the prior
fresh to brackish fauna.

Buthow long did ittake between the entry of Mediterranean
water and the rise of salinity to the threshold indicated by the
mollusks and foraminifera? Hiscott et al. (2007a, b) elabo-
rate on this timing. They propose an unabated Black Sea out-
flow from ~10.5 ky bp to the present. Accordingly, this
outflow formed a cascading river in the Bosporus Strait until
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9 ka bp when the level of the surface of the external ocean
and the Marmara Sea, in particular, reached the elevation of
the Bosporus sill. Hiscott et al. (2007a, p. 112) write “from 9
to 8.4 ka bp, the outflow was sufficiently strong to prevent
any measurable amount of saline water from entering the
Black Sea, and so during this time, there was only one-way
(outward) flow through the strait.” This deduction was predi-
cated on the observation of a delta-like deposit on the
Marmara shelf south of Bosporus that allegedly formed
between 10.5 and 9 ka bp and had been sourced by sediments
swept southward out of the strait by the outflow. However,
this delta-like deposit has since been cored and firmly dated
as originating after 7 ka bp (Eris et al. 2007). Furthermore,
detailed mapping shows that this deposit was delivered from
a nearby river and not from the strait (Gokasan et al. 2005).

The age of 8.4 ka bp for the start of the inflow comes from
the strontium isotopic signature of Black Sea mollusks (Ryan
et al. 2003; Major et al. 2006). The ¥Sr’®*Sr measured in
Dreissena sp. shells shows a shift towards the value of the
global ocean beginning around that time. However, there is
an apparent gap between 8.4 ka bp for Dreissena and 7.2 ka
bp for the first euryhaline mollusks. Is this gap real or an
artifact? If an artifact, this gap may be caused by unac-
counted for radiocarbon reservoir ages for the incoming sea-
water and its influence on the ages of the marine mollusks
and the prior lake water and its contribution to the measured
ages of the brackish to freshwater mollusks?

As first proposed by Strakhov (1971), the inflowing saline
water descended into the bottom of the lake due to its initial
large excess density. In response to the growing supply of
salty bottom water, the reserve of nutrients (N, P, SiO,) and
dissolved inorganic carbon that had been stored in the lake’s
freshwater interior would be “uplifted... into... the zone of
photosynthesis.” When ingested by mollusks living during
the period of salinity change, this old carbon (with its reduced
1C activity) would start the radiocarbon clock within the
shell beginning with the lake’s “C reservoir age.

Accurate chronologies require knowledge of the lake’s
reservoir age. Ryan (2007) wiggle-matched variations in
stable isotopes and other proxies in Black Sea cores with the
Greenland GISP ice-core measurements and derived an
approximate 1,600 year reservoir age for the lake at the time
of the post-glacial meltwater pulse. Kwiecein et al. (2008)
compared radiocarbon ages from ostracod and mollusk
shells with the known ages of volcanic ash layers (tephra-
chronology) to achieve a similar estimate of 1,400 years for
the slightly older glacial period. Soulet et al. (2011) corre-
lated variations in Ca and Ti/Ca signals in Black Sea core
MD04-2790 to isotopic excursions in the Hulu Cave stalag-
mites and calculated a 1,570+380 year reservoir age for the
same early post-glacial period. These three independent
investigations document that not only the lake’s interior, but
also its coastal waters had been able to acquire a large reser-
voir age.



2 A Channeled Shelf Fan Initiated by Flooding of the Black Sea

The *C reservoir estimates ages for the Black Sea s water
after the Mediterranean connection only come from modern
shells in museum collections that were collected alive at a
known place and year. The calculated reservoir ages for these
shells range from 460 years (Jones and Gagnon 1994) to 415
years (Siani et al. 2000). Using an alternate method of directly
measuring the dissolved inorganic carbon *C activity in the
Black Sea water column, Fontugne et al. (2009) found that
modern surface waters are generally in equilibrium with the
14C atmospheric concentration. However, carbon “C activity
decreases with water depth and offshore distance resulting in
reservoir ages that may reach or exceed 200 years at the shelf
edge and reach more than 1,000 years in the deep interior.

The marine mollusks discussed previously and with age
spans of 6.9-7.2 ka bp were recovered at sites on today’s
shelf. Although the reservoir age of seawater 7,000 years ago
is likely to have been influenced by depth and distance, the
particular carbon “C activity incorporated into the shell
might have also been further controlled by whether the
mollusk lived on the seabed or in the mud. For example mus-
sels, such as Mytilus galloprovincialis, attach to the substrate
and filter the water in which they are bathed. In contrast,
clams, such as Cardium sp., live in the substrate of previ-
ously deposited sediment where they come into contact with
carbonate minerals, decaying organic matter and dissolved
methane. River water also contributes a significant reservoir
age due to dissolution of bedrock and input of old ground-
water in the watershed (e.g., 1,420 years for the Colorado
River (Goodfriend and Flessa 1997)). Mollusks on and in
the beds of rivers, estuaries, lagoons, coastal sea and the
open sea might live simultaneously in waters possessing
diverse reservoir ages. As a result their shells would display
a sizeable spread of measured radiocarbon ages.

One way to examine the abruptness of the initial saliniza-
tion of the Black Sea’s lake is to investigate cores recovered
at sites that were submerged before and after the connection
at Bosporus. The presumption is that in quiet, deep-water
environments sediment accumulation is likely to have been
continuous throughout the period of salinity change. There
are two cores of particular relevance (BLKS9811 at =500 m
and GGC18 at 971 m depth). In both cores radiocarbon mea-
surements were made on bulk organic carbon sampled from
the uppermost part of the freshwater Unit 3 sediment and just
a few cm from the base of the Unit 2 sapropel (Ross and
Degens 1974). The measured dates are 8.59+0.045 (Popescu
2002) and 8.65+0.04 ka bp, (Filipova-Marinova et al. 2013),
respectively. An age of 7.35+0.08 ka bp for the base of the
sapropel has been determined from many cores (Jones and
Gagnon). Thus in cores BLKS9811 ands GGC18 one finds
an apparently age offset across the Unit 2/3 boundary exceed-
ing 1,000 years. To account for this offset, there could have
been either a depositional hiatus of this duration at the same
stratigraphic position in each core, or a substantial reduction
in reservoir age during the transition from lake to sea.
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A sample with shells of ostracods located 1 cm below the
base of the Unit 2 in core BLKS9810 at water depth of
—378 m has an ¥Sr/%Sr value of 0.709086. This measure-
ment indicates that some Mediterranean water had already
been introduced prior to the deposition of the Unit 2 sapropel
(Major et al. 2006). Exactly when the intrusion occurred is as
yet unknown. The next sample of ostracods 10 cm further
down in this core is distinctly lacustrine with a composition
of 0.708908.

Initiated with the Entry of Mediterranean
Water Coincident with a Lowstand Lake

There are two cores from the shelf fan with pebble- and
gravel-size rock fragments mixed with shells of freshwater
Dreissen sp.: MedEx05-13 from the distal fan (already
discussed), and M00-12 (Aksu et al. 2002) from beneath the
left levee crest of the main trunk in the mid fan (looking
downstream). Core 5 (Algan et al. 2007), located less than
1 km from core MAROO-12 and on the same left levee,
sampled fragmented shells of Dreissena sp. in a coarse sand
layer that stopped the penetration of the core barrel. Flood
et al. (2009) attribute the shells and pebbles in M0O0-12 to be
material reworked from the underlying unconformity o.

However, based on their depths in the cores in comparison
to the thickness of the shelf fan deposits at the respective
core sites, the pebbly sand in core M00-12 and the frag-
mented shells of Dreissena sp. in Core 5 can not be lag
deposits associated with unconformity o but, instead, is
material from the interior of the shelf fan itself. In the case of
core MedEx05-13, the pebble deposit was sampled from the
level of reflector al where it merged with reflector a. These
subsurface coarse deposits indicate that earlier in the fan’s
history, the energy of the Mediterranean inflow was greater
than at present.

Figures 13, 20 and 22 of Aksu et al. (2002) illustrate that
reflector ol serves as the foundation for the numerous small
and “irregular mounds” that are present and widely-scattered
throughout each survey area. In turn, these mounds serve
as the underpinning for the initial acoustically amorphous
(e.g., lacking internal reflectors) “core” of the asymmetric
bedforms.? The mounds often align in straight or curving
pathways that resemble trajectories. Their dense arrange-
ment in rows beneath the lateral levees to each side of the
currently active and abandoned main trunks suggests that the
shelf fan is a deposit inherited from precursor mounds.

Aksu et al. (2002) suggested that the tall mounds might
be mud volcanoes. These authors were the first to note that
some mounds line up in straight paths as documented in

2 Although these asymmetric bedforms were previously interpreted as
“barrier island/beaches on the basis their geometry” (Aksu et al. 2002),
this interpretation is no longer advocated (Flood et al. 2009).
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Survey region 1-2. The presence of expansion pockets in
the cores from the tall mounds is supportive of gas venting
from below. However coring through an entire mound, as
was accomplished with B2KS02, did not reveal an internal
body of extruded or intruded mud originating from the
underlying substrate (Okay et al. 2011). What the coring
did show is a rapid growth rate for the reverberant interior
of the mounds and a slowdown for the accumulation of the
upper drape of wavy reflectors. The reflection profiles
reveal that the mounds were preceded by erosion capable
of washing away some and in various regions all of the
preceding Unit 1B sediments and leaving a jagged and
channeled surface on the top of the older inclined strata
belonging to Unit 2.

The velocity of ~20—-40 cm s~! of the present saline plume
is driven primarily by the salinity difference of ~12-16 psu
between Black Sea surface water and the inflowing
Mediterranean water with some reduction due to their differ-
ing temperatures (Ozsoy et al. 2001). The calculated density
contrasts are ~0.009-0.012 g cm~ (Flood et al. 2009). Based
on the analysis of pore water extracted from a long core on
the Black Sea continental slope and accounting for advection
and diffusion, Soulet et al. (2010) conclude that the salinity
of the Black Sea lake before its Mediterranean connection
was no more than 1 psu. Thus the density contrast between
the initially inflowing saltwater and the fresh lake might have
been two to three times greater at the time of the connection
than today.

When confined to channels the modeled peak mean veloc-
ity of the modern density-driven current is fully capable of
suspending fine sand and transporting coarse sand in bedload
(Hiscott 1994). Due to the earlier higher density contrast,
one might expect flow-velocities competent enough to trans-
port the gravel and even small pebble-size material recov-
ered in cores M0012 (Aksu et al. 2002). However, concurrent
with the addition of more and more Mediterranean water, the
density contrast would drop and the velocity of the plume
would lessen. The stepwise construction of the asymmetric
bedforms beginning with mounds overlain by a core of
acoustically amorphous material, followed in turn by highly-
reflective clinoforms and then passage to the wavy cover
might all have been the consequence of a diminishing carry-
ing capacity for the inflow.

Cagatay et al. (2000) and Kerey et al. (2004) report on a
40 m long borehole, BPMP-14, in the north-central part of
the Bosporus Strait that penetrated down through the entire
fill and into the Paleozoic basement. Starting at the bedrock
contact, the succession of sediment begins with sand con-
taining Dreissena shells and ostracods. This lower unit has a
radiocarbon age of 26.1 ka bp measured on Dreissena near
its bottom and 16.6 ka bp on Dreissena from its mid-section
(Cagatay et al. 2000). The lower unit is abruptly capped by a
fining-upward sequence of large pebbles, gravel and sand
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with shells of Ostrea, Mytilus and Cardium, followed by
clays with Ostrea fragments and lastly with a coarsening-
upward deposit with sand at the top. The pebbles at the base
of this upper unit consist of gabbro and vein quartz with the
same description as those recovered in core MedEX05-13
from the outer Black Sea shelf fan. The fining-upwards tex-
ture indicates an initial high-energy environment, followed
by decreasing strength. The mollusks and assemblage of
foraminifera in the upper unit signal sediment accumulation
during the passage of Mediterranean water through the strait.

A date of 5.3 ka bp on an Ostrea shell from the base of the
upper unit makes this specimen the oldest known euryhaline
species of Mediterranean provenance sampled from the sub-
surface of the Bosporus Strait (Cagatay et al. 2000). Its age,
delayed 2,000 years after the first appearance of Cardium
elsewhere on the Black Sea shelf, attests that the erosive
and non-depositional power of the bottom current of saline
water passing through the strait. The inflow may have been
vigorous for quite some time before its diminishing velocity
allowed the accumulation of a permanent deposit at the loca-
tion of the borehole.

If the entry of Mediterranean water occurred at a time
when the lake’s shoreline resided on the outer shelf, the
incoming water would begin with a hydraulic head tied to the
level of the external Marmara Sea. As a first trickle evolved
into a stream and the stream grew in energy to the threshold
where it could then enlarge the entry portal, the positive
feedback would quickly rupture the Bosporus divide.
However, unlike the overtopping and subsequent washing
away of a natural or man-made dam, the supply of water
from the exterior ocean would have been more or less infinite
and not just the volume of the supplying reservoir.

We consider it likely that the outburst phase was rich in
sediment scoured from the entry portal and delivered to an
apron on the shelf in sheets of chaotic debris. The outburst
phase would then be followed by a water-flood phase. The
density contrast between the incoming saltwater and the air
it would replace would be 30 times greater than the afore-
mentioned contrast concerning saltwater and freshwater. The
cascade of saltwater would travel across the debris apron in
jets. According to the shock-capturing numerical model of
Siddall et al. (2004) there would have been a hydraulic jump
where the cascade of water met the shore of the lake.
Downstream of the jump the cascade would turn into a jet
capable of penetrating into the interior of the lake. As the
lake filled and the shelf submerged, the jet would no longer
have been guided by pre-existing channels and thus may
have been capable of a wide scouring of the shelf. Although
the numerical model of Siddall et al. (2004) did not include
a sediment dynamics module, the authors argue that erosion
by the jet would activate a positive feedback between the
flow and the shelf bed, leading to entrenchment and flow
channeling through the debris apron. The water-flood phase
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shaped the outburst debris into the small mounds scattered
widely as the initial foundation of the shelf fan. The early
tendency towards confinement might have provided a certain
stability to the flow, distributing the mounds in straight and
curvilinear paths. The updip stratification in the mounds is
indicative of supercritical flow. Asymmetric bedform wave-
lengths of 150-500 m indicate flow velocities of 15-25 m s~
(Kennedy 1963). The energy of turbulence is high enough to
make channel avulsions and bifurcations likely, resulting in
the observed splay of channels.

Where the jets traveled in streams across the shelf,
velocities would certainly have been capable of transporting
cobbles and pebbles in the size range recovered in core
MedEXO05-13. The scattered small mounds on the outer shelf
are possibly deposits of a rapidly shifting braid plain as the
flume plucked material from the debris apron and scoured
material from Unit 1B. The evolution from multiple distribu-
taries to a single active channel could represent the evolution
from a terrestrial fan to a submerged fan as the lake expanded
and deepened. Such progression accounts for the two-part
structure of the fan deposit as well as the fining-upward
character of the sediments. Once the rising shoreline entered
the Bosporus, the jet would transition to a stable undercurrent
(Siddall et al. 2004).

The coincidence in time between the appearance of eury-
haline fauna (mollusks and foraminifera) of Mediterranean
provenance in the Black Sea as recorded in their presence in
the sediment recovered in cores from immediately above
reflector a1 and the onset of the construction of the shelf fan
directly over reflector al is considered an important constraint
for hypotheses related to fan origin. A gradual rise in salinity
over an interval of thousands of years after the connection
had been made does not account for the synchronicity. No
insitu lacustrine fauna (e.g., s specimens with articulated
valves) are found above reflector al in the cores from the
shelf fan, only shell debris. Conversely, no euryhaline fauna
are found below reflector a1, except in the much older Unit
2 strata below reflector a.

If there was such a sudden flooding of the Black Sea’s
lake, how profound was the inrush of water? From their
synthesis using seismic reflection and bathymetric surveys in
the Bosporus Strait and on the Black Sea shelf just beyond
the exit from the strait Gokasan et al. (2005) have recognized
an inner channel carved into prior fill and displaying an
increased depth of erosion from south to north towards the
Black Sea. Their estimate of the volume of sediment eroded
is 2% 108 m3. This volume is comparable in magnitude to the
chaotic deposit in the subsurface of the shelf fan.

How long might it have taken for the lake surface to rise
to the level of the exterior ocean, once the inflow started?
The volume of water to fill the lake from its —90 m isobath to
its =20 m isobath is approximately 3 x 10* km?. Using the
inflow rate calculated by Siddall et al. (2004), the resulting
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duration would have been on the order of 15-20 years and
perhaps more if it took awhile for the trickle to evolve into an
stream with eroding power. This duration is only a little
longer than the 5-year duration first estimated by Ryan et al.
(1997a) or the 8-year duration of Myers et al. (2003).

Examples of Other Flooding Events

With the break-up of ice-dams, some pro-glacial lakes in
North America emptied abruptly to produce megafloods
(Baker et al. 1981; Clarke et al. 1984). Downstream, torrents
of lake water carved outflow channels into the terrestrial
landscape before reaching the sea. The outburst floods from
Lake Missoula in Montana produced a channeled erosion
surface called ‘Scabland’ with tear-shaped islands within the
channels and chaotic coarse deposits scattered across the
flood path (Bretz 1923; 1927; 1969). Estimates of maximum
discharge reach 10 million m?/s or nearly 900 km? per day
(Baker 1981). According to Shaw et al. (1999), the total res-
ervoir volume that drained through the Scabland may have
been on the order of 10° km?. This stored volume, about three
times more than the amount of water required to fill the
Black Sea’s lake from its =90 m isobath to its —20 m isobath,
would have sustained a continuous discharge for a period of
about 100 days.

The chaotic outwash deposits in the Channeled Scabland
in southern Washington State, United States are exemplified
in the Starbuck Section upstream of the Wallula Gap. The
outwash contains rhythmic sequences with depositional
bedforms hosting boulders, cobbles and gravel along with
ripple drift cross-laminated sand indicative of transport
primarily by bedload (Baker 1978). It is from a comparison
of depositional bedforms in southern Washington to those
observed in the Black Sea’s shelf fan and from the similarity
in composition of the pebbles sampled near the shelf edge
and those recovered by drilling in the Bosporus Strait that we
attribute the pebble deposit in the fan to a outwash origin.

Another catastrophic meltwater flood event has been
linked to the formation of the Hudson Shelf Valley (Donnelly
et al. 2005; Thieler et al. 2007). This flood drained post-
glacial lakes in the Hudson and Ontario basins through a
breach in the terminal moraine dam located at the Narrows
between Staten Island and Long Island, New York. The initial
outburst phase delivered an acoustically amorphous high-
volume deposit as thick as 5 m, interpreted as a non-cohesive
sediment debris flow (Uchupi et al. 2001). The amorphous
deposit rests unconformably on eroded channel fill. The
massive internal character alludes to rapid emplacement
(Thieler et al. 2007). A prominent feature of the valley floor is
an elongate field of bedforms confined within channel levees.
The bedforms have heights of 3-6 m and wavelengths of
150-300 m. Crests are oriented perpendicular to the valley
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axis. The Hudson Shelf Valley bedforms are remarkably simi-
lar to the bedforms observed on the channel floors of the
Black Sea shelf fan, especially in respect to their height,
wavelength, cross-channel orientation and updip internal
cross-stratification.

Thieler at al. (2007) attribute the shaping of the bedforms
to the succeeding water-flood phase while the glacial lakes
continued to empty. The volume of the total discharge has
been estimated at 3,200+480 km* (Rayburn et al. 2005) or
about 10 % the magnitude of water required to fill the Black
Sea’s lake from its pre-flood shoreline to the level of the
external ocean.

Combination of Processes

The catastrophic flood explanation does not rule out the role
of the Mediterranean undercurrent in subsequently shaping
the bulk of the fan in a sustained subaqueous environment.
Nor does it exclude the presence of a terrestrial delta at the
edge of the lake before the inflow began. The flood hypoth-
eses is present to account primarily for the scattering of
mounds and chaotic deposits on surfaces sculpted by erosion
and secondarily to link the introduction of fauna of
Mediterranean provenance with the initiation of fan growth
above the erosion surfaces. The flood hypothesis predicts
that when more of the deep interior of the fan is sampled by
coring or drilling, the inventory of a pebbly outwash will
enlarge.

Conclusions

Surveys in a few key locales on the continental shelf of the
Black Sea north of the Bosporus confirm that a channel-levee
complex in the shape of a shelf fan consists of two deposi-
tional sequences. The earliest deposit is acoustically amor-
phous, internally-chaotic and coarse. The chaotic deposit is
coeval with a series of small mounds that are scattered across
the outer shelf and aligned along the principal pathways of
the channel network. Both the mounds and the fan above
nucleate right on reflector al where it is present or reflector
o where Unit 1B is absent. The upper sequence of the shelf
fan is finer-grained and wavy in reflection profiles. This
cover has accumulated from sediment delivered by channeled
flow as well as by over-bank spillage.

The shelf fan owes its origin to multiple stages and pro-
cesses. We propose that it began as a channeled scabland
scoured by an outburst of water and sediment rushing into
the Black Sea’s lake and triggered when the exterior ocean
breached the Bosporus divide. As the surface of the lake rose
and its shorelines retreated landward, the mostly-eroded and
current-sculpted landscape transformed into an apron of

W.B.F. Ryan et al.

deposition. The energy of the Bosporus jet diminished and
the flow became confined to channels. The sediment that is
observed between reflectors ol and o on the outer shelf is
absent landward of the —75 m isobath. If this sediment had
once been there, it was removed simultaneous with the initia-
tion of the fan. Here on the inner shelf, the base of the fan
rests directly on a jagged erosion surface corresponding to
reflector o.

A first the shelf fan was supplied mostly by material
eroded from the inner channel of the Bosporus Strait.
The volume of this material is similar to the volume of the
chaotic deposit beneath the levees, but this does not mean
that all of the fan deposit was supplied from the Bosporus.
Mediterranean water is still shaping the fan to the present
time. However, coincident with the rise of salinity of the
Black Sea, the density contrast between its surface water and
the inflowing plume has diminished. As a result, the velocity
of plume has slowed along with its ability to transport coarse
material. The dating of shells in the mud from the wavy layer
of the fan suggests that this slowing became significant
2,000 years after the initial flood, more or less coincident
with the fining-upward sediment layer sampled in borehole
BPMP-14 in the north-central part of the Bosporus.
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Past, Present and Future Patterns
of the Thermohaline Circulation
and Characteristic Water Masses
of the Mediterranean Sea

Nikolaos Skliris

Abstract

The aim of this section is to provide a comprehensive overview of the research findings
concerning the thermohaline circulation of the Mediterranean Sea. The decadal/inter-
decadal variability and long-term evolution of the thermohaline properties of the
Mediterranean Basin are extensively discussed. We focus on the major climate transient
thermohaline events and their links to atmospheric variability and anthropogenic/environ-
mental changes that dramatically changed the deep hydrology and strongly affected the
marine ecosystems of the Mediterranean basin during the last 20 years. This section also
includes a synthesis of the results of future projections of the thermohaline circulation
derived by climate model simulations of the Mediterranean region covering the twenty-first
century. The expected effects of the projected thermohaline circulation changes on the
marine ecology are also discussed.

Keywords
Mediterranean Sea ® Thermohaline circulation ¢ Salinity ® Temperature ¢ Trends * Climate
change
Abbreviations NADW  North Atlantic Deep Water
TDW Tyrrhenian Deep Water
ADW Adriatic Deep Water T™W Transitional Mediterranean Water
AW Atlantic Water WIW Western Intermediate Water
BSW Black Sea Water WMDW  Western Mediterranean Deep Water
CDW Cretan Deep Water WMED  Western Mediterranean
CIW Cretan Intermediate Water WMT Western Mediterranean Transition
DWF Deep Water Formation
EMDW  Eastern Mediterranean Deep Water
EMED Eastern Mediterranean Introduction
EMT Eastern Mediterranean Transient
LIW Levantine Intermediate Water The Mediterranean is a semi-enclosed basin connected to the
LSW Levantine Surface Water Atlantic Ocean by the narrow strait of Gibraltar (width~13 km,
MOW Mediterranean Overflow Water sill depth~300 m) and to the Black Sea by the Dardanelles/
NACW  North Atlantic Central Water Marmara Sea/Bosphorus system (Fig. 3.1). It is composed

by two major sub-basins the eastern (EMED) and western
(WMED) Mediterranean, connected by the Sicily strait
(width~35 km, sill depth~300 m). The Mediterranean Sea is
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Fig.3.1 Geography and bathymetry map of the Mediterranean Sea. Main areas of dense water formation (black boxes) and dense water masses

discussed in the text are also depicted

concentration basin (i.e. evaporation exceeds precipitation
and river runoff) is evident from the transformation of the
inflowing low salinity Atlantic surface waters (i.e. about 36.2
at the Strait of Gibraltar) into very saline Mediterranean
intermediate and deep waters (with a deep water salinity of
about 38.4 and 38.7 in WMED and EMED, respectively).
The density contrast between the highly saline Mediterranean
Water and the relatively fresh Atlantic Water (AW) drives an
inverse estuarine circulation in the Strait of Gibraltar.
Mediterranean water of high salinity exits into the Atlantic to
balance the freshwater loss through the surface.

The Mediterranean thermohaline circulation is typically
defined by an open vertical cell comprising the whole basin
and two closed vertical cells bounded within the western and
eastern sub-basins, respectively. The open thermohaline cell
evolves the Atlantic Water (AW) spreading in the surface
layer from the Gibraltar strait to the eastern Mediterranean,
transformed into Levantine Intermediate Water (LIW)
through excessive heat loss and evaporation in the northeast-
ern Levantine basin which then spread in the opposite direc-
tion at intermediate depths throughout the whole basin to
finally exit through the bottom layer of the Gibraltar strait
into the Atlantic Ocean. The two closed thermohaline cells

resembling the global conveyor belt are driven by Deep
Water Formation (DWF) in the two sub-basins. Traditionally
DWEF is proposed to occur during winter mainly in the
cyclonic gyre of the Gulf of Lions where the Western
Mediterranean Deep Water (WMDW) is formed and in the
Southern Adriatic cyclonic gyre where the Eastern
Mediterranean Deep Water (EMDW) is formed. Until the
mid-1980s the thermohaline circulation of the Mediterranean
Sea was considered to be in a quasi-steady state with the
properties of the intermediate/deep waters presenting very
low spatiotemporal variability. However this picture of a lin-
ear, stationary thermohaline circulation definitively changed
in the last two decades. The discovery of more localized
circulation features in the Eastern Mediterranean coincided
with the most dramatic climatic shift of the twentieth cen-
tury. During this climatic event the main source of deep
water formation driving the eastern conveyor belt changed
from the Adriatic to the Aegean Sea strongly affecting the
characteristic intermediate and deep water masses of the
whole basin (e.g. Roether et al. 1996; Klein et al. 1999).
Recent observational studies indicate that a new large
climate transient also occurred in the western basin after
the mid-2000s significantly affecting WMDW properties
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(e.g. Schroeder et al. 2010). A secondary mechanism of
dense water formation in the Mediterranean is that associ-
ated with cascading of dense water formed over the conti-
nental shelf. Interestingly, both large open sea convection
and cascading of dense shelf water generally occur at the
same locations, i.e. the Gulf of Lions, the Adriatic and
Aegean seas (Durrieu de Madron et al. 2005), all these
regions being characterised by strong northerly continental
winds, implying large ocean heat loss and evaporation dur-
ing winter.

Due to its size and limited exchange at the Gibraltar Strait,
Mediterranean Sea dynamics is particularly sensitive to climatic/
anthropogenic perturbations. Variations in the climatic forc-
ing and environmental changes such as river freshwater dis-
charge reduction due to dam constructions cannot be
compensated for by the Atlantic inflow but mainly by varia-
tions in the water mass characteristics of the basin (Bethoux
and Gentili 1999). Recent studies show a rapid sea surface
warming throughout the basin with the Mediterranean warm-
ing trend being several times larger than the global ocean
average over the last two decades (Belkin 2009; Skliris et al.
2012). Observations also indicate strong warming and salini-
fication signals over the second half of the twentieth century
in the intermediate/deep Mediterranean waters of both
sub-basins (Rohling and Bryden 1992; Bethoux and Gentili
1999; Rixen et al. 2005) as well as in the Mediterranean
outflow in the sub-tropical North Atlantic (Curry et al. 2003;
Lozier and Stewart 2008; Durack and Wijffels 2010).
Modification of hydrological properties of the deep layers
are generally considered as signatures of changes which took
place in the surface layer induced by anomalous air-sea fluxes,
which then propagate in the abyssal waters via dense water
formation processes. The presence of several sites of dense
(intermediate and deep) water formation along with the very
active thermohaline circulation result in a much faster propa-
gation of surface signatures toward the deeper layers of the
basin. The Intergovernmental Panel on Climate Change (IPCC)
4th Assessment Report (IPCC 2007) highlights the Medi-
terranean region as a “hot spot”, one of the most vulnerable
regions to climate change. Climate model projections indicate
an accelerating warming and drying of the Mediterranean
region during the twentieth century with strong implications
on the Mediterranean thermohaline circulation and ocean
climate evolution (Somot et al. 2006, 2008).

The thermohaline circulation and dense water formation
processes are of great importance for the biogeochemical
cycles and marine ecosystems of the Mediterranean Sea.
DWEF and the associated intense mixing of the water column
induce an increase of the surface layer nutrients content
enhancing primary production. DWF is also a key process
for the deep ocean ventilation and the sediment transport and
coastal carbon export to the deeper layers with strong
implications for the deep sea ecosystems and the seabed

morphology of the Mediterranean basin. Environmental/
climatic-induced changes in the Mediterranean characteris-
tic water masses are expected to rapidly spread throughout
the basin by the thermohaline open and closed cells affecting
both surface and deep marine ecosystems. Moreover, the
study of the Mediterranean thermohaline circulation and its
long-term variability is also important for the assessment of
the changing global climate system. Due to its intense ther-
mohaline circulation strongly resembling the global con-
veyor belt and its easier accessibility the Mediterranean is
often regarded as a natural laboratory basin to study global
ocean dynamic processes such as DWF and the overturning
thermohaline circulation and to anticipate the global ocean
response to the effects of climate/environmental changes.
Furthermore, the Mediterranean outflow in the North Atlantic
Ocean is shown to provide significant amounts of salty
waters to the Nordic and Greenland Seas contributing to the
preconditioning of Northern Atlantic Deep Water (NADW)
formation (e.g. Reid 1979), a key component of the global
thermohaline circulation regulating the global climate
system.

Past and Present Status of the Thermohaline
Circulation

The Open Thermohaline Cell

Atlantic Water

AW enters the Gibraltar Strait at a rate of about 1 Sv (1 Sv =
10° m%/s) and it may be identified as a low salinity vein in the
surface layer of the major part of the Mediterranean Sea.
Along its eastward route from the Gibraltar strait into the
western basin and through the Sicily Strait to the eastern
basin AW is progressively modified particularly due to the
strong evaporation and mixing with surrounding waters and
looses much of its freshwater signal. Its salinity gradually
increases from about 36.2 at the Gibraltar Strait to about 37.5
at the Sicily Strait and exceeds 38.6 at the eastern part of the
Levantine basin. At basin scale the AW circulation is defined
by an along-slope cyclonic pattern as already described in
the early twentieth century in the pioneer work of Nielsen
(1912) and much later by Ovchinnikov (1966). In the 1980s
and 1990s observational studies of the sub-basin/mesoscale
circulation in both the WMED (e.g. La Violette et al. 1990;
Millot 1991) and the EMED (e.g. Robinson et al. 1991;
Malanotte-Rizzoli et al. 1997) and later during the 2000s the
development of high-resolution operational forecast systems
at regional/sub-regional and coastal shelf scales (e.g. Pinardi
et al. 2003) demonstrated a much more complex picture of
the Mediterranean Sea hydrodynamics. The broad-scale
surface cyclonic circulation pattern was shown to be largely
modified locally by intense mesoscale activity, gyre
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Fig.3.2 Mediterranean circulation patterns for (a) the Atlantic Water and (b) the Levantine Intermediate Water (From Millot and Taupage 2005)

formation and highly energetic currents (Fig. 3.2a). In the
southern parts of both sub-basins the strong along-slope cur-
rents, namely the Algerian Current in WMED and the Lybio-
Egyptian current in EMED, become often unstable and lead
to the formation of strong mesoscale anticyclonic eddies
which then are detached from the slope intruding several
hundreds of kilometres in the interior of the basin (Millot
and Taupage 2005). These eddies reach horizontal scales of
10-100ths of kms and in some cases may penetrate into inter-
mediate and even the bottom layers of the two sub-basins.

Levantine Intermediate Water

The vertical “steady state” thermohaline circulation of the
Mediterranean is first described by Wust (1961). Along its
cyclonic route around the basin AW is transformed into
dense (intermediate and deep) waters through open sea con-
vection in areas characterised by strong surface heat and
freshwater loss during winter. LIW is mainly formed in the
area of the cyclonic Rhodes Gyre in late February/early
March (Ovchinnikov et al. 1987; Lascaratos et al. 1993).
LIW is the water mass formed with the largest volume in the
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Mediterranean basin with its formation rate being compara-
ble to that of the Atlantic inflow at the Gibraltar Strait, i.e. of
the order of 1 Sv (Lascaratos 1993). The primary source for
LIW is the Levantine Surface Water (LSW), a very saline and
relatively warm water mass that is formed by intensive heat-
ing and evaporation in the Eastern Levantine Basin during
summer and is advected to the Rhodes Gyre area by the
general cyclonic circulation (Hecht et al. 1988). The winter
cooling increases the density of the saline and cold center of
the gyre and the newly formed water mass sinks isopycnally
to the periphery of the gyre. During the maximum formation
rate convection often exceeds 300 m depth at the center of the
Rhodes gyre. LIW is formed at a maximum o, of about 29.10,
a salinity around 39 psu, and a temperature around 15.5 °C
(Lascaratos 1993). Small-scale baroclinic eddies develop
around the convection area facilitating the spreading of the
newly formed water (Wu and Haines 1996; Nittis and
Lascaratos 1998). This very saline and relatively warm water
mass spreads at intermediate depths over almost the entire
Mediterranean and its westward pathway until reaching the
Gibraltar Strait may be easily detected as a subsurface
salinity maximum at a depth range between 200 and 600 m.
A detailed circulation schematic of LIW in the Mediterranean
basin is presented by Millot and Taupage (2005) (Fig. 3.2b).
Sur et al. (1992) reported LIW formation in the major part of
the northern Levantine Sea during the severe winter of 1992
while during the same period they found deep water forma-
tion in the center of the Rhodes Gyre. Apart from LIW, dense
water formation at intermediate depths is also observed in
other areas such as the Cretan Sea (Southern Aegean) where
the Cretan Intermediate Water (CIW) is formed and in the
western basin where the Western Intermediate Water (WIW)
is formed.

The Closed Thermohaline Cells

DWEF mainly occurs through open sea convection in northern
parts of the basin characterized by a strong cyclonic circula-
tion and intense continental (cold and dry) northerly winds.
The doming of isopycnal surfaces in the center of cyclonic
gyres provides a reduced stability allowing open sea
convection during winter extreme cooling episodes. Apart
from the surface hydrological properties mainly controlled
by the characteristics of the inflowing Atlantic waters
and local air-sea heat and freshwater fluxes another
important factor controlling deep ocean convection in the
Mediterranean basin is the salt preconditioning of the
intermediate layers. Several studies have demonstrated the
crucial role of LIW in Mediterranean deep water formation
in both the eastern and the western sub-basins (e.g. Wu and
Haines 1996; Skliris and Lascaratos 2004). The entrain-
ment of this saline water mass within the formation sites

induces a density increase in the upper layers that allows
deeper convection.

Eastern Mediterranean Deep Water

Until the late 1980s observational studies had shown that
EMDW was mainly formed within the South Adriatic
cyclonic gyre (e.g. Pollack 1951; Ovchinnikov et al. 1987).
Very dense water, the so-called Adriatic Deep Water (ADW)),
is formed there and spreads through the bottom layer of the
Otranto Strait to fill the deepest parts of the Ionian and
Levantine basins. Other water masses contributing to the
DWF process in the Southern Adriatic is the LIW and a
dense shelf water which forms in the shallow northern part of
the Adriatic Sea during winter by intense cooling and evapo-
ration driven by the local northerly winds (Bora). This very
dense shelf water cascades southward along the western
Adriatic coast and mixes with the highly saline LIW within
the Southern Adriatic cyclonic gyre strongly preconditioning
ADW formation. ADW exits through the Otranto Strait at a
rate of about 0.3 Sv (Roether and Schlitzer 1991) with a
typical sigma-theta around 29.2, a temperature around 13 °C
and a salinity around 38.65 (Gacic et al. 1996; Lascaratos
et al. 1999). Before the 1990s EMDW was characterised by
very low spatiotemporal variability and the bottom layers of
the Ionian and Levantine basins had quite homogeneous
hydrological properties (T~13.3 °C, S~38.67) (Schlitzer
etal. 1991).

However, the Aegean Sea was also reported as a possible
secondary source of EMDW since the early studies of the
Mediterranean circulation (Nielsen 1912; Pollak 1951).
Before the 1990s the Cretan Deep Water (CDW), formed in
the deep Cretan basin, was suggested to produce small
amounts of warmer (7~14 °C) and saltier water (§~38.9) of
relatively lower density (0,~29.15) than the EMDW of
Adriatic origin mainly affecting intermediate depths of the
Northern Levantine basin adjacent to the Eastern Cretan Arc
straits (Theocharis et al. 1999). CIW and CDW were gener-
ally found in isolated lenses at intermediate depths below the
LIW and above the EMDW of Adriatic origin (Schlitzer
et al. 1991).

Western Mediterranean Deep Water

WMDW is mainly formed within the cyclonic gyre of the
Gulf of Lions through open sea convection. DWF processes
in the Gulf of Lions were extensively investigated for the
first time by the MEDOC group during several cruises con-
ducted in the area in the late 1960s (MEDOC Group 1970)
while later numerous observational and modelling studies
followed (e.g. Gascard 1978; Madec et al. 1991; Leaman and
Schott 1991; Schott et al. 1996; Testor and Gascard 2006;
Smith et al. 2008). DWF occurs during strong persistent
northerly winds (Mistral) in winter which induce excessive
heat loss reaching 1,000 W/m?. The convection area has
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typically a diameter ranging from of a few 10ths of kms to
100 km while it can extend vertically down to the sea bottom
(~2,400 m depth). The newly formed water has a typical oy
of about 29.10-29.11 a temperature of about 12.7-12.8 and
a salinity of about 38.40-38.45. WMDW formation rate is
estimated to be about 0.3 Sv (Lascaratos et al. 1993). Sporadic
and less intense winter convection events were observed in
the Balearic Sea (Salat and Font 1987) and in the Ligurian
Sea (Sparnocchia et al. 1994). Apart from the air-sea
heat/freshwater fluxes the formation rate and properties of
WMDW are shown to be highly regulated by the characteris-
tics and particularly the salinity of the LIW and AW reaching
the formation sites (e.g. Krahman and Schott 1998). The AW
salinity is affected by local atmospheric conditions during its
residence time in the Western Mediterranean while the LIW
salinity is directly linked to the surface salinity in its forma-
tion site in the northeastern Levantine basin and therefore
to the Eastern Mediterranean freshwater budget. The high
submarine canyon density and the strong meteorological
forcing over the costal shelf of the Gulf of Lions render it
also a preferential site of dense shelf water cascading which
has been shown to induce dense water formation within the
north-western Mediterranean basin (Durrieu de Madron
et al. 2005; Canals et al. 2006, 2009). In this case dense water
is formed over the continental shelf due to the intense wind-
driven surface heat and freshwater loss and then flows as
a strong bottom gravity current along the continental
slope until reaching the same density as the ambient waters.
While typically dense water formation reaches intermediate
depths (~500 m) during extreme surface cooling episodes
large density plumes were evidenced through the canyons
of the Gulf of Lions which act as very efficient conduits
facilitating the transport of coastal shelf dense and sediment/
carbon-rich water into the deepest part of the north-western
Mediterranean basin (>2,000 m) (Canals et al. 2006;
Pusceddu et al. 2010).

Climate Transient Events

Eastern Mediterranean Transient

During the late 1980s/mid-1990s a large transition occurred
in the Eastern Mediterranean thermohaline closed cell
with the main source of EMDW shifting from the Adriatic
to the Aegean (Roether et al. 1996, 2007; Klein et al. 1999;
Theoharis et al. 1999; Lascaratos et al. 1999; Malanotte-
Rizzoli et al. 1999; Tsimplis et al. 2006) (Fig. 3.3). The den-
sities in the Cretan Sea at outflow depths started to increase
since 1987 and from the early 1990s unusually large amounts
of CDW were produced and spread out through the Cretan
Arc Straits into the deep Levantine basin and simultane-
ously lifted up the old EMDW of Adriatic origin by about
500 m (Roether et al. 2007). The newly formed CDW was
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more saline (~39), warmer (~14 °C) and much denser than
the old EMDW, resulting in large increase of the salt and
heat contents of the deep layer. This dramatic shift in the
Eastern Mediterranean conveyor belt was defined of transient
nature by Klein et al. (1999), and definitively named the
Eastern Mediterranean Transient (EMT). The density of the
newly formed CDW progressively increased from typical o,
values of 29.15-29.2 prior to the event to an extreme value
of about 29.4 in 1994 (Theocharis et al. 1999). Roether
et al. (2007) estimated that during the peak EMT period
between mid-1992 and late 1994 the mean outflow of
CDW from the Cretan Arc Straits amounted to about 2.8 Sv
which is an order of magnitude larger than the typical ADW
formation rate. By 1995 about 20 % of the bottom layer
of the eastern Mediterranean was replaced by this new
denser water mass (Lascaratos et al. 1999). Although the
Mediterranean Sea experiences intense variability on differ-
ent time scales, the EMT is the strongest signal of climatic
variability ever observed, and seems to be associated with
many different dynamical aspects of the circulation, water
mass formation, and air-sea interaction. Large deep water
formation in the Aegean Sea is linked with anomalous
air-sea heat and freshwater fluxes which, in turn, are associ-
ated with large-scale atmospheric teleconnection patterns.
A strong impact on the winter net air-sea heat flux of the
Aegean Sea is observed for the East Atlantic/West Russian
pattern (Josey et al. 2011) whereas freshwater flux and
particularly precipitation variations in the Mediterranean
are highly correlated with the North Atlantic Oscillation
(NAO) index (Jones et al. 1997; Tsimplis and Josey 2001;
Mariotti and Dell’ Alquila 2011). Some investigators of
the EMT argued that there were two distinct phases, one
preconditioning phase where the salinity of the Aegean Sea
was considerably increased over the period 1987-1991 fol-
lowed by an extreme surface cooling phase related to the
exceptionally cold winters of 1992 and 1993 (e.g. Lascaratos
et al. 1999; Theocharis et al. 1999; Roether et al. 2007). In a
recent modeling study of the EMT Beuvier et al. (2010)
highlighted the intense surface heat/water losses and wind
stress during the winters of 1992 and 1993, as major trigger-
ing elements considerably lowering the stratification of the
Aegean Sea leading to exceptionally large deep water for-
mation. The enhancement of salt preconditioning for DWF
in the Aegean Sea was attributed to various mechanisms.
Tsimplis and Josey (2001) proposed as the key process
driving the salt content increase a drastic increase in the
freshwater loss due to both an evaporation increase and a
precipitation reduction linked to NAO. Samuel et al. (1999)
suggested that the intensification of northerly winds over
that period enhanced the water mass exchange at the Cretan
Arc Straits, leading to an increased inflow of the highly
saline LIW into the Aegean Sea. Another proposed mecha-
nism for salt preconditioning in the South Aegean Sea was
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Fig.3.3 Maediterranean thermohaline circulation schematic prior to the EMT (a) and during the EMT (b) (From Tsimplis et al. 2006)

associated with wind-induced circulation changes in the
Eastern Mediterranean basin, namely a deep three-lobe anti-
cyclonic structure in the southeastern Levantine deflecting
the LIW path into the Cretan Sea through the eastern Cretan
Arc Straits and, at the same time, a strong gyre formed in the
Tonian Sea blocking the eastward route of low salinity MAW
into the Levantine basin (Malanotte-Rizzoli et al. 1999).
However, this short-term salt preconditioning period seems
to be superimposed on a long-term period of salt increase
due to long-term changes in the salinity of the LSW and
LIW entering the South Aegean (Skliris and Lascaratos

2004; Skliris et al. 2007). The comparison between data
from October 1961 Chain survey and those from September
1987 Meteor survey (Roether and Schlitzer 1991) revealed a
near disappearance of the relatively low salinity intermedi-
ate layer between 500 and 1,000 m in the Cretan Basin
(Boscolo and Bryden 2002). Just after the Nile damming
and over the 1960s and early 1970s a large increase in the
surface salinity of the eastern Levantine Basin is observed in
historical data (Gertman and Hecht 2002; Skliris and
Lascaratos 2004). Over the same period no significant trend
was observed in the Evaporation-Precipitation field over the
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Levantine basin, suggesting that the large surface salinity
increase could be triggered by the drastic Nile outflow
reduction (Skliris and Lascaratos 2004). The LSW salinity
increase was also proposed to induce an enhanced precon-
ditioning for LIW formation and a large increase in the
salinity of the newly formed intermediate waters which, in
turn, spread this salinification signal westward via the
LIW circulation throughout the whole basin (Skliris and
Lascaratos 2004, Skliris et al. 2007). Rohling and Bryden
(1992) found long-term increasing trends in the LIW core
salinity in the Levantine Basin prior to the EMT which they
attributed to the damming of major rivers such as the Nile
since the early 1960s. The Black Sea Water (BSW) outflow
through the Dardanelles Strait was also reduced since the
1950s mainly due to the diversion of Russian rivers for
irrigation (Rohling and Bryden 1992; Bethoux and Gentili
1999). Zervakis et al. (2000) suggested that the EMT was
initiated by DWF in the northern part of the Aegean Sea,
mainly triggered by the BSW freshwater input reduction
and the large winter heat loss, and then this newly formed
dense water overflowed into the deeper Cretan basin.

Observations indicate that after 1995 the EMT is relaxed
and the main source of EMDW progressively shifted again
back to the South Adriatic (Klein et al. 2000; Manca et al.
2002). According to Roether et al. (2007) during the peak EMT
period between 1992 and 1994 about the 75 % of the total
CDW outflow was delivered while later outflow up to 2002
only added another 20 % of the total. The shift to the traditional
Adriatic source has been linked to a reversal of the upper
circulation in the Ionian Sea from anticyclone to cyclonic
(Borzelli et al. 2009). Moreover an increase in the salinity of
the southern Adriatic Sea is evidenced since 1997 attributed to
the advection of high salinity intermediate waters of Aegean
origin produced during the EMT whilst the properties of the
new EMDW of Adriatic origin have become saltier and warmer
than those prior to the EMT (Rubino and Hainbucher 2007).
However, there is clear evidence that, although considerably
slowed down, the EMT is an ongoing process which will
probably continue to affect the thermohaline circulation and
hydrological properties of the Mediterranean Sea in the coming
decades (Roether et al. 2007).

Western Mediterranean Transition

Recent observational studies show an extensive WMDW
renewal over 2004-2006 evidenced by an abrupt and excep-
tionally large warming and salinification of the bottom layer
of WMED (Lépez-Jurado et al. 2005; Schroeder et al. 2006,
2008; Smith et al. 2008). Observations indicate a broad-scale
event with the newly formed denser (saltier and relatively
warmer) water rapidly spreading into the bottom layer of the
Ligurian Sea, the Balearic Sea and the Algero-Provencal
basin (Schroeder et al. 2006). This event is considered to be
of comparable importance with the EMT in terms of the
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induced broad-scale thermohaline changes in WMED, and
recently named as the Western Mediterranean Transition
(WMT) (CIESM 2009). Furthermore, similarly to some
EMT analyses, WMT seems to be triggered by a progressive
salt content increase in the upper/intermediate layers prior to
the event followed by an anomalous strong winter surface
cooling period leading to extensive deep water formation.
The enhanced salt preconditioning was suggested to be
partially attributed to the EMT signal that propagated from
the Levantine to the western basin intermediate waters
through the Sicily Strait over the previous years (Schroeder
et al. 2006, 2010; Font et al. 2007). Gasparini et al. (2005)
demonstrated the arrival of the EMT signal to the Sicily
Strait by the end of 1992 and Schréeder et al. (2006) showed
that progressively saltier and warmer intermediate waters
reached first the Tyrrhenian Sea and then the Ligurian Sea
until 2004. During the severe winter of 2004-2005 excep-
tionally large heat loss led to excessive DWF extending from
the Gulf of Lions to the Catalan sub-basin inducing large
increases in the heat and salt contents of the deep layers
(Lépez-Jurado et al. 2005; Schroeder et al. 2006, 2010; Font
et al. 2007). In a recent modelling study Herrmann et al.
(2010) investigated the factors regulating the exceptional
convection event of the winter 2004-2005 in the NW
Mediterranean. The authors proposed the strong buoyancy
loss over that winter as the key factor responsible for the
intensity of the convection in terms of depth and volume of
newly formed WMDW. The authors also suggested that the
propagation of the EMT signal in the NW Mediterranean
potentially doubled the volume of this new deep water by
inducing a deepening of the heat and salt maximum that
weakened the stratification prior to the convection event. In
February 2006 an exceptionally strong open sea convection
event was also monitored in the DYFAMED station within
the Ligurian Sea which led to the mixing of almost the whole
water column (>2,000 m) and abruptly increased the salt and
heat content of WMDW by mixing with the saltier and
warmer LIW (e.g. Marty and Chiaverini 2010). The latter
authors proposed as one of the triggering factors of this con-
vection event a drastic precipitation reduction inducing
increased surface salinities in the Ligurian Sea during the
previous 3 years (2003-2005). Moreover, during the cold
winters of 2004-2005 and 2005-2006, along with strong
open sea convection, dense shelf water cascading through
the canyons of the Gulf of Lions, typically resulting in inter-
mediate water formation (~500 m), reached much deeper
layers (i.e. >2,000 m) significantly contributing to the deep
water formation of the western basin (Canals et al. 2006;
Pusceddu et al. 2010). Apart from the anomalous winter
atmospheric forcing another proposed cause for the produc-
tion of the large shelf density plumes during these winters
was the pronounced decrease of river freshwater inputs
within the Gulf of Lions.
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The Mediterranean Outflow

Until the early eighties observational studies indicated that the
Mediterranean outflow at the bottom layer of the Gibraltar
strait was composed predominantly by LIW (occupying inter-
mediate depths of ~100-200 m) with a smaller contribution
from WMDW (occupying the deepest layer) (e.g. Baringer
and Price 1997). However more recent observational studies
demonstrated the presence of two other water masses contrib-
uting to the outflow namely the Tyrrhenian Dense Water
(TDW), which basically is a mixture of dense waters origi-
nated from the eastern basin with WMDW, and Western
Intermediate Water (WIW) produced locally in the western
basin (Millot et al. 2006, Millot 2009). These studies also
showed important changes in the composition of the outflow
during the early 2000s, when a new, more saline and warmer
form of TDW was evidenced as the major contributor of the
deep outflowing waters at the Gibraltar Strait. This water mass
was produced in the Tyrrhenian Sea probably by mixing of
newly formed dense waters overflowing the Sicily Channel
originated from the eastern basin during the EMT (Millot
2006). As the Mediterranean water exits the Gibraltar strait it
mixes with the surrounding North Atlantic Central Water
(NACW) in the Gulf of Gadiz to produce a new water mass
known as Mediterranean Overflow Water (MOW) (Potter and
Lozier 2004; Lozier and Sindlinger 2009). The pathway of
MOW is clearly evidenced as a warm and salty tongue spread-
ing westwards at intermediate depths (~1,000-1,500 m) across
the subtropical North Atlantic (Curry et al. 2003; Potter and
Lozier 2004). A part of MOW turns to flow northwards at mid-
depth along the European continental slope, eventually reach-
ing the Nordic Seas. It has been suggested that by providing
high salt content waters MOW contributes to the precondition-
ing of North Atlantic Deep Water formation and thus plays a
significant role in the global meridional overturning circulation
(Reid 1979; McCartney and Mauritzen 2001; Candela 2001).
However, the northward penetration of MOW was recently
shown to be an intermittent feature depending upon the expan-
sion/contraction of the North Atlantic subpolar gyre and the
location of the subpolar front, which, in turn, is shown to vary
with NAO (Lozier and Stewart 2008).

Long-Term Hydrological Changes

Various observational/modelling studies have shown the
high sensitivity of the Mediterranean “climate” to anthropo-
genic/climatic perturbations (e.g. Rohling and Bryden 1992;
Wu and Haines 1998; Krahman and Schott 1998; Bethoux
and Gentili 1999; Tsimplis and Josey 2001; Skliris et al.
2007). Small changes in the surface freshwater input account-
ing for 5-10 % of the mean freshwater budget induced by
anthropogenic/climatic perturbations such as damming of

rivers and changes in the precipitation field are shown to
have large and long-term impacts on the thermohaline circu-
lation and the hydrological properties of the basin (Wu and
Haines 1998; Tsimplis and Josey 2001; Skliris et al. 2007).
As mentioned before the observed large changes in the
Mediterranean intermediate and deep waters are generally
considered as signatures of changes which took place in the
surface layer and propagated in the deep layers by the ther-
mohaline circulation cells within the two sub-basins. The
signatures of evolutions due to climatic/environmental
changes may remain for a long period in the system with the
time-scale response of the Mediterranean deep waters to
reach a new thermohaline equilibrium state being about
60-70 years (Skliris and Lascaratos 2004). One may distin-
guish between short-term abrupt transient events mainly
driven by winter meteorological forcing extremes in the two
sub-basins (i.e. such as the EMT and WMT), atmospheric
decadal/inter-decadal natural variability signals induced by
large-scale teleconnection patterns and long-term anthropo-
genic global climate change patterns on the regional scale of
the Mediterranean Sea. All these signals acting on different
time-scales are superimposed making difficult the interpreta-
tion of the observed changes in the hydrological properties
of the Mediterranean Sea.

The air-temperature over-land anomalies in the
Mediterranean region during the last five centuries indicate
an unprecedented strong warming from the mid-1970s
onwards, featuring the hottest summer decade 1994-2003 in
the entire record (1500-2003) (Luterbacher et al. 2004;
Xoplaki et al. 2006). Recent studies using satellite AVHRR-
derived Sea Surface Temperature (SST) data have demon-
strated an accelerated surface warming of the Mediterranean
Sea during the last 25 years (Criado-Aldeanueva et al. 2008;
Nykjaer 2009; Skliris et al. 2012). Skliris et al. (2012)
showed a strong eastward increasing warming pattern with
the mean warming rate being about 0.26 °C/decade in
WMED and about 0.42 °C/decade in EMED over 1985-2008
(Fig. 3.4). Mediterranean SSTs showed an exceptionally
high warming during the 1994-2003 period reaching about
1 °C/decade which is one of the highest warming rates
recorded in the global ocean. The Mediterranean Sea is one
of the first oceanic regions where the temperature increase
was linked to greenhouse effects and global warming
(Béthoux et al. 1990). Belkin et al. (2009) argued that the
observed rapid surface warming in the enclosed and semi-
enclosed European Seas such as the Mediterranean, sur-
rounded by major industrial/population agglomerations, may
have resulted from the observed large terrestrial warming
directly affecting the adjacent coastal seas, whilst regions
of freshwater influence seem to play a special role in modu-
lating and exacerbating global warming effects on the
regional scale. However, it is difficult to discriminate
between the regional patterns of global climate change and



38

N. Skliris

SST linear trend 1985-2008 (deg. C I yr)

Latitude (deg. N)

0.07

0.06

0.05

0.04

0.03

0.02

0.01

10
Longitude (deg. E)

15

Fig.3.4 Satellite-derived SST linear trend over 1985-2008 (From Skliris et al. 2012)

the anomalies induced by natural modes of large-scale
atmospheric variability generally known to strongly affect
the Mediterranean climate from multi-decadal to centennial
timescales (Lionello et al. 2006). On the other hand, it is dif-
ficult to assess which part of the large-scale atmospheric
variability is natural and which part is also induced by global
climate change. The Mediterranean SST multi-decadal vari-
ations are shown to be highly correlated with the variations
of teleconnection patterns of the North Atlantic such as the
East Atlantic Pattern (EAP) and the Atlantic Multidecadal
Oscillation (AMO) (Mariotti et al. 2010; Skliris et al 2012;
Mariotti and Dell’ Alquila 2011). Rixen et al. (2005) pro-
vided evidence for consistent temperature changes in the
WMED and the North Atlantic, explained by similarities in
the atmospheric heat fluxes anomalies strongly correlated to
NAO. Moreover, Vargas-Yanez et al. (2010) showed that the
long-term temperature variability in the upper 200 m layer of
the western Mediterranean highly correlates with the heat
absorbed by the upper North Atlantic Ocean. Based on both
satellite and in-situ observations Skliris et al. (2012) suggested
that a part of the strong surface warming signal during the
last two decades was advected in the Mediterranean by the
Atlantic inflow.

Long-term salinity increases in the Mediterranean basin
have been linked with changes in the surface freshwater bud-
get mainly due to large scale precipitation negative anoma-
lies (Krahman and Schott 1998; Bethoux and Gentili 1999)
and to reduced river freshwater inputs (Rohling and Bryden
1992, Skliris et al. 2007). The precipitation rate over the
Mediterranean Sea is controlled by the northern hemi-
sphere atmospheric circulation mainly expressed by NAO
(Hurrell 1995). The long-term increase of the NAO index
from the late 1960s until the mid-1990s was found to be
strongly correlated with a reduction of the precipitation
in the Mediterranean area (Krahmann and Schott 1998;

Tsimplis and Josey 2001). Another long-term decrease of
freshwater input in the Mediterranean Sea is due to decreas-
ing river freshwater discharge reflecting the impact of recent
climate change and river damming. A decrease larger than
50 % in the freshwater discharge of rivers feeding directly or
indirectly (i.e. i.e. the Black Sea rivers impact on the) the
Mediterranean Sea was estimated since the second half of
the nineteenth century due to dam constructions (Poulos
and Drakopoulos 2001) with the major damming occurring
over the last 50 years. Recently Ludwig et al. (2010) esti-
mated a reduction in the river freshwater discharge in the
Mediterranean basin of at least 20 % between 1960 and
2000. After the construction of the Aswan Dam in 1964, the
runoff of the Nile, the river with the largest water load and
drainage basin in the Mediterranean until the early 1960s,
was drastically reduced (by more than 90 %) affecting the
salt budget and the thermohaline circulation of the whole
basin (Rohling and Bryden 1992; Skliris and Lascaratos
2004 Skliris et al. 2007). The runoff of the Ebro River, one
of the major rivers draining into the Western Mediterranean
Basin, was also abruptly reduced (by more than 60 %) due to
damming in the early 1960s. Salinity increases in the eastern
basin are also associated with a reduction of the Black Sea
Water freshwater input through the Dardanelles Straits due
to the control of Russian rivers draining into the Black Sea
since the 1950s (Rohling and Bryden 1992). Recent observa-
tional studies also indicate a long-term evaporation increase
driven by the rapid sea surface warming during the last
decades implying an increase of latent heat loss from the sea
surface (Mariotti et al. 2010; Romanou et al. 2010; Skliris
et al. 2012). Finally the AW freshwater input was also pro-
posed to be a contributor to the interannual/decadal scale
variability of the Mediterranean salt content (Millot 2007).
The latter author reported a continuous large salinification of
the AW inflow between 2003 and 2007, with the salinity



3 Past, Present and Future Patterns of the Thermohaline Circulation and Characteristic Water Masses of the Mediterranean Sea 39

increasing trend during this short period being much larger
than the decadal-scale trends observed in the Mediterranean
characteristic water masses.

Long-term warming and salinification trends have been
observed in the intermediate and the deep layers of WMED
during the second half of the twentieth century. Rohling and
Bryden (1992) reported increasing trends in the salinity and
the temperature of the WMDW of about 0.9 103 psu/year
and 1.6 107 °Clyear, respectively, over the 1955-1989
period. They also found an increasing trend in the LIW core
salinity (of about 2.5 103 psu/year) in the north-eastern part
of the Balearic basin, near the formation site of WMDW. The
authors argued that the salinity changes in the intermediate/
deep waters of WMED were mainly linked to the Nile dam-
ming and they were imported from the eastern basin by the
LIW inflow through the Sicily strait. Leaman and Schott
(1991) and Rohling and Bryden (1992) postulated that the
warming trend in the WMDW could have resulted from a
continuous increase in the average salinity of LIW reaching
the Gulf of Lions. Since LIW is mixed throughout the water
column during winter convection events in this area, the
upper layers would not have to be cooled as much to reach
density values characteristic of the WMDW (64.~29.11).
Bethoux and Gentili (1999) reported temperature and salinity
increasing trends over the 1959-1997 period in WIW within
the Ligurian Sea of about 6.8 10~ °C/year and 1.8 1073 psu/
year, respectively. Over the same period, observed salinity
and temperature increasing trends in the deep water of the
Algerian-Provengal basin were estimated to be about 1.1 1073
psu/year and 3.5 107 °C/year (Bethoux and Gentili 1999).
The authors used a simplified 20-box model to explain the
deep water signatures of the western basin over the 1959-
1997 period in terms of heat and freshwater flux changes
across the sea surface. The temperature increase was attrib-
uted to the decrease of long-wave radiation (i.e. due to the
increase of the greenhouse effect) while the major contribu-
tor to the salinity increase was shown to be the Nile outflow
reduction. Continuous trends in the properties of the inter-
mediate/deep layers were also observed throughout the
western basin. Sparnocchia et al. (1994) reported salinity
and temperature increasing trends over the 19501987 period
in the LIW layer of the Sicily Straits (1.6 1073 psu/year and
6.5 107 °C/year) and of the Ligurian Sea (1.9 1073 psu/year
and 9.1 107* °C/year). Fuda and Millot (2002) reported
increasing trends in the salinity and temperature of the
Tyrrhenian Deep Water (TDW) at depths higher than 3,000 m
of about 0.6 10~* psu/year and 1. 1073 °C/year, respectively,
over the 1960-1990 period. Krahman and Schott (1998)
reported, in addition to the WMDW salinity and temperature
trends, a large salinity increase in the upper 0-70 m layer of
the northwestern Mediterranean from 1960 to 1990. Over the
same period, they found that the LIW salinity increase in that
region was not strong enough to be solely responsible for the

deep water trends. They authors concluded that WMDW
trends were mainly caused by local variations in the surface
freshwater fluxes of the north-western Mediterranean,
mainly decreasing precipitation and Ebro River runoff since
the early 1960s. In a numerical modelling study Skliris et al.
(2007) showed that about 50 % of the WMDW salinity
increase during the second half of the twentieth century
could be explained by the changes in the LIW originated
from the eastern basin (mainly due to the Nile damming)
reaching the WMDW formation sites while the remaining
part could be explained by local freshwater budget changes
in the western basin (mainly due to a precipitation reduc-
tion). During the WMT the long-term WMDW salinity/
temperature slowly increasing trends since the late 1950s are
disrupted when strong deep water formation and rapid
WMDW renewal by much warmer and saltier waters, par-
tially originated from the eastern basin during the EMT,
induced abrupt and excessive increases in the heat and salt
contents of the deep layer. Schroeder et al. (2010) estimated
a total salinity and temperature increase at the bottom of the
new WMDW layer of 0.024 psu and 0.042 °C, respectively,
between 2004 and 2008.

In contrast with WMED where salinity and temperature
variations in the deep layer during the second half of the
twentieth century are characterised by long-term quasi-
monotonic increasing trends, the evolution of hydrological
properties in the bottom layer of the Levantine basin shows
no clear trends and much larger decadal-scale variability. A
large increase in the salinity of both the surface (~0.15 psu)
and the deep (~0.1 psu at 2,000 m depth) layers of the
Levantine Basin is observed in historical data between the
early 1960s and the early 1970s (Skliris and Lascaratos
2004). This event mainly affecting the salinity of the EMDW
within the Levantine basin was suggested to be induced by
the dramatic reduction of the Nile outflow in the early 1960s
and a prolonged period of heat loss increase resulting in deep
water formation in the Rhodes Gyre area and propagation of
the surface salinification signal towards the deep layers
(Skliris et al. 2007). However observations during the mid-
1980s indicate that there was no any imprint left of this event
within the Levantine basin and that the deep layer salinity
was restored again to the reduced levels of the early 1960s.
During the EMT large salinification and warming trends
were evidenced in the deep Levantine basin as a consequence
of the large amounts of newly formed denser, much saltier
and warmer waters of Aegean origin that filled the bottom
layer of this basin. Between the late 1980s and the mid-1990s
the Levantine basin average salinity and temperature at
2,000 m depth increased by about 0.1 psu and 0.3 °C, respec-
tively (Skliris and Lascaratos 2004). Manca et al. (2004)
reported increasing trends in the EMDW salinity (~10- psu/
year) and temperature (~3.107 °C/year) within the bottom
layer of the Ionian basin (>1,200 m) from the mid-1950s to
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the end of 1990s. Salinity increasing trends were also
observed at intermediate depths throughout the Levantine
and Ionian Basins as well as in the Adriatic Sea. Rohling and
Bryden (1992) reported increasing trends in the LIW core
salinity in both the western Levantine Basin (~2.107 psu/
year) and the eastern Ionian Basin (~4.5 10~ psu/year)
between the mid-1950s and the early 1970s. Vilibic (2002)
reported a salinity increasing trend of about 3.5 1073 psu/year
in the bottom water of the Jabuka Pit (Middle Adriatic) over
the 1951-1989 period. Vilibic and Orlic (2001) compared
salinity measurements in the 100-500 m interval of the South
Adriatic Pit, conducted at the beginning of the twentieth cen-
tury and during the 1967-1990 period. They found a large
increase (>0.05) in the average salinity, which they mainly
attributed to the reduction of the Nile river discharge.

A more integrated picture of the temperature and salinity
decadal variability and long-term trends in the two
Mediterranean sub-basins is provided by Rixen et al. (2005)
who exploited the MEDAR group database (MEDAR Group
2002). This is a yearly three-dimensional dataset consisting
of quality checked temperature and salinity profiles in the
Mediterranean from 1945 to 2002 interpolated onto a
0.2x0.2° horizontal grid by a Variational Inverse Model
(VIM) (Brankart and Brasseur 1998). Rixen et al. (2005)
investigated the basin-average temperature/salinity varia-
tions for the upper 150 m layer as well as for the intermediate
(150-600) and deep (600-bottom) layers of EMED and
WMED over 1950-2000. The authors showed a significant
warming trend in the upper 150 m of both sub-basins from
the mid-1980s onwards, except from a brief cooling period
in the early 1990s during the EMT peak phase. For the
bottom layer of both sub-basins small increasing trends
are obtained until the mid-1980s followed by an accelerated
warming. Bottom layer temperature increase was larger in
EMED, suggesting that the surface warming signal was rap-
idly propagated in the deep part of the basin during the EMT.
On the other hand, the authors indicated no long-term trends
but strong decadal-scale variability in the upper/intermediate
layers with a small decreasing temperature trend in WMED
and a marked cooling in EMED from the mid-1970s until the
mid-1980s. Concerning salinity variations the authors found
a significant increasing trend in the upper layer salinity in
WMED over 1960-1990. As mentioned before this period
was characterised by decreasing precipitation over the west-
ern basin strongly correlated with an increasing positive
NAO index. Salinity variations show quasi-continuous
increasing trends in both the intermediate and bottom layers
of WMED over 1950-2000. In EMED there is a small
increasing salinity long-term trend in the intermediate layer
whilst the evolution of bottom layer salinity shows strong
decadal variability driven by the abrupt transient events with
large increasing trends during the 1960s/early 1970s and
then during the EMT in the 1990s.
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Although there is large interannual/decadal scale variabil-
ity in the thermohaline properties of the Mediterranean Sea,
a coherent and robust trend of increased salinity and warmer
temperature is evidenced in key Mediterranean water masses
over the last 50 years and this “Mediterranean” signal of
change is also clearly depicted in the subtropical North
Atlantic intermediate waters (Curry et al. 2003; Potter and
Lozier 2004; Durack and Wijffels 2010). A significant warm-
ing and salinification of MOW in the eastern North Atlantic
was reported by Potter and Lozier (2004). The authors found
increasing trends of about 0.1 °C/decade and 0.03 psu/
decade in the MOW core temperature and salinity, respec-
tively, over 1950-2000.

Future Projections of the Thermohaline
Circulation

The Mediterranean Sea surface warming as observed during
the last 20 years is projected to be accelerated in the context
of global warming affecting the DWF processes and the
thermohaline circulation. This rapid surface warming may
significantly diminish density and thus may increase stratifi-
cation in the upper layer in the near future. This in turn may
lead to a reduction of dense water formation rates in the vari-
ous deep/intermediate water formation sites of the basin
slowing down the thermohaline circulation. However, on the
other hand, the sea surface warming is also shown to drive a
long-term latent heat loss/evaporation increase in the basin
during the last few decades (Mariotti 2010; Mariotti and
Dell’ Alquila 2011; Romanou et al. 2010; Skliris et al. 2012).
The evaporation increase combined with a precipitation and
river discharge reduction, as already observed over the sec-
ond half of the twentieth century, would induce a salinity
increase thus favouring a density increase and a reduced
stratification in the upper layer. As a consequence the warm-
ing and salinification signals could be, at least partially,
density compensated moderating the regional impact of
global climate change on the Mediterranean stratification.
The future status of stratification which in turn determines
the DWF rates and thus the whole overturning thermoha-
line circulation of the Mediterranean depends on the relative
contribution of the salinity and temperature trends in defin-
ing the surface density evolution. The long-term salinity/
temperature increasing trends observed in the WMDW over
the second half of the twentieth century resulted in a moderate
increasing trend in the deep layer density (e.g. Rohling and
Bryden 1992; Bethoux and Gentili 1999). On the other hand,
Potter and Lozier (2004) found that the warming and salini-
fication changes in the MOW within the eastern North
Atlantic over 1950-2000 were density compensated.

The future climate change was first investigated by means
of global-scale Atmosphere or coupled Atmosphere/Ocean/
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land General Circulation Model (AGCM and AOGCM,
respectively) projections based on different anthropogenic
greenhouse gases and aerosols emission scenarios covering
the twenty-first century. These emission scenarios are defined
by the IPCC working group (WP III) in charge of the assess-
ment of options for mitigating climate change (IPCC 2000).
According to the latest IPCC assessment report (IPCC-AR4
2007), the climate over the Mediterranean basin is expected
to become both warmer and drier during the twenty-first
Century. Global climate model projections indicate that
annual mean temperatures of the Mediterranean region are
likely to increase more than the global mean (Christensen
et al. 2007). The Mediterranean warming trend is expected to
be much stronger during summer with the air temperature
increase over the sea reaching on average 3—4 °C at the end
of the twenty-first century (Giorgi and Lionello 2008).
Annual precipitation and number of precipitation days are
likely to decrease in most of the Mediterranean area while
the risk of summer draughts is likely to increase. Mariotti
et al. (2008) used Coupled Model Intercomparison Project
phase 3 (CMIP3) multi-model simulations based on the
SRES Al1B emissions scenario to predict Mediterranean
water cycle changes during the twenty-first century. Based
on the multi-model ensemble average the authors estimated
a 24 % increase in the freshwater loss over the Mediterranean
Sea by 2070-2099 due to precipitation reduction and
enhanced evaporation driven by the sea surface warming.
River freshwater inputs were also projected to be signifi-
cantly reduced further exacerbating draught conditions in the
Mediterranean Sea. These model projections for the twenty-
first century are consistent with the current trends observed
during the second half of the twentieth century for all the
surface freshwater budget components (i.e. precipitation,
evaporation and river runoff), suggesting that the hydrologi-
cal cycle has already started to change significantly in the
Mediterranean region.

In recent years the analysis of the climate change at the
regional scale is performed by dynamically downscaling
global-scale AGCMs or AOGCMs using higher resolution
limited area Atmosphere or coupled Atmosphere/Ocean
Regional Climate Models (ARCMs and AORCMs, respec-
tively). By resolving smaller-scale topographically con-
trolled features and taking into account the specificity/
complexity of regional dynamics such dynamical down-
scaling provides a more adequate representation of the
regional climate changes. Although the majority of both
regional and global climate prediction models are qualita-
tively consistent in producing the future warming and drying
trends in the Mediterranean area there are still large uncer-
tainties concerning both the magnitude and spatial patterns of
change. Apart from the different representation of physical
processes among the models uncertainties also arise from
the intense natural variability of the Mediterranean climate.

The Mediterranean region is a mid-latitude transitional
zone between the warm and dry climate of the North Africa
and the cold and wet climate of the Central Europe whilst
at the same time is under the influence of the atmospheric
teleconnection systems of the North Hemisphere, from the
North Atlantic to the African and Indian Monsoon patterns,
strongly modulating its climatic conditions at decadal/
inter-decadal timescales. Whilst there have been several
multi-model prediction studies concerning the “atmo-
spheric” climate of the Mediterranean region (e.g. Giorgi
and Lionello 2008; Mariotti et al. 2008) there are only a
few published works concerning climate projections of the
Mediterranean Sea thermohaline circulation and hydrologi-
cal properties. A few EU funded projects such as SESAME
and CIRCE which ended in 2011 addressed the issue of the
Mediterranean future climate projections focusing on the
ocean component and their results are highly expected by
the oceanographic community of the Mediterranean Sea. In
an early study Thorpe and Big (2000) used a high resolu-
tion (1/4° horizontal resolution) ocean model forced by air-
sea fluxes from a global IPCC coarse resolution model
based on a doubling CO2 emissions scenario over the
twenty-first century. A very strong sea surface warming is
simulated with the SST increase reaching on average 4 °C
at the end of the twenty-first century. Increasing tempera-
ture and salinity trends were found in the deep layers while
the stratification was strongly enhanced leading to a con-
siderable weakening of the thermohaline circulation. Somot
et al. (2006) used a higher resolution ocean model (1/8°
horizontal resolution) to predict thermohaline changes of
the Mediterranean Sea forced by the air-sea fluxes of an
ARCM derived from a dynamical downscaling (at 50 km
resolution) from a global AOGCM based on the IPCC A2
emission scenario covering the twenty-first century. Results
showed that the basin averaged surface net heat loss
decreased from 6.2 to 2.4 W m™ and the freshwater loss
increased from 0.72 to 1.01 m year™! by the end of the cen-
tury. The Mediterranean Sea response to the air-sea flux
changes resulted in a significant warming and salinification
for both the surface (on average +3.1 °C and +0.48 psu) and
deep layer (on average +1.5 °C and +0.23 psu) of the basin.
These hydrological changes induced a strong weakening of
the thermohaline circulation mainly driven by the surface
density decrease and a subsequent excessive decrease in both
the intermediate water formation rate (by about 40 %) and in
the DWF rate (by about 80 %) with respect to present climate
conditions (Fig. 3.5). Results also indicated that the volume
exchange through the Strait of Gibraltar was only slightly
reduced (from 1.17 to 1.12 Sv) while both the Mediterranean
outflow and Atlantic inflow became significantly warmer and
saltier at the end of the scenario simulation. Overall, the
model predicted a reduction of total heat gain by 13 % and an
increase of salt loss by 5 % through the Gibraltar Strait by
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Fig.3.5 Vertical sections averaged over the 2070-2099 period for the global Mediterranean Zonal Overturning stream Function (a) for a control
run simulating the present climate and (b) for an IPCC-A2 scenario run (From Somot et al. 2006)

the end of the twenty-first century. The authors also indicated
that the future predictions of the Mediterranean outflow in
the North Atlantic were consistent with the current observed
changes over the second half of the twentieth century. Somot
et al. (2008) performed the same projection based again on
the A2 emissions scenario and using the same ocean model
component but this time they applied a fully coupled
Atmosphere/Ocean Regional Climate Model (AORCM) to
predict ocean/atmosphere climate changes in the Europe/
Mediterranean region. They also compared the AORCM
results with those of a non-coupled atmospheric regional

model (ARCM) under the same emissions scenario. Results
from the AORCM simulation showed that the yearly mean
basin-average SST increased by +2.6 °C with a maximum in
summer and autumn (+2.9 °C) in good agreement with the
results of the previous one-way coupled ocean simulation by
Somot et al. (2006) but also with the results of the corre-
sponding ARCM simulation. However the authors found that
the proper representation of Mediterranean SSTs in the
higher resolution AORCM resulted in the amplification of
the climate change signal over large parts of Europe with
respect to the corresponding ARCM. In particular the
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warming was found to be significantly higher throughout
the year in many areas of Europe, winters were found to be
wetter over northern Europe and summers drier over south-
ern and eastern Europe. Herrmann et al. (2008) used the
Somot et al. (2006) Mediterranean ocean climate simulation
outputs to force a higher resolution model of the NW
Mediterranean in order to investigate the impact of climate
change on dense water formation over the shelf of the Gulf
of Lions. Based on the model results the authors estimated
that between the twentieth century and the end of the
twenty-first century the volume of dense water annually
formed on the shelf was reduced by about 50 % while that
cascading from the shelf edge was reduced by 90 %.

Implications of Thermohaline Circulation
and Hydrological Changes on Mediterranean
Marine Ecosystems

The global sea surface warming during the last decades has
already a significant impact on marine ecosystems (e.g.
Behrenfeld et al. 2006; Polovina et al. 2008). According to
Belkin et al. (2009) the Mediterranean is one of the Large
Marine Ecosystems (LMEs) which is strongly affected by
the very rapid surface warming i.e. the observed warming
rate is four times the global rate over 1978-2003. This rapid
warming was shown to have large effects on marine biodi-
versity disrupting functions in various marine ecosystems
and shifting the biogeochemical equilibrium of the
Mediterranean Sea. As previously discussed a potential
consequence of the rapid warming is the weakening of the
thermohaline circulation and the increased stratification of
the upper layer. The subsequent reduced mixing of the water
column may result in lower upward turbulent nutrient
transports, thus inhibiting new primary production in the
Mediterranean Sea. Barale et al. (2008) analysing the Seawifs-
derived surface chlorophyll variability in the Mediterranean
Sea from 1998 to 2003 showed a general decrease of surface
chlorophyll monthly mean values over the basin interior.
The authors have interpreted the decreasing chlorophyll
trend in the open sea in terms of increased nutrient-
limitation, resulting from reduced vertical mixing and a
more stable stratification associated with the rapid surface
warming of the Mediterranean Sea. This pattern is consistent
with the decreased primary productivity levels already evi-
denced at global scale as a response to the warming climate
(e.g. Boyd and Doney 2002; Sarmiento et al. 2004; Doney
2006; Behrenfeld et al. 2006; Polovina et al. 2008).
However, at short-term scales enhanced primary produc-
tivity levels were observed in particular locations of the
Mediterranean over the last two decades associated with the
strong climatic transient events. In the highly productive NW
Mediterranean a small increase of phytoplankton biomass

has been observed over 1991-1999 (Marty et al. 2002) while
an exceptionally high chlorophyll a integrated biomass was
observed over 2003-2006 (Marty and Chiaverini 2010). The
latter period was characterised by intense winter cooling
which resulted in the dramatic convection events of the
WMT (see section “Climate transient events”). Marty and
Chiaverini (2010) evidenced a very intense diatom bloom in
the DYFAMED site within the Ligurian Sea following the
excessive convection event of February 2006. During this
event the strong mixing affected almost the whole water col-
umn (>2,000 m) leading to a very efficient nutrient replen-
ishment of the surface layer strongly stimulating new primary
production. The above authors concluded that the NW
Mediterranean Sea primary productivity was increasing over
the last two decades. Moreover during the convection events
of 2004-2006 large amounts of sedimentary organic matter
originated from the continental shelf were rapidly trans-
ported by dense shelf water cascading through the canyons
of the Gulf of Lions and accumulated into the deepest part of
the area resulting in a large drop in benthic abundance and
biomass (e.g. Pusceddu et al. 2010).

Touratier and Goyet (2009) studied the evolution of
anthropogenic CO, in the DYFAMED station from the
early-1990s to the mid-2000s. They found much higher
concentrations of anthropogenic CO, than those in the
Atlantic Ocean but the temporal trend was decreasing in the
intermediate and deep layers of the water column and this
decrease was highly correlated with a decrease in the dis-
solved oxygen and an increase in both temperature and
salinity. The authors explained these trends by an invasion
of older water masses occurred during this period partially
originated from the eastern basin as a consequence of the
EMT. During WMT the strong convection events produced
large volumes of deep waters as a mixture of warm and
very saline intermediate waters from the eastern basin and
local waters from the DWF sites. These newly formed deep
waters were sufficiently dense to uplift the existing deep
waters, which resulted in an apparent increase in the age of
the overlying waters and consequently in a decrease in the
anthropogenic CO, and oxygen contents (Touratier and
Goyet 2009).

Increased primary productivity levels were also observed
in the highly oligotrophic Cretan Sea during the EMT cli-
matic event. Over the peak EMT period (1992-1994) huge
amounts of the dense CDW were produced and outflowed
through the Cretan Arc Straits into the deep Levantine Basin
uplifting several hundred meters the bottom nutrient-rich
layer occupied by older EMDW of Adriatic origin. As a con-
sequence a new nutrient-enriched intermediate layer was
formed in EMED, the so-called Transitional Mediterranean
Water (TMW). At the same time nutrient concentrations
decreased and oxygen concentrations increased in the bottom
layer of the Levantine basin due to the replacement of the old
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EMDW by the newly formed oxygen-rich/nutrient-poor
CDW. Following the general cyclonic circulation the nutri-
ent-rich TMW progressively intruded mainly through the
Eastern Cretan Arc Straits into the Cretan Sea compensating
for the massive CDW outflow (Souvermezoglou et al. 1999).
By 1994 a well defined ‘minimum temperature/salinity/oxygen
and maximum nutrient’ intermediate layer was established
in the Cretan Sea. Nutrient concentrations at intermediate
depths in the Cretan Sea nearly doubled in 1994-1995 as
compared with those observed during previous years until
1992 (Souvermezoglou et al. 1999; Souvermezoglou and
Krasakopoulou 2000). Intense winter mixing and cyclonic
gyre formation in the area resulted in a nutrient replenish-
ment of the upper layer (Psarra et al. 2000). An intense diatom
bloom then occurred which led to exceptionally high sea-
sonal mean primary productivity levels (i.e. about 220 and
160 mg C m? day~! at the continental shelf and slope areas,
respectively) observed for the first time in this oligotrophic
area (Psarra et al. 2000).

Taken into account the projected accelerated warming in
the Mediterranean region during the twenty-first century
(e.g. Somot et al. 2006; Somot et al. 2008) the impact on
Mediterranean marine ecosystems is expected to be ampli-
fied over the coming decades. As mentioned in the previous
section current regional climate model projections indicate
that the thermohaline circulation will significantly slow
down and DWF both through open ocean convection and
through dense shelf water cascading will be considerably
reduced during this century (Somot et al. 2006; Herrmann
et al. 2008) suggesting that new primary production could
be strongly inhibited in the Mediterranean Sea. Decreasing
productivity levels are particularly expected to be evidenced
in the highly productive DWF areas such as the Gulf of
Lions where deep convection events typically result in the
nutrient replenishment of the surface layer through exten-
sive mixing of the water column strongly stimulating primary
production.

On the other hand, in contrast with the oligotrophic open
sea, several coastal areas particularly along the highly popu-
lated and industrialised northern Mediterranean coastline are
progressively characterised by higher eutrophication levels
due to increasing anthropogenic nitrogen/phosphorous
inputs mainly derived by the run-off from agricultural land
as well as by raw or poorly treated urban and industrial
wastewaters. The projected enhanced stratification/reduced
mixing as well as the decreased shelf-slope exchange/
dense shelf water cascading over the twenty-first century
(e.g. Herrmann et al. 2008) could further exacerbate eutro-
phication phenomena in the Mediterranean coastal zones
by inducing an accumulation of the increasing anthropo-
genic nutrient loads over the coastal shelf. The weakening of
the thermohaline circulation and subsequent decrease in
shelf-slope exchange is also likely to affect coastal carbon
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exports to the deep ocean reducing the sequestration rate of
anthropogenic carbon.

Another factor contributing to the sensitivity of the
Mediterranean marine ecosystems is the large number of
invasive Red Sea tropical species observed since the open-
ing of the Suez Canal in 1869 (Streftaris et al. 2005), a situ-
ation which could be further aggravated by the observed
accelerated sea surface warming and increased stratifica-
tion in EMED. Moreover, some Mediterranean species
inhabiting intermediate/deep waters appear particularly
susceptible to hydrological changes. Cartes et al. (2011)
suggested that long-term changes in the LIW properties at
its formation site within the northeastern Levantine basin
mainly attributed to the Nile damming was probably a trig-
gering factor for the extinction/drop in abundance of deep-
sea shrimp species typically inhabiting the LIW layer off
Catalonian coasts within the northwestern Mediterranean
(i.e. located several thousand kilometres away from the
Nile mouth).

Summary

The Mediterranean Sea is characterised by a very active ther-
mohaline circulation strongly resembling the global con-
veyor belt and for this reason is often considered as an
appropriate scaled-down model to study the global overturn-
ing circulation and to anticipate the ocean response to envi-
ronmental/climate changes. Recent observational studies
demonstrated that far from being stationary the thermohaline
circulation presents a very high spatiotemporal variability
driven by anthropogenic environmental changes and the
strong interannual and decadal scale natural variability of the
air-sea heat/freshwater fluxes. The intense climatic variabil-
ity of the basin is particularly highlighted during two extreme
climate transient events, the EMT during the 1990s and the
WMT during the 2000s which resulted in dramatic changes
in the thermohaline circulation and hydrological properties
of its two sub-basins strongly affecting marine ecosystems.
Both climate transients were triggered by an enhanced salt
preconditioning in the upper/intermediate layers followed by
extreme winter surface cooling events that led to massive
DWF and an abrupt and drastic increase of the heat and salt
contents of the bottom layer. Intense mixing of the water col-
umn and changes in the spatial distribution of key water
masses during these transient events induced a strong nutri-
ent enrichment of the euphotic zone stimulating primary pro-
duction. Moreover DWF processes during these climatic
transients (i.e. both open sea convection and dense shelf
water cascading through canyon areas) resulted in efficient
exports of surface carbon-rich water and coastal shelf sedi-
mentary organic matter into the deepest part of the basin
strongly affecting the benthic communities.



3 Past, Present and Future Patterns of the Thermohaline Circulation and Characteristic Water Masses of the Mediterranean Sea 45

Although there is a large interannual/decadal variability
observations show spatially coherent multi-decadal warm-
ing and salinification trends in key intermediate and deep
water masses of the basin. These long-term trends are linked
with changes in the surface freshwater/heat budgets reflect-
ing both natural and anthropogenic impacts. The signals of
surface changes seem to be rapidly propagated in the inter-
mediate/deep layers via the very active open and closed ver-
tical thermohaline circulation cells of the basin. Important
salinification and warming signals over the second half of
the twentieth century are also evidenced in the Mediterranean
outflow at the bottom layer of the Gibraltar Strait as well in
the MOW within the North Atlantic. The extent to which the
long-term salinification and warming of the Mediterranean
outflow will affect the global overturning circulation
remains an open question (Lozier and Stewart 2008; Lozier
and Sindlinger 2009). Observational studies also indicate a
rapid surface warming of the Mediterranean Sea during the
last two decades related with the global-scale warming pat-
tern. However, the Mediterranean Sea surface warming rate
is several times higher with respect to the global mean. A
few available climate regional model projections for the
Mediterranean Sea demonstrate that the current sea surface
warming will accelerate over the twenty-first century.
Although the surface freshwater loss over the Mediterranean
is also projected to further increase over the same period,
the simulated surface warming and salinification trends are
not density compensated but induce instead a significant
surface density decrease. As a consequence, stratification is
enhanced in the upper layer resulting in a considerable
weakening of the thermohaline circulation and a dramatic
reduction of dense water formation rates throughout the
basin (e.g. Somot et al. 2006). Such drastic hydrodynamic
changes are expected to have a large impact on the
Mediterranean marine ecosystems by inhibiting both pri-
mary productivity levels and surface organic carbon exports
to the deep parts of the basin.
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Past, Present and Future Patterns
in the Nutrient Chemistry of the
Eastern Mediterranean

Michael Krom, Nurit Kress, llana Berman-Frank,
and Eyal Rahav

Abstract

This review summarises the distribution of dissolved nutrients (nitrate, phosphate and
silicate) over the period of modern measurements (~30 years) and aspects of the biogeo-
chemical processes which control their distribution in the Eastern Mediterranean Sea
(EMS). The levels of nitrate, phosphate and silicic acid (~6 p mol N kg1, 0.25 pu mol P kg™
and 11 p mol Si kg™! in deep water) in the EMS are much lower than all other parts of the
ocean due to the unusual anti-estuarine circulation which exports nutrient replete intermedi-
ate water at the Straits of Sicily and to the relatively young age of the deep water (t = 120
years). Dissolved oxygen decrease and nutrients increase eastwards, in the direction of the
deep-water circulation with nitrate increasing by ~0.5 pu mol kg~! from the Western Ionian
to the Eastern Levantine, phosphate by 0.05 p mol kg™! and silicic acid by ~4.5 p mol kg™
representing the amount (rate) of organic matter and biogenic silica (BSi) breakdown over
the residence time of Deep Water in the basin. The East Mediterranean Transient interrupted
this simple pattern causing lower nutrients in the deep water and upwelled nutrients into the
upper layers. The high nitrate/phosphate found in the deep water (25-28:1) is due to a com-
bination of high Nitrate:Phosphate waters advected from the surface of the Adriatic during
deep water formation during the P-limited winter bloom and P recycling more efficiently
than N from the descending particulate organic matter (POM). High N:P ratios in POM and
dissolved organic matter (DOM) show that the entire EMS is P starved. There are seasonal
changes in nutrient limitation with conventional P limitation during the winter phytoplankton
bloom which becomes N&P co-limitation in early summer and can, under some circum-
stances, become even N limited in mid-summer in the nutrient starved upper waters. N,
fixation rates are constantly low in the EMS compared to somewhat higher levels in the
western MS. Nutrient budgets have been used to explain that the reason for the unusual N:P
ratio in the basin is high N:P ratio in the external inputs combined with low denitrification
rates caused by the ultra-oligotrophic status of the basin. However the external nutrient
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(both riverine and atmospheric) inputs have increased dramatically between 1950 and 2000.
Estimates of the pristine flux of nutrients by riverine sources to the EMS are 2.0 x 10° moles
N/y and 0.095 x 10° moles P/y while the atmospheric flux has increased by 85 % for NOx
and 65 % for NH3 between 1910 and the end of the twentieth century. It is suggested that
climate change may result in dramatic threshold changes in trophic status of the EMS if
surface circulation rates decrease as has been predicted.

Keywords

Nutrient cycling ® Anti-estuarine circulation ® Seasonal P limitation ® Anthropogenic inputs

* Climate change

Introduction

The Eastern Mediterranean Sea (EMS) is an unusual part of
the global ocean. It is ultra-oligotrophic with primary produc-
tivity approximately half that of the Sargasso Sea (Krom et al.
2003). The nutrient concentrations in the deep water are
amongst the lowest measured anywhere in the oceans despite
the fact that the EMS is almost land-locked and has consider-
able nutrient inputs (both atmospheric and riverine), much of
it anthropogenic, particularly from its northern shores. Its low
nutrient concentration is due to a combination of the rela-
tively young age of the water masses and to the unusual anti-
estuarine circulation in which nutrient depleted waters flow in
through the Straits of Sicily while nutrient enriched interme-
diate waters flow out. The nitrate: phosphate (N:P) ratio in the
deep water is highly unusual being almost twice the Redfield
ratio (Krom et al. 1991) while the N: P ratios of both dis-
solved and particulate organic matter is also far in excess of
16:1 making the whole system P starved. Recent work has
explained this unusual N: P ratio as being due to high N: P
ratios in the external supply combined with very low denitri-
fication rates due to the ultra-oligotrophic nature of the basin
(Krom et al. 2010). Together these unusual properties make
the EMS an ideal natural laboratory to examine the nature of
the controls on nutrient cycling and hence important pro-
cesses related to carbon uptake in the ocean.

In this chapter we review the distribution of inorganic
nutrients in the water column of the EMS over the past 30
years, the period over which modern nutrient measurements
have been made. This time period includes the changes in
the physical circulation caused by the Eastern Mediterranean
Transient (EMT) event. The vertical distribution of dis-
solved and particulate organic matter is presented together
with changes in chlorophyll-a and Deep Chlorophyll
Maximum (DCM) across the basin. In examining the bio-
geochemical and nutrient cycling processes in the EMS, we
describe why the deep waters of the EMS have such an
unusual N:P ratio even though the uptake by phytoplankton
in surface waters is approximately Redfieldian. Although
primary productivity in the EMS is P limited during the

main winter phytoplankton bloom, later in the year the
nature of the nutrient limitation changes for different parts
of the ecosystem including the phytoplankton becoming N
and P co-limited. We also review the most recent measure-
ments of N, fixation rates across the basin which display
very low rates throughout the year. Thus, in the EMS new N
sources from current N, fixation in the photic layers are
negligible and contribute only a small percentage to new
and primary production in the basin.

The review continues by examining the use of nutrient
budgets to define biogeochemical processes within the
basin. We show how the input terms in those budgets
have changed with time and discuss the implications as
regards the proportion of anthropogenic nutrients in the
system. We finish by describing how changes in the physical
circulation have caused significant modifications in biogeo-
chemical processes in the past and speculate, how environ-
mental and climate change might cause major changes in
the future and what further studies are needed to under-
stand the workings of this semi-enclosed sea.

General and Mesoscale Circulation
and Changes in the Circulation

The general circulation of the Mediterranean Sea is anti-
estuarine. Surface water of Atlantic origin (AW), low in
nutrients, flows through Gibraltar and the Sicily Straits and
spreads to the Ionian and Levantine, being modified along
the way . This Modified Atlantic water (MAW) circulation
in the EMS displays a number of mesoscale features with
large variability in extent, shape and time scales (Malanotte-
Rizzoli et al. 1999; POEM-Group 1992; Robinson et al.
1991). Levantine Intermediate Water (LIW), formed in the
Levantine Basin, with higher nutrient concentrations, flows
at intermediate depths (200-500 m) westwards from the
Levantine Basin, through the Cretan Passage with the major
flow directed towards the Sicily Straits, and a minor part
introduced to the Adriatic Sea. The deep waters in the EMS
are isolated from the Western Basin by the shallow sill depth
of the Sicily Straits. Until the early 1990s the deep layer was
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Fig.4.1 Vertical sections of salinity, potential temperature, dissolved oxygen,
silicic acid, nitrate and phosphate along the west—east cross section of the

occupied exclusively by dense water formed in the Southern
Adriatic, known as Adriatic Deep Water (ADW) (Fig. 4.1).
A combination of meteorological and hydrological factors
led to the establishment of the Aegean as a new source of
deep water in the area at the beginning of the 1990s, chang-
ing the circulation in the basin (Roether et al. 2007 and
references therein). The event was termed the Eastern
Mediterranean Transient (EMT). The EMT formed a new
water mass, the Cretan Sea Outflow water (CSOW) (Klein
et al. 1999). This new, younger, dense water was warmer
and more saline than the older ADW and could be recog-
nised by an inversion in the TS diagrams. The CSOW was
also characterized by higher dissolved oxygen and lower
nutrient concentrations than the ADW (Roether et al. 1996).
The main outflow of CSOW (ca. 75 %) was delivered
between mid 1992 and late 1994. It propagated preferen-
tially westwards and more slowly towards the east. In 1991
there were strong signals of the CSOW at stations south of
Crete located only to the north of the Eastern Mediterranean
Ridge (EMRidge). By 1995 all the stations in the Levantine
showed strong TS inversions while by 1999, the EMT was
well established in the whole EMS (Roether et al. 1996;
2007; Klein et al. 2003; Kress et al. 2003) (Fig. 4.2).

Si{OH)4 [umolikg]

Pressure [decibar] Pressure [decibar]

Pressure [decibar]

I0°E

Eastern Mediterranean in 1987. Stations and data points are indicated by filled
dots (see inset map) (Adapted from Schlitzer et al. 1991; Klein et al. 1999)

A snapshot of the evolution of the CSOW in the Levantine
Basin taken in September 2008 (Fig. 4.3) showed the con-
tinuing change and erosion of the deep water structure.
From 27 °E eastwards, potential temperature and salinity
increased from the original Adriatic Deep water (ADWo)
towards the bottom due to the CSOW, while close to Crete,
a new deep water was present (ADWn) which was slightly
less saline and colder compared to the CSOW (Manca et al.
2002, 2006; Rubino and Hainbucher 2007).

Description of the Present Distribution
of Nutrients and Dissolved Oxygen
and Changes Over the Past 25 years

Description of Typical Vertical Profiles
of Nutrients and Dissolved Oxygen

The upper layer (0—150 m) across the EMS is quite homoge-
neous in dissolved oxygen and nutrient concentrations,
influenced only by the strong mesoscale field (Figs. 4.1, 4.2,
and 4.3). The surface waters are generally saturated with
dissolved oxygen; indeed in summer a slight oversaturation
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Fig. 4.2 Vertical sections of salinity, dissolved oxygen, silicic acid, nitrate and phosphate along the west—east cross section of the Eastern
Mediterranean in 1999. Stations and data points are indicated by filled dots (see inset map) (Adapted from Kress et al. 2003)

often appears in the MAW (Kress and Herut 2001). The
nutrient concentrations are very low, with phosphate in
the nanomolar level throughout the year, while nitrate is
at the nanomolar level in the summer and slightly higher
in winter (~0.5-1 pmole kg™') and silicic acid close to 1
pmole kg™! (e.g. Krom et al. 2005; Kress et al. 2003; Pujo-
Pay et al. 2011)

Typical composite depth profiles of dissolved oxygen,
nitrate and silicic acid in the Levantine and central Ionian
Basin after the EMT event are presented in Fig. 4.4 (Kress
et al. 2003). Dissolved oxygen concentrations are high at
the surface, decrease to minimal values at the 500-1,500 m
layer and increase towards the bottom (Levantine) or down
to 2,500 m, the concentrations remaining then essentially
constant (Ionian). The nitrate depth profile is a mirror
image of the dissolved oxygen profile: low concentrations
at the surface, an increase to maximal values at the 500—
1,500 m layer and a decrease towards the bottom or down
to 2,500 m. The silicic acid depth profile is similar to that
of nitrate, but the maximal layer is located deeper, due to
the different remineralization processes, biological for
nitrate and chemical dissolution for silicic acid.

Cross Basin Distribution and How They
Have Changed with Time

In comparison to the physical evolution, the changes in the
distributions of dissolved oxygen and dissolved nutrients
across the Eastern Mediterranean in the mid and deep waters
(i.e. >300 m) have been less described in the literature
(Schlitzer et al. 1991; Roether et al. 1996; Klein et al. 1999;
2003; Kress et al. 2011; 2003). In 1987, prior to the EMT
(Fig. 4.1), the cross-basin distribution of dissolved oxygen
and nutrients in the deep water was essentially uniform from
1,000 m and below, except for the Ionian that exhibited a
mid-depth layer at ca. 1,200 m with minimum oxygen and
maximum nutrients concentrations (Ming,/Maxy,) (with
178, 9.3, 5.0 and 0.16 pmole kg™! for oxygen, silicic acid,
nitrate and phosphate, respectively in the Mid Ionian) due to
the intrusion of newly added ADW at depth toward the base
of the western continental slope (Schlitzer et al. 1991).
Dissolved oxygen decreased and nutrients increased east-
wards, in agreement with the direction of the deep-water cir-
culation. No mid depth Ming,/Maxy, layer was present in
the Levantine Basin, and the waters were essentially
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Fig.4.3 Vertical sections of salinity, dissolved oxygen, silicic acid, nitrate and phosphate along the west—east cross section of the Levantine Basin
in 2008. Stations and data points are indicated by filled dots (see inset map) (Adapted from Kress et al. 2011)

homogeneous below 1,200 m depth with 170 pmole kg™
dissolved oxygen and 10.5, 4.9 and 0.21 pmole kg™! silicic
acid, nitrate and phosphate, respectively. The nitrate
increased by ~0.5 pmole kg~! from the Western Ionian to the
Eastern Levantine, while the phosphate increased by only
0.05 pmole kg! . Silicic acid increased by ~4.5 p mol kg!
while dissolved oxygen decreased by 20 pmole kg' . These
nutrient changes represent the amount (rate) of organic mat-
ter and biogenic silica (BSi) breakdown at depth in the sys-
tem over the residence time of ADW in the basin.

This simple pattern changed during the 1990s as a
result of the EMT event. In 1991, the CSOW was confined
to the vicinity of the Cretan Arc, but by 1995, ca. 6 years
after the start of the EMT event its influence was present
in most of the EMS. The deep water was no longer uni-
form and a pronounced Ming,/Maxy, layer was detected
at the 500-1,500 m depth range depending on the basin
sampled (Klein et al. 1999; Lascaratos et al. 1999). This
layer corresponded to the older ADWo that was pushed up
by the younger CSOW. The Ming,/Maxy,, layer continued
to change as the EMT evolved (Klein et al. 2003; Kress
et al. 2003).

Nine years from its onset, in 1999, the CSOW was found
in the whole basin and clearly discernible in the dissolved
oxygen and nutrient vertical distributions (Fig. 4.2) (Klein
et al. 2003; Kress et al. 2003). The Ming,/Maxy,, layer, the
old ADW, was found at the 300-1,500 m depth interval,
thickening and deepening eastwards. The Min,, concentra-
tions were similar in the Levantine and Western Ionian (175
pmole kg™') but located at different depth layers, 600—
1,500 m and 300-800 m, respectively (Fig. 4.4). The Ming,
at the Cretan Passage was slightly higher (175-180 pmole
kg™") indicating the presence of younger water. The maxi-
mal concentrations of phosphate and nitrate (> 0.175
and>5.5 pmol kg~!, respectively) were similar in the
Levantine and the Western Ionian with lower concentra-
tions at the Cretan Passage and Eastern Ionian. The maxi-
mal concentration of silicic acid increased eastwards, from
ca. 8.5 to >9.5 pmol kg™! due to increasing age of the water
mass. Maximal values were centered at 1,200-1,400 m,
deeper than the maxima for nitrate and phosphate due to the
different remineralisation pathways (slower chemical dis-
solution for silicic acid as opposed to biological reminerali-
sation for N and P). The CSOW was very noticeable in the
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Fig. 4.4 Composite depth profiles of dissolved oxygen, nitrate and silicic acid in the Levantine (left panel, filled circles) and the central Tonian
basin (right panel, open circles) in April-May 1999, after the EMT event (Adapted from Kress et al. 2003)

Levantine, the concentrations of nutrients decreasing from
the maxima in the ADW to minima of 4.7, 0.17 and 8.2 pmol
kg™! for nitrate, phosphate and silicic acid, respectively in
the CSOW. Before the EMT event, nitrate and phosphate
concentrations were constant below 1,200 m while silicic
acid concentrations continued to increase with depth (Kress
and Herut 2001). In the Eastern Ionian and Western Crete
(19-25.5 °E), below 2,000 m, the concentrations of nutri-
ents were lower (<4.4, <0.15 and < 7.8 pmol kg~! for nitrate,
phosphate and silicic acid, respectively) and dissolved

oxygen higher than those found in the Levantine and in the
westernmost Ionian, indicating a source of younger water.
By 2008, ca. 12 years after the maximum CSOW outflow,
the effect of the EMT could still be identified in the Levantine
Basin (Fig. 4.3). The Mino, layer was centred at ca. 900 m,
more emphasized in the eastern part of the transect
(<175 pmol kg™! up to 27 °E) and eroded towards the west
(minimal concentrations of 180-175 pmol kg™'). The con-
centrations increased towards the bottom, in particular west-
wards of 27 °E, indicating mixing and erosion of the CSOW
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Table 4.1 Concentration of DOC measured by high temperature oxidation in the Eastern Mediterranean compared to values determined in other

subtropical regions of the world’s oceans

Location Depth (m) DOC (pmol kg™')

SE Levantine Photic zone 65-100
Eastern Mediterranean Biological layer 62+5.9
Ionian Sea Surface 50-73
Ionian Sea — April 02 0-100 66+6
Ionian Sea — March 08 0-100 58+6
Eastern Med June 07 0-100 64+5
Western Med May 05 0-100 62+9
Western Med March 08 0-100 57+7
Average Whole Med 0-100 57-68
N.Pacific central Gyre 0-50 m 100-120
(ALOHA)

Sargasso sea (BATS) 0-50 m 60-70
North-West Mediterranean Surface 100

Depth (m) DOC (pmol kg™) Reference

500-1,200 40-60 Krom et al. (2005)
Deep layer 41+1.4 Pujo-Pay et al. (2011)
400 31-62 Seritti et al. (2003)
200-500 53+4 Santinelli et al. (2010)
200-500 45+4 Santinelli et al. (2010)
200-500 46+4 Santinelli et al. (2010)
200-500 48+5 Santinelli et al. (2010)
200-500 44+3 Santinelli et al. (2010)
200-500 44-53 Santinelli et al. (2010)
400 40 Hansell (2002)

400 40-50 Hansell (2002)

400 60 Raimbault et al. (1999b)

Table 4.2 Concentration of DON measured by High Temperature Combustion (HTC) in the Eastern Mediterranean compared to values deter-
mined by HTC, Persulphate oxidation (PO) or UV oxidation (UV) in other subtropical regions of the world’s oceans

Location Depth (m) DON (pmol kg™') Depth (m) DON (pmol kg™) Reference

SE. Levantine Photic zone 3-11 500-1,200 1-2 Krom et al. (2005) - HTC
Eastern Mediterranean Biologic layer 4.7+0.6 Deep layer 3.1£0.5 Pujo-Pay et al. (2011) — PO
Northern N.Pacific Surface 8-10 200-4,000 6-8 Koike and Tupas (1993) - HTC
Equatorial Pacific Upper 200 m 3-7 Raimbault et al. (1999b) — PO
Sargasso sea Surface 4-5.5 250-1,000 2.1-5 Hansell and Carlson (2001) - UV
NW. Mediterranean Surface 5 400 3 Raimbault et al. (1999a) — PO

in the east and penetration of younger waters in the west. The
Maxyospos Was located at 400—1,500 m depth interval with
maximal concentrations of>5 and>0.2 pmol kg~!, respec-
tively, the upper isoline (i.e. lines of constant concentration)
shoaling eastwards up to 400 m depth. The concentrations
decreased towards the bottom, except for phosphate at 25.5—
26.5 °E. The Maxg; was positioned at the 700—1,750 m depth
interval, centered at 1,200 m, similar to the position of the
Ming,r . This layer shoaled eastwards with the upper 9 pmol
kg! isoline reaching 700 m depth. There were indications of
deep intrusion of seawater with lower silicic acid concentra-
tion in the vicinity of Crete.

Dissolved and Particulate Organic Carbon
and Nutrients

The concentration of dissolved organic carbon (DOC) mea-
sured in the SE. Levantine Basin (Krom et al. 2005) is simi-
lar to that measured in the Ionian Sea (Seritti et al. 2003) and
across the entire EMS in both the surface layers and deep
waters (Santinelli et al. 2010; Pujo-Pay et al. 2011)
(Table 4.1). These DOC concentrations are only slightly
lower than values measured in the subtropical gyres of the
N.Atlantic and the N.Pacific (Hansell 2002) which are simi-
lar to the concentrations measured in the N.W. Mediterranean

(Raimbault et al. 1999a). Likewise the dissolved organic
nitrogen (DON) values are relatively constant across the
EMS and similar to values in other oligotrophic regions of
the world’s ocean (Table 4.2). It is somewhat surprising that
the DOC and DON contents are as high as those determined
in other sub-tropical areas since the annual primary produc-
tion rates in the EMS are much lower (Psarra et al. 2000;
Siokou-Frangou et al. 2010) . A likely contributory factor to
this is that while DOC and DON produced during respiration
and grazing of phytoplankton is probably low in the EMS,
their consumption by heterotrophic bacteria is likely also to
be low because the bacteria are strongly P limited (Thingstad
et al. 2005). Sufficient data are not available yet to determine
whether there is a measurable temporal trend in DOC and/or
DON in surface waters as shown in the Sargasso Sea (BATS
station, http://bats.bios.edu/) and as predicted by a I-D nutri-
ent flux-reservoir model by Powley et al. (2012)

By contrast, the dissolved organic phosphorus (DOP)
concentration in surface waters of the EMS (40-60 nmol
kg™) is considerably lower than values obtained in both the
Sargasso Sea (20-500 nmol kg™!) and the N.Pacific Subtropical
Gyre (150-270 nmol kg™!; Table 4.3) . Despite this, DOP
(dissolved organic phosphorus) is the largest reservoir of
phosphorus in the surface water column of the EMS com-
pared to a maximum of a few nanomoles of DIP and
< 18 nmol kg™ of particulate P (Table 4.4). This residual
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Table 4.3 Concentration of DOP in the Eastern Mediterranean compared to concentrations in other subtropical regions of the world’s oceans

Location Depth (m) DOP (nmol kg™")
S.E. Levantine Photic zone 50-60

Eastern Mediterranean Biologic layer ~ 40+20

N.Pacific Subtropical Gyre Surface 270

N.Pacific Subtropical Gyre 0-100 m 150-200
Sargasso sea Surface 100-500
Sargasso sea Surface T4+42

Sargasso sea (BATS) 0-200 m 20-120
North-West Mediterranean Surface 130

UV Ultra Violet oxidation, PO Persulfate oxidation

Depth (m) DOP (nmol kg™") Reference

500-1,200 40 Krom et al. (2005) - UV

Deep layer 20+20 Pujo-Pay et al. (2011) — PO

900 120 Williams et al. (1980) - UV

900 30 Smith et al. (1986) - UV
Cavender-Bares et al. (2001) - UV
Wau et al. (2000) - UV
Lomas et al. (2010)

400 Bdl Raimbault et al. (1999a) — PO

Table 4.4 Concentration of POC, PON and POP in the Eastern Mediterranean together with calculated C:N:P molar ratios, assuming C=106.

Values for C:N:P ratio for DOM in deep water are also given

Location Depth POC (pM)
SE. Levantine 0-50 m (*) 3
SE. Levantine 0-50 m (*%*) 3.7
SE. Levantine 30 km west of Haifa ~ Surface

Eastern Mediterranean Biogenic layer 3.1
SE. Levantine DCM (*) 2.6
SE. Levantine DCM (*%) 2.3
SE. Levantine 350-2,500 m (*) 1.5
SE. Levantine 350-2,500 m (**) 1.2
Eastern Med. Deep layer 1.12
Measured DOM

SE. Levantine Photic zone

Eastern Med. Biological layer

SE. Levantine Deep layer

Eastern Med. Deep layer

Molar ratio

PON (uM) POP (nM) (C=106) Reference
N P

0.32 n.m. 11.34 Krom et al. (2005)
0.39 9.1 11.31  0.28 Krom et al. (2005)

18 Kress et al. (2010)
0.3 14 10.3 0.47 Pujo-Pay et al. (2011)
0.3 n.m. 12.29 Krom et al. (2005)
0.29 7.6 1292 04 Krom et al. (2005)
0.12 n.m. 9.77 Krom et al. (2005)
0.11 38 9.61 0.36 Krom et al. (2005)
0.07 5 6.6 0.47 Pujo-Pay et al. (2011)

9 0.06 Krom et al. (2005)

8 0.07 Pujo-Pay et al. (2011)

8-13 0.05-0.06 Krom et al. (2005)

8 0.05 Pujo-Pay et al. (2011)

Data for the Eastern Mediterranean are from Pujo-Pay et al. (2011) sampled in June/July 2008
Locations marked with (*) are from stations outside the Cyprus Eddy while stations marked as (**) are from stations within the core of the Cyprus

warm-core eddy sampled in May 2002 (Krom et al. 2005)

DOP was considered biologically unreactive during the
CYCLOPS experiment (Thingstad et al. 2005; Zohary et al.
2005) because there was only limited primary production
even though N was present as ammonium (~80 nmol kg™!).
However, it is becoming increasingly evident that inor-
ganic and organic P species other than the traditional ortho-
phosphate can be utilized by phytoplankton and bacteria to
sustain productivity, in particular in oligotrophic seas (Mather
et al. 2008; Ranhofer et al. 2009; Diaz et al. 2008; Dyhrman
et al. 2006). A measure of the degree to which DOP is utilized
by micro-organisms is the activity of the alkaline phosphatase
(APA), an enzyme that can hydrolyze P-esters to phosphate
(Thingstad and Mantoura 2005; Ranhofer et al. 2009). The
measured activity of APA in the Levantine Basin in May 2002
was 2.2 nM P h™! (Thingstad and Mantoura 2005), similar to
the APA activity measured at BATS, in summer and fall
(Lomas et al. 2010) but more than 10 times the values
observed in the North and South Pacific Gyres (Duhamel
et al. 2010) which, though oligotrophic, are not particularly P

limited. Further studies are needed to understand the nature
and bioavailability of DOP in the EMS in comparison with
other less P starved low productivity waters.

Biogeochemical and Nutrient Cycling
Processes

Processes Related to the Unusually
High N:P Ratio in the EMS

Nitrate: Phosphate Ratio in the Deep Water

One of the first unusual features to be recognised in the EMS
was the high nitrate to phosphate ratio in deep waters of the
Eastern Mediterranean, much higher than the Redfield ratio
of 16 (Redfield et al. 1963). High N: P molar ratios in the
deep waters were measured by Krom et al. (1991) — N:
P=28+3:1; Civitarese et al. (1998) — N: P=25-27:1; Yilmaz
and Tugrul (1998) — N: P=27-28.5:1; Krasakopoulou et al.
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Table 4.5 Calculated nutrient inputs and outputs from the Eastern Mediterranean basin

Source N input/output P input/output Molar N:P ratio Reference
Atmospheric input* 147 0.9 77 Kocak et al. (2010)
Riverine input (1993)" 44.8 1.4 16 Ludwig et al. (2009)
Black Sea 8 0 Krom et al. (2004)
Total Inputs to basin 200 23 43

Straits of Sicily 142 4.4 32 Krom et al. (2004)
Sediment deposition 27 1.0 27 Krom et al. (2004)
Sediment denitrification 10 0 Krom et al. (2004)
Total output from basin 170 54 33

All values are given in 10° moles/year. The data table is updated from that given in Krom et al. (2004, 2010). The values in bold are the summed

values of input and output

“Based on a compilation of data published between 1999 and 2010 and thus represents an average value for nitrate and ammonia depositional fluxes
over a period of approximately 20 years of measurements. The total flux of nitrate (100) is approximately twice that of the total ammonia flux (47)
"The estimate of total N input from rivers is taken from Ludwig et al. (2009) using the estimate made for 1993. All other values in the table are

those calculated in Krom et al. (2004)

(1999) — N: P=24-36:1; and Kress and Herut (2001) — N:
P=25+3:1, Kress et al. (2003) — 26-31:1, among others.
These values are higher than those in the Western
Mediterranean (23:1) and almost double the values found in
the Eastern North Atlantic (16:1) and almost everywhere
else in the global ocean.

Various hypotheses had been put forward to explain the
unusually high ratio including high rates of nitrogen fixation,
adsorption of phosphate onto Saharan dust, preferential rem-
ineralisation of P over N, nitrate enriched waters forming the
ADW. The high N:P ratio in the EMS has now been explained
as being due to high N:P ratio in the external sources of
nutrients (atmospheric and riverine) (Table 4.5) combined
with low rates of denitrification in the EMS (Krom et al.
2004, 2010). This is caused by the ultraoligotrophic status of
the basin which results in few areas having enough residual
OM to cause the sediment to become anoxic and hence to
enable microbial denitrification to take place.

The Eastern Mediterranean

as a P Starved System

Recent data has shown that it is not only the major dissolved
inorganic nutrients which have a ratio of > 16:1 but all nutri-
ent species (particulate and organic) have N: P ratios far in
excess of Redfield (Table 4.4). The DOC:DON:DOP ratios
in the photic zone is 106: 8-9: 0.06-0.07, which is depleted
in N and highly depleted in P relative to the Redfield ratio
(Krom et al. 2005; Pujo-Pay et al. 2011) . The POC:PON:POP
ratio of particulate matter measured within the photic zone, a
combination of live and dead cells and faecal pellets, is
106:10.3-11.3:0.28-0.47, much greater than Redfield’s,
indicating nutrient depletion in particulate matter as well.
High carbon to nutrient ratios are not uncommon in ultra-
oligotrophic systems where carbon fixation by primary pro-
ducers continues after N and P become totally depleted (e.g.
Berman-Frank and Dubinsky 1999) and rapid recycling

occurs. However the very high N:P ratios observed in the
photic zone of the EMS combined with higher release of N
than P below the photic zone was interpreted by Krom et al.
(2005) as evidence of the rapid and very efficient recycling
of P within the photic zone compared to that of N as seen in
other areas such as the N. Pacific (Loh and Bauer 2000).
They concluded that DOP is preferentially mineralised com-
pared to DOC and DON resulting in increased C:P and N:P
ratios with depth. In the EMS, by contrast, there is a much
smaller decrease in DOP with depth than for either DON or
DOC . This implies that in the EMS, DOP is recycled very
efficiently in the photic zone and at lower depths the DOP is
too refractory to break down much.

Seasonal Changes in Primary Production
and Nutrient Limitation

The high N:P ratio was the basis of the hypothesis that the
productivity of the Eastern Mediterranean was simply lim-
ited by the availability of phosphorus. However, recent
results have shown that the nutrient limitation in the
Eastern Mediterranean is more complex than it at first
appeared and that there are seasonal differences in the
ultimate nutrient limiting specific phytoplankton groups as
well as different members of the surface microbial com-
munity (Thingstad et al. 2005; Zohary et al. 2005; Tanaka
et al. 2011).

The annual major phytoplankton bloom in the EMS starts
as soon as deep winter mixing occurs in early winter (e.g.
December — Fig. 4.5) and nutrients are supplied into the pho-
tic zone. The bloom continues and increases in intensity
throughout the winter months as the depth of mixing
increases adding more nutrients until early spring, typically
March in the SE. Levantine when the seasonal thermocline
begins to form (Hecht et al. 1988). This unusual pattern is
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Fig.4.5 Monthly SeaWiFS “climatological” images of chlorophyll over  algorithm for the Mediterranean (Groom et al. 2005). The images were
the seasonal cycle. The images are based on input data from Sept 1997 to  provided by Steve Groom (NERC Earth Observation Data Acquisition
August 2004 and chl-a was computed using the Bricaud et al. (2002)  and Analysis Service, Plymouth)
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Fig.4.6 Nutrient distribution during simple P-limited phytoplankton bloom in winter (February 1989) in the warm core Cyprus eddy showing
that all the phosphate has been consumed leaving residual nitrate in the water column (Modified from Krom et al. 1992)

probably controlled by the typical weather pattern in the
region which consists of a few days of cold often wet weather
which causes the upper layers of the water column to mikx,
followed by several days of relatively warmer clear weather
which causes a short term water column stability and allows
the phytoplankton to bloom thereby exploiting the nutrients
mixed into the surface waters.

This winter phytoplankton bloom is conventionally P lim-
ited. Deep winter mixing advects water with an N:P ratio
>16:1 to the photic zone (e.g. Krom et al. 1992) containing
nutrient concentrations typical of LIW (Levantine intermedi-
ate water) that is on the order of 0.03 pmolP kg~' (Kress and
Herut 2001) and between 1.3 and 2.0 pmolIN kg (Schlitzer
et al. 1991) i.e. with an N:P ratio of 40-60:1. The bloom
ceases as soon as the waters in the photic zone run out of the
phosphate (Fig. 4.6). Characteristically this occurs when
there is 0.3—1 pmolesN kg™' of nitrate remaining in the sur-
face waters (Krom et al. 1992; Kress and Herut 2001). This
residual nitrate has been shown to be isotopically heavy (16—
40 %o) compared with 3—12 %o at depth (Emeis et al. 2010;
Struck et al. 2001). This pattern of heavier N isotopes is
characteristic of water in which the phytoplankton runs out
of the limiting factor, in this case phosphate, before all the
nitrate has been taken up by biological productivity.
Additional biological evidence for P-limitation of the surface

waters of the Eastern Mediterranean has been obtained from
a series of observations on phytoplankton activity and spe-
cific microcosm experiments (Vukadin and Stojanovski
1976; Becacos-Kontos 1977; Pojed and Kveder 1977,
Berland et al. 1980; Bonin et al. 1989). Zohary and Robarts
(1998) also showed that in winter, bacteria from various sites
in the EMS are also P-Limited.

Starting generally in March/April a seasonal thermocline
develops firstly in the SE. Levantine which then expands to
the north and west (Fig. 4.5). As this happens, the primary
productivity and plankton biomass is reduced in the upper-
most layers and becomes concentrated at the top of the nutri-
cline in a deep chlorophyll maximum (DCM). The DCM,
which is characteristic of the summer in the EMS (April to
November) is approximately the same depth (100-120 m)
across the basin with decreasing concentrations of chloro-
phyll (a proxy to total phytoplankton biomass) and concur-
rent decrease in nutrients (Fig. 4.7). However this pattern is
not simple because of the complex mesoscale circulation in
the EMS.

By late spring and early summer (May-June), the phyto-
plankton production has become N & P co-limited (Tanaka
et al. 2011) although heterotrophic bacterial growth is still P
limited (Thingstad et al. 2005). At that time, the seasonal
thermocline is present, a deep chlorophyll maximum has
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Fig.4.7 Vertical section of in situ chl-a fluorescence (arbitrary units) across the Eastern Mediterranean sampled in April-May 1999. Stations and

data points are indicated by filled dots (Adapted from Kress et al. 2011)
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developed, and the surface waters have become depleted in
nitrate as well as phosphate (e.g. Kress and Herut 2001;
Krom et al. 2005). This change in phytoplankton nutrient
limitation in May was observed and identified by microcosm
experiments carried out in the framework of the CYCLOPS
P addition Lagrangian study (Krom et al. 2005; Zohary et al.
2005). In the microcosm experiment (Fig. 4.8) surface waters
preconditioned with phosphate added to a patch of water
(IN) and water from outside the patch (control) were incu-
bated with 1.6 pmol kg™! of ammonium. The results showed
the classic behaviour of an N & P co-limited system with the
only large increase in Chl-a concentrations in the treatment
where ammonium was added to seawater preconditioned
with phosphate. This change in nutrient limitation was
explained by Thingstad et al. (2005). At the end of winter
mixing, the surface water has residual nitrate and no free

IN IN+
1.6 uM NH4

OUT+
1.6 uM NH4

phosphate (see Fig. 4.6). After stratification develops, the
phytoplankton in the water column above the nutricline
receives very limited amounts of new nutrients and most of
the production is sustained by recycled nutrients produced
by respiration, grazing and biological oxidation of organic
matter (PON — particulate organic nitrogen -, and POP —
particulate organic phosphorus). The recycled nutrients include
ammonium, nitrate, phosphate, that are directly available for
phytoplankton uptake, and DON and DOP. While some of
the DON compounds can be made available to phytoplankton,
most of it cannot. Therefore the N available for phytoplankton
growth decreases with recycling. The situation for P is
different. When the particulate P is recycled there is no sig-
nificant pool of non-bioavailable P formed i.e. if significant
amounts of DOP are formed then it is either directly
bioavailable to phytoplankton or after the action of enzymes
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such as APA. The surface waters have high activity of APA
which is excreted by both bacteria and microphytoplankton
to enable them to access part of the DOP pool (e.g. Thingstad
and Mantoura 2005; Tanaka et al. 2011). As a result, more of
the recycled P is available for phytoplankton uptake than N,
eventually removing all of the ‘excess’ dissolved N (mainly
nitrate) from the ‘winter excess’ and causing productivity to
become N & P co-limited. Heterotrophic bacteria that are
able to access the DON pool were P limited during the same
time (Thingstad et al. 2005).

In the summer (June/July), similar nutrient limitation
experiments were performed in the framework of the BOUM
cruise (BOUM: Biogeochemistry from the Oligotrophic to
the Ultra-oligotrophic Mediterranean) using phytoplankton
collected from 20 m i.e. phytoplankton from the highly
nutrient depleted waters well above the DCM (Tanaka et al.
2011). These results showed that although the organisms and
system were P starved with DON:DOP values of 114-190:1
and PON:POP values of 24-28:1, there was only an increase
in growth of osmotrophs when N+P or N only were added
i.e. the system was no longer P limited. They suggested that
as the stratified period progresses the pool of bioavailable N
and P becomes very small in the surface layers and the most
limiting nutrient for osmotrophic growth shifts sporadically
among N, P and N&P (c.f. Hecky and Kilham 1988)

Is the Nutrient Uptake in the Surface Waters
Redfieldian?

While the data is somewhat equivocal it seems that nutrient
uptake in the EMS is often close to Redfieldian (i.e. 16:1). In
a series of microcosm experiments carried out as part of the
CYCLOPS programme, Kress et al. (2005) added ammo-
nium and phosphate to EMS surface waters and obtained a
nutrient uptake ratio of 18 +3.1. Zohary et al. (2005) subse-
quently carried out similar microcosm experiments in the
core of the Cyprus Eddy and found an uptake ratio of 25:1.
However these experiments were carried out by adding
ammonium to surface water collected within artificially
phosphate-enriched patch from the CYCLOPS addition
experiment. Prior exposure to excess dissolved phosphate
may have preconditioned the phytoplankton to take up
nutrients in an N:P ratio exceeding 16:1. The nutrient budget
calculations of Krom et al. (1992) yielded an N:P ratio for
new production of phytoplankton in the core Cyprus eddy of
20:1. In another indirect estimate of the N:P ratio of nutrient
uptake, assuming the nutrient supply to the photic zone con-
tains concentrations typical of LIW (Kress and Herut 2001;
Schlitzer et al. 1991) and that the phytoplankton uptake
occurs in a Redfieldian ratio of 16;1, then the residual nitrate
which would be left in the surface water would be 0.8—1 pmol
kg™', which agrees with the typical range of observed values

in winter in the EMS (Kress and Herut 2001; Thingstad and
Mantoura 2005). Thus phytoplankton growth in the surface
water is approximately Redfieldian, certainly much lower
than the 28:1 molar ratio measured in the Deep Water.
However it has been suggested that P is more efficiently
recycled from POM than N in surface (see section “Seasonal
changes in primary production and nutrient limitation”) and
intermediate water. This results in the POM which reaches
Deep Water having a N:P ratio higher than 16:1. Indeed the
measurements made of POM in deep water by Krom et al.
(2005) found N:P of 26:1 though Pujo-Pay et al. (2011)
determined values close to 16:1 (Table 4.4). When this POM
is broken down it releases more N than P.

In addition, there is an unusual (high) nutrient ratio of
preformed nutrients in the EMS (Civitarese et al. 1998). It is
known that ADW is formed in the S.Adriatic in winter
simultaneously with the P limited major phytoplankton
bloom i.e. when phosphate is entirely depleted and residual
nitrate remains (see section “Seasonal changes in primary
production and nutrient limitation”). The measured
nitrate:phosphate ratio in the middle of the S.Adriatic in
winter is ~33:1 (Zavatarelli et al. 1998) and this is the water
advected into the deep Ionian Basin. The results of the 1-D
flux reservoir model (Powley et al., 2012) confirm this
explanation.

Nitrogen Fixation

Biological Dinitrogen (N,) fixation can contribute new N
sources to N starved systems and significantly induce further
nutrient uptake by subsequent blooms of primary producers.
Early geochemical and isotopic models suggested that N,
fixation rates were high in the Mediterranean Sea (Bethoux
and Copin-Montegut 1986, Bonin et al. 1989, Bethoux et al.
1992, Gruber and Sarmiento 1997, Pantoja et al. 2002, Sachs
and Repeta 1999). Yet, actual measured rates utilizing the
15N-uptake method (Montoya et al. 1996) are now accumu-
lating from throughout the Mediterranean Basin bridging
spatial and temporal scales (Garcia et al. 2006, Rees et al.
2006, Sandroni et al. 2007, Bar Zeev et al. 2008, Marty et al.
2008, Ibello et al. 2010, Yogev et al. 2011, Bonnet et al. 2011,
Rahav et al. 2013a, b). The published N, fixation rates from
the Western Basin are typically higher both volumetrically
and areally than those measured from the Eastern Basin
during all measured seasons (Berman-Frank and Rahav
2012, Rahav et al. 2013a, b). Volumetric rates ranged from
non-detected to 0.3 nmol N L~! day~! in the Eastern Basin,
compared to non-detected to 17 nmol N L' day™! in the
Western Basin (Fig 4.9a). Areal integrated rates changed
spatially and temporally with rates in the Western Basin
ranging from>3 to 50 pmol N m=? day~! (Sandroni et al. 2007,
Ibello et al. 2010), compared with usually less than 10 pmol
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Fig.4.9 Summary depth distribution of measured volumetric rates of N,
fixation measured across the Mediterranean Sea (a) and the percentage
contribution of the fixed N to primary productivity (b). Data were com-

N m™ day™! for the Eastern Basin (Berman-Frank and Rahav
2012; Yogev et al. 2011; including a coastal Turkish station
with rates of 4 pmol N m=2 day~! (Ibello et al. 2010) and
0-0.4 pmol N m~2 day~! during summertime in an anticy-
clonic eddy in the Ionian Sea (Bonnet et al. 2011)).
Interestingly, low rates of two studies from the EMS are
accompanied by the observations that ~35 % of all samples
taken (accounting for spatial and temporal samplings) were
below the detection limit (Ibello et al. 2010, Yogev et al.
2011). The contribution of N, fixation to primary productiv-
ity in the EMS is extremely low with a maximum of 5 %
(Fig. 4.9b) compared to the WMS, where N, fixation com-
prised up to 16.5 % of primary productivity (Fig. 4.9b).

The low measured rates of N, fixation correspond with a
taxonomically diverse yet limited abundance of diazotrophic
organisms found throughout the EMS including unicellular
representatives, heterotrophic diazotrophs, filamentous, and
symbiotic associations (Man-Aharonovich et al. 2007; Bar-
Zeev et al. 2008; Yogev et al. 2011; Bonnet et al. 2011). Of
the few conspicuous diazotrophs in the Eastern Mediterranean
Sea, the diatom-cyanobacterial associations (Rhizosolenia-
Richelia, Hemiaulus-Richelia) were consistently present
(10-55 heterocysts L™ maximal abundance) in two routinely
monitored stations off the Israeli coast (Bar Zeev et al. 2008).
Despite the microscopic and molecular evidence no blooms
of Hemiaulus-R. intracellularis were observed in over 8 years
of monitoring and sampling in the EMS and in the above
stations (personal observation; Bar Zeev et al. 2008).

Conspicuously rare is the appearance of the globally
important filamentous non-heterocystous Trichodesmium
in the Mediterranean Sea. In the EMS two species of
Trichodesmium (T. erythraeum and T. thiebautii) have been
sporadically observed in extremely low abundance (<1 tri-
chome per 1,000 L) and only one bloom (from the Aegean
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piled from Yogev et al. 2011, Rahav et al. (2013a, b) (EMS), Ibello
et al. (2010), Bonnet et al. (2011) (EMS+WMS), Rees et al. (2006),
Garcia et al. (2006), Sandroni et al. (2007), Marty et al. (2008) (WMS)

Sea) has been reported (Spatharis et al. 2012). The rarity of
Trichodesmium in the Mediterranean is surprising since
this organism is routinely observed in both coastal and
open waters of the adjacent Red Sea (Stihl et al. 2001) and
in the Atlantic Ocean (Capone et al. 1997). Limitation by
bioavailable inorganic P may control Trichodesmium popu-
lations in the Mediterranean although Trichodesmium can
utilize other forms of P such as phosphonates (Dyhrman
et al. 20006).

The limited contributions of N, fixation in the
Mediterranean Sea and particularly in the EMS have been
routinely attributed to P limitation (Bonnet et al. 2011,
Ridame et al. 2011) as dinitrogen fixers require P for the ener-
getically expensive process of N, fixation (16 ATP per mole
of N, fixed) (Postgate 1998). However, this explanation is
not always consistent with experimental results. While some
P additions increased N, fixation rates in an anticyclonic
eddy of the EMS (BOUM Station. C) during the stratified
summer (Ridame et al. 2011), at other times and stations P
enrichments did not enhance N, fixation (e.g. BOUM,
Station B (Ridame et al. 2011); pelagic EMS (Yogev et al.
2011); and cyclonic and anticyclonic eddies (Rahav et al.
2013a). Furthermore, dust enrichment in microcosm experi-
ments (high N and P in dust) did not show consistent trends
with regards to N, fixation in the EMS. A significant increase
was observed at the anticyclonic Station C (Ridame et al.
2011), while N, fixation was not elevated at the Ionian Sea
(Station B, Ridame et al. 2011), and at either the Cyprus
Eddy or the Rhodes Gyre during July 2009 (Rahav et al.
2013a). Moreover, the published studies do not report any
significant correlations between N, fixation rates and any of
the physio-chemical parameters such as temperature, nutri-
ent availability, or biological competition. The limited sam-
plings, methodological underestimation of SN uptake
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(Mohr et al. 2010), or the generally low N, fixation rates
measured in the EMS that were near or below detection lim-
its at times, constrain our current understanding of what
parameters limit N, fixation in the EMS.

Physics Induced Bio-chemical Processes

The EMT event provided the opportunity to investigate the
effect of physical changes in circulation on chemical and bio-
logical depth distribution and processes. As mentioned in sec-
tion “Cross basin distribution and how they have changed
with time”, the younger CSOW was introduced into the deep
waters of the EMS and caused the older nutrient rich ADW to
be uplifted to mid depths. In the Eastern Levantine Basin,
from 2002 to 2010, this uplift increased the nitrate and phos-
phate concentrations at the base of the nutricline by 0.5 and
0.04 umole kg~!, respectively (400-500 m). Concurrently, the
DCM depth range widened and became shallower, with a
slight increase in chl-a concentrations, most evident at the
continental slope. The concentrations at the surface waters
increased as well since March 2010 in the open sea and ear-
lier (Sep 2008) in the surface waters at the continental slope.
There was no concurrent trend of increase in nitrate and phos-
phate at the DCM, but silicic acid concentrations decreased at
the upper layers. Therefore, it is reasonable to assume that the
increase in concentration at the base of the nutricline increased
the supply of nutrients to the ultra-oligotrophic photic zone,
where they were rapidly utilized by the phytoplankton. It is
possible that the increased supply of nitrate and phosphate
from below changed the phytoplankton community structure
in the upper layers, increasing the relative contribution of
diatoms and hence depleting silicic acid. However, there are
no data on the phytoplankton community from this time
series that can directly support this hypothesis.

Basin-wide oceanographic transects conducted in 1991
(Yacobi et al. 1995), 2001 (Kress et al. 2011), and 2008 did
not show a clear trend in Chl-a concentrations, nor did satel-
lite imagery analysis up to 2002 (D’Ortenzio et al. 2003). In
October 1991, Chl-a ranged from 0.01 to 0.25 pg 17! (depth
integrated chlorophyll ranged from 17 to 35 mg m~ with
higher values in the Western Levantine). In October 2001,
concentrations ranged from 0.01 to 0.28 pg 17! (integrated
values of 16.5-23.1 mg m~2) while in September 2008, from
0.01 to 0.33 pg I"! (depth integrated 10-27.1 mg m>). It is
evident that the occasional basin-wide snapshots are not
enough to indicate trends that may be cyclic and short lived.
High frequency surveys are needed if we are to identify long
term trends in this important parameter. However it is clear
that despite large changes in external nutrient supply (see
section “Changes in the nutrient supply from 1950 to
2000”), there have been no equivalent large changes in chlo-
rophyll content or any other regional measurement of phyto-
plankton productivity.

Use of Nutrient Budgets to Define
Biogeochemical Processes

Oceanic, Terrestrial and Atmospheric
Nutrient Inputs

The Mediterranean in general and the Eastern Basin in par-
ticular represent almost closed systems in which total nutri-
ent budgets have been used successfully to explain and
quantify the relative importance of various biogeochemical
processes within the system (e.g. Ribera d’ Alcala et al. 2003;
Krom et al. 2004; Béthoux et al. 2002). The most recent total
nutrient budget of the Eastern Basin first described by Krom
et al. (2004, 2010) has been updated here (Table 4.5) to
include more recent atmospheric inputs to the basin. The
model output is balanced (~10 % error) for total N with 200
x10° molesN/year imported to the basin and 179 x10° molesN/
year exported mainly through flux of nutrients with interme-
diate water through the Straits of Sicily. The major conclu-
sion drawn from this budget was that N, fixation is not
significant in the EMS contrary to previous suggestions
(Bethoux et al. 1986, 2002; Pantoja et al. 2002; Rees et al.
2006 and others) . This conclusion was confirmed subse-
quently by in-sifu measurements (Bar-Zeev et al. 2008; Ibello
et al. 2010; Yogev et al. 2011; Bonnet et al. 2011; Rahav
et al. 2013a, b) (see section “Nitrogen fixation’”)

There are currently two problems with this budget : the
phosphate budget does not balance and the external input of
nutrients does not change with time. Considerably more P is
exported from the basin (5.4 x 10° molesP/year) than is input
(2.3 x 10° molesP/year). The export values are rather well
constrained since they were calculated from measured values
for dissolved phosphate at the Straits of Sicily and total P
deposition rates in the sediment. By contrast the values for
the input of bioavailable P is far less known. It is possible
that both atmospheric P and riverine P fluxes do not take into
account chemical species which become bioavailable within
the basin. Thus the atmospheric input measured by Kocak
et al. (2010) is only the leachable P and does not include any
non-leachable P such as iron-bound P and apatite which are
known to be present in Saharan dust (Nenes et al. 2011) and
which might be bioavailable under the P starved conditions
of the EMS water column. Likewise, the riverine input was
calculated from dissolved inorganic P alone and does not
include any particulate P or organic P which are brought
down the rivers and might subsequently be converted to bio-
available P in the adjacent water column and sediment. DOP
comprises an additional possible source of bioavailable P not
included in the total budget. DOP is somewhat higher in sur-
face waters (i.e. incoming waters) than in the outflowing
LIW. However there are no data available for DOP fluxes
through the Straits of Sicily nor is there any information of
the relative bioavailability of surface vs intermediate water
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Fig. 4.10 Figure showing the relative changes in external nutrient
input to the EMS from the beginning of the twentieth century to 2000.
The riverine data is from Ludwig et al. (2009) extrapolated back to
1920 assuming the major rivers behave in a similar manner to the Rhine
(Zobrist and Stumm 1981). The Atmospheric flux uses data from an
Alpine ice core modified by modelling from Preunkert et al. (2003) and
Fagereli et al. (2007). In order to calculate a total atmospheric N input
it was assumed that %5 of the N flux to EMS is NOy and %3 is NH, based
on measurements made in Crete (Kocak et al. 2010)

DOP. In a flux-reservoir model designed to quantitatively
model the biogeochemical cycling in the EMS, van Cappellen
et al. (2012) increased the P inputs by adding DOP which
come close to closing the P budget.

Changes in External Nutrient Fluxes
into the EMS with Time

Changes in the Nutrient Supply

from 1950 to 2000

The other problem with the total nutrient budgets calculated
thus far is that they do not take into account the changing
fluxes of important parameters with time. It is known that the
external supply of nutrients (N & P) from both rivers and
atmospheric inputs to the EMS has increased significantly
over the past century, particularly since 1960 as a result of
anthropogenic inputs.

Thus the total N and P inputs from riverine sources to the
EMS have been calculated by Ludwig et al. (2009) from
1963 to 1998 (Fig. 4.10). These data show a systematic
increase in total N to the basin with the flux increasing by a
factor of 5. The changes in riverine P are more complex.
There was an increase in P through 1965 followed by a
sharp decrease caused by the effect of the completion of the
Aswan dam stopping the flow of dissolved and particle
borne P into the S.E. Levantine Basin (Ludwig et al. 2009).
Over the next 15 years, up to 1980, P increased as a result of
anthropogenic discharges into rivers from sewage and other
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sources. However from the late 1980s to the present day,
P fluxes into the basin have decreased as a result of abate-
ment procedures designed to reduce the effect of P pollution
within the rivers.

The changes in atmospheric N (NO, and NH,) have been
estimated using measured data from alpine ice cores mod-
elled to calculate atmospheric fluxes for NO, (Preunkert
et al. 2003) and for NH, (Fagerli et al. 2007). Pro-rating
these data for the EMS using measured atmospheric flux data
from Crete (Kocak et al. 2010) and Israel (Herut et al. 1999;
Carbo et al. 2005), it has been possible to determine the
changing flux of N since 1950. The changing flux of P is
more difficult to estimate since no long term record has been
developed. It is complicated by the fact that there is a large
‘natural’ source of P to the EMS in the form of Saharan dust
which contains an unknown proportion of bioavailable P.
Recent data have shown that the fraction of bioavailable P in
this dust has been modified by the effect of acidic atmo-
spheric processes caused mainly by anthropogenic inputs
from Southern Europe (Nenes et al. 2011). Further work is
needed to understand the nature and magnitude of these
atmospheric processes and their effect on the supply of this
key nutrient to the EMS.

What Was the Level of Nutrient Supply Prior

to Anthropogenic Inputs?

There are no data available to directly determine the anthro-
pogenic increases in nutrients in rivers flowing into the
EMS prior to 1950. However calculations to determine the
nutrient content of the ‘pristine’ Rhine suggests that there
was significant nutrient pollution of the river already by
1950 and it is likely that there would be similar changes in
rivers such as the Nile and Po flowing into the EMS. Powley
et al. (2012) have used these values and estimated that the
riverine inputs to the EMS were N=2.0 x 10° MolesN/year
and P=0.095 x 10° MolesP/year (i.e. ~5 % and 10 % of the
2,000 values). The relative increase in external supply is
shown in Fig. 4.10. The input flux of atmospheric supply
for both N species has increased by 85 % for NO, and by
65 % for NH, between 1910 and 20 and the end of the
century.

Possible Factors Which Will Influence Future
Changes in Nutrient Distribution

Future Circulation Changes That Might Affect
Nutrient Distribution

The most dramatic change in circulation in the recent past
has been the EMT event which has caused changes in nutri-
ent distribution in the EMS. It is still not determined whether
this is part of an on-going cyclic pattern of changes in the
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EMS which may be natural or as a result of anthropogenically
caused environmental and/or climate change. At present the
most striking temporal change observed in physical param-
eters has been the increase in salinity (from 39.3 to 39.6) at
the surface of the Eastern Levantine that started by mid-
2005, with no concurrent changes in temperature. Salinity
has continued to increase within the upper layers (down to
300 m) until the end of 2010. Historical data has shown a
cyclic pattern in salinity: lower salinities at the beginning of
the 1980s and 2000s and higher salinities at the beginning of
the 1990s (onset of the EMT) and since 2006. This salinity
increase, identified at the easternmost part of the basin, should
be followed and analyzed not only in the local context but
basinwide, for it is assumed that a similar increase in salinity
in the area may have conditioned the EMT event in the
1990s. Cyclic pattern changes have also been observed in the
upper layer circulation in the Ionian Basin that changed from
cyclonic to anti-cyclonic circulation and back (Civitarese
et al. 2010; Gacic et al. 2010). Both these changes in circula-
tion resulted in observed changes in nutrient distribution and
it is likely that future changes will also modify nutrients and
hence primary productivity.

Is the EMS Particularly Vulnerable to Climate
and Environmental Change?

In a more general way, it is known that the nutrient status
of the EMS has changed dramatically over the past 10 k
years as a result of natural climate change. The evidence
for this is found in sapropels deposited in the deeper waters
(>500 m) of the EMS basin. The present ultra-oligotrophic
conditions in the EMS result are characterised by calcare-
ous marl sediments with very low concentrations of organic
C (0.1-0.2 %) . However interbedded with these sediments
are a series of organic C rich sapropel layers. The most
recent of these sapropel layers (S-1) began at ~9.8 ky *C
BP and finished at ~5.7 ky '*C BP (de Lange et al. 2008).
During the S-1 period there was both higher primary pro-
ductivity and restricted circulation within the deeper water
which resulted in sub-oxic to anoxic conditions. While the
precise controls which gave rise to this dramatic change in
trophic status in the EMS is still being debated, it is gener-
ally agreed that the climate during that period was more
humid and river flow into the basin (e.g. the river Nile) was
higher. These changes in climate resulted in both reduced
water exchange through the Straits of Sicily and more
restricted formation of deep water. The changes in circula-
tion predicted as a result of modern climate change (e.g.
Somot et al. 2006) may also have profound effects on the
export rate of nutrients in the EMS and thus have the
potential to result in drastic changes in the trophic status of
the basin
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Marine Chemosynthesis in the
Mediterranean Sea

Marco Taviani

Abstract

The Mediterranean Sea contains a vast spectrum of chemosynthetic habitats from shallow
marine to bathyal depths. These habitats (hydrothermal vents, cold seeps, reducing sediment)
are home to bacteria and archaea acting as primary producers using the energy obtained by
oxidizing reducing compounds in fluids (e.g., H,S and hydrocarbons such as CH,) to synthe-
size organic matter. Such sites may make a large microbial biomass available to consumers and
promote the development of complex symbiotic relationships between prokaryotes and hosting
eukaryotes. Shallow water (<200 m) chemosynthetic niches are pervasive in the Mediterranean
where reduced sediment are present (lagoons, seagrass beds, prodeltaic settings etc.) being
exploited primarily by sulphur-oxidizing bacteria, some of which are symbiotic with metazo-
ans. Particular cases of shallow chemosynthetic habitats are hydrothermal vents, submarine
caves with sulphur springs, cold seeps including active pockmarks and reducing sediments in
areas of high organic deposition. Deep-water chemosynthetic habitats (>200 m) with also
metazoans with chemoautotrophic symbionts are present at various sites in the Mediterranean,
encompassing both cold seeps and hydrothermal vents. Cold seeps are diffuse and geologically
diverse, and comprise mud volcanoes, brine pools and active pockmark fields, whose reducing
environments are often exploited by endemic chemosymbiotic metazoans, including bivalves
and siboglinid polychaetes. Such environments are clustered in the Eastern Mediterranean
(Nile Deep Sea Fan, Anaximander mud volcano field, Olimpi mud volcano field, Eratosthenes
Seamount, Calabrian Arc, Marmara deep fault systems) but equally occur in the Strait of Sicily,
Adriatic, Tyrrhenian and Alboran Seas. Deep hyperhaline anoxic basins occur in the Eastern
Mediterranean and even host metazoans that live in anoxic conditions. Deep-water hydrother-
mal vents characterized by microbial communities and metazoans (siboglinid polychaetes) are
documented so far only from some Tyrrhenian seamounts (Marsili, Palinuro) and Aegean sub-
merged volcanic craters (Santorini, Kolumbo). The geo-biological relevance of such complex
habitats often situated in the high seas, calls for an international effort towards the implementa-
tion of proper protection and sustainable management.
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Introduction

Chemosynthesis can provide the energetic requirements for
life in specialised marine ecosystems. In contrast with pho-
tosynthesis, chemosynthesis does not require sunlight for
reactions and may therefore take place in darkness. It works
through microbial-mediated processes that can take place in
the presence or absence of free oxygen, transforming energy
stored in reduced chemicals (hydrogen sulphide, methane,
molecular hydrogen, ammonia, insoluble iron sulphides and
elemental sulphur) into organics, mainly through sulphur
oxidation or reduction, and methane oxidation. Reactions led
by chemotrophic microbial consortia as primary producers
may result in producing considerable prokaryotic biomass
available to heterotrophs. Chemosynthesis in the ocean can
support endemic metazoans hosting specific epi- or endo-
symbionts for their nutritional requirements (e.g., Felbeck
et al. 1981; Fisher 1990; McMullin et al. 2000; Van Dover
2000; Ott et al. 2004; Cavanaugh et al. 2006; Dubilier et al.
2006, 2008; Stewart and Cavanaugh 2006; Hourdez and
Lallier 2007; Speight and Henderson 2010; Duperron 2010;
Vrijenhoek 2010; Duperron et al. 2011; German et al. 2011;
Roeselers and Newton 2012). Chemosynthesis related
metazoans are present in the geologic record since Proterozoic
times (Little 2002; Campbell 2006; Kiel and Little 2006;
Kiel 2010; Taviani 2011, with references therein).

Virtually unappreciated until a little more than two
decades ago, the relevance of chemosynthetic processes in
the deep marine realm of the Mediterranean basin is by now
fully recognized (Foucher et al. 2009; Taviani 2011). In fact,
the Mediterranean contains a large variety of environments
structured through the interaction of fluid expulsion and
microbial consortia conducive to spectacular habitats (Olu-Le
Roy et al. 2004; Werne et al. 2004; Foucher et al. 2009;
Dando 2010; Danovaro et al. 2010a). Furthermore, not only
the Mediterranean houses at present cold and hot vents, but it
also boasts one of the best world’s fossil legacy of such envi-
ronments (Taviani 2001, 2011).

Modern Mediterranean Chemosynthetic
Habitats

At shallow depth, reducing sulphide-rich environments,
exploitable by chemosynthetic organisms, occur commonly
in brackish lagoons, seagrass meadows, prodeltaic organic-
rich sediments among others, always intermixed with photo-
synthetic communities. In fact, organic-rich reducing sites
are the dominant chemosynthetic habitat of the Mediterranean
Sea but will not be treated in great detail in this chapter,
which is largely focused upon chemosynthetic deep sea envi-
ronments and their associated metazoans (Fig. 5.1).
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These sulphidic habitats require physiological flexibility
in inhabiting eukaryotic organisms (Hagerman 1998;
Thiermann et al. 2000), some of which show complex inter-
actions with microbes, such as for example colonial ciliates
(Zoothamnium niveum: Rinke et al. 2007), or solemyid
(Solemya togata), lucinid (e.g., Loripes lucinalis, Anodontia
fragilis, Myrtea spinifera) and thyasirid (e.g., Thyasira
flexuosa) bivalves, all known to host sulphur-oxidising
symbiotic bacteria (e.g., Rinke et al. 2006; Taylor and Glover
2010; Dreier et al. 2012). An even more extreme case of
chemosynthetic relation between bacterial symbionts and
metazoans is offered by the gutless marine oligochaete
Olavius algarvensis inhabiting seagrass sediment, whose highly
complex metabolic pathways seem to also include the use of
hydrogen and CO as an energy source (Kleiner et al. 2012).

Submarine caves within limestone bedrock are known to
occur along the Tyrrhenian coast, some of which were
formed by and contain active sulphide-rich springs that
sustain a trophic chain dominated by prokaryotes. The best
examples are found at Capo Palinuro in southern Italy
(Fig. 5.2), where sulphide-containing warm springs support
dense Beggiatoa-like bacterial mats and other chemoautotro-
phic prokaryotes (Maugeri et al. 2010) that in turn sustain
some metazoans including sponges, cnidarians and poly-
chaetes, often of abnormally large size (Alvisi et al. 1994;
Morri et al. 1994; Mattison et al. 1998; Canganella et al.
2007; Southward et al. 2009; Dando 2010). Many metazoans
sharing this habitat are covered by bacterial filaments
(Southward et al. 2009). However, besides consumption of
bacterial-originated and photosynthetically-derived organic
matter, no conclusive evidence has been found so far that
some such metazoans also use microbial symbiosis
(P. Dando pers. com. 2012).

Some shallow-water ‘caves’ on volcanic coasts contain
specialized endemic chemosymbiotic macrofauna. This is
the case on the western side of Sicily near Taormina where a
relatively large lucinid bivalve (Lucinoma speleum Palazzi
and Villari 2001) has been described from soft bottom sedi-
ment. This taxon is co-generic to species known to host sul-
phur-oxidising bacteria in their tissues, such as L. borealis
(shallow marine) and L. kazani (deep marine). L. aff. speleum
is recorded also from volcanic islands surrounding Sicily,
such as Salina island in the Aeolian archipelago (M. Oliverio
pers. com.). Nothing is known about its ecology and there is
a need for an investigation of its habitat.

Hydrothermal Vents

The vast majority of charted hydrothermal vents in the
Mediterranean are found at shallow depth (Dando et al.
1999; Dando 2010 for a review). Although influencing the
structure of the local living communities and sustaining a
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Fig. 5.1 Map of the Mediterranean sea showing location of modern
deep-sea hydrothermal vents (squares) and cold seeps (circles) discussed
in this article containing specialized chemosymbiotic metazoans; stars
indicate deep seep sites likely hosting similar communities. From West
to East: / Alboran mud volcanoes, 2 Enarete Seamount vents, 3 Marsili
Seamount vents, 4 Palinuro Seamount, 5 Paola Basin pockmarks, 6

variety of microorganisms (Manini et al. 2008; Maugeri
et al. 2010), these shallow water hydrothermal vents
(Fig. 5.2) host few, if any, vent-specific eukaryotic organisms
(e.g., Thiermann et al. 1997; Gamenick et al. 1998; Morri
et al. 1999; Cocito et al. 2000; De Biasi and Aliani 2003;
Panieri et al. 2005; Dando 2010; Bianchi et al. 2011).
Well-developed prokaryotic mats have been recently
imaged from a few hundreds to 500 m in the Aegean
Kolumbo and Santorini underwater craters, at places associ-
ated with vigorous hot venting (Carey and Sigurdsson 2007;
Carey et al. 2011; Bell et al. 2012). First metagenomic
exploration of microbial communities from such submarine
vents reveals that they present a high microbial diversity.
Various seamounts in the Tyrrhenian Sea have been or are
hydrothermally active (Dando et al. 1999). Mounds of
microbial origin have been detected on the submerged por-
tions of the Aeolian arc, including the Enarete Seamount
(Carey et al. 2012). An ROV survey has documented the

Horseshoe hill pockmarks at Pomo/Jabuka, 7 Bari Canyon area, 8
Calabrian Arc mud volcanoes and pockmarks, 9 Gela Basin pockmark
field, /0 Kolumbo and Santorini craters, // Marmara submarine deep
fault system, /2 Anaximander mud volcano field, /3 Olimpi mud volcano
field, /4 Eratosthenes Seamount, /5 Israel continental margin, 16—18
Nile Deep Sea Fan cluster (eastern, central and western provinces)

presence of living sibloglinid polychaetes on the Marsili
Seamount (Lott and Zimmerman 2012). The species is simi-
lar, or identical to Lamellibrachia anaximandri Southward
et al. 2011, a cold seep species (Olu-Le Roy et al. 2004;
Werne et al. 2004; Hughes and Crawford 2006; Southward
et al. 2011). The exploration of the Tyrrhenian Sea subma-
rine volcanoes by E/V Nautilus using the ROV Hercules
also led to the first discovery of Siboglinidae tubeworm
clusters and bacterial mats on the Palinuro Seamount sur-
rounding hot vents at 600 m (Carey et al. 2012). These recent
discoveries paralleling in a way what happened with
Mediterranean cold vent communities, is a further proof of
our deficiency in the full knowledge of deep-sea ecosystems
(Danovaro et al. 2010a). It will hopefully inspire a more
detailed investigation of the many submarine quiescent
and active volcanic settings in the deep Mediterranean,
whose best candidates are located in the Tyrrhenian Sea, the
Strait of Sicily, and the Aegean Sea.
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Fig.5.2 Shallow water hydrothermal vents and underwater caves with
sulfidic springs, Aegean and Tyrrhenian Seas: (a) Emission of fluids and
gas bubbles from the shallow seabed along the Hellenic Arc; Kos island,
Greece, Aegean Sea (© C.N. Bianchi, photo taken in 1981); (b) Gardening
of bacterial-filament by the tubicolous polychaete Phyllochetopterus

Cold Seeps

Cold seeps are characterized by the release of sulphide,
sometimes accompanied by hydrocarbons and can support,
in deeper water, diverse benthic communities (Paull et al.
1984; Sibuet and Olu-Le Roy 1998, 2002; Judd and Hovland
2007; Vanreusel et al. 2009; Cordes et al. 2010).
Mediterranean cold-seep environments include seeping
pockmarks, mud volcanoes, and brine pools. Gas hydrates
which are sites often colonized by chemosynthetic commu-
nities, occur at present in this basin (De Lange and Brumsack
1998; Woodside et al. 1998; Perissoratis et al. 2011), but
uncommonly due to the Mediterranean 13 °C homothermal
situation limiting their stability. Other reducing environ-
ments include anoxic sediments and organic falls, including
sunken wood, mammal falls, and shipwrecks (see Taviani
2011 for a summary).

In the Mediterranean Sea, hydrocarbon cold seeps are
documented from relatively shallow to bathyal depths. Seeps
at shallow depth are typically deprived of seep-specific

socialis at the interface between sulphur-rich reducing water and
oxygenated seawater; Grotta Sulfurea, Palinuro, Italy (© C.N. Bianchi,
photo taken in 1992); (¢) Thick mat of Beggiatoa filaments developing
on a rocky wall in sulphidic water; Grotta Azzurra, Palinuro, Italy (©
C.N. Bianchi, photo taken in 1992)

chemosynthetic eukaryotes (Dando 2010), thus differing
from their deep-water counterparts. As for hydrothermal
vents, shallow hydrocarbon seep habitats like those described
from the Adriatic shelf (Capozzi et al. 2012; Curzi 2012),
exert some influence on local benthic biota as seen, for
example, in augmented benthic foraminifera density next to
Beggiatoa mats (Panieri 2003, 2006). Seeps at bathyal depths
often sustain specialized chemosynthetic communities.
Many such sites are by now known in the deep Mediterranean
Sea (Charlou et al. 2003; Lykousis et al. 2004; Olu-Le Roy
et al. 2004; Armijo et al. 2005; Dupré et al. 2007; Hilario
et al. 2011; Coleman et al. 2012), and many more will surely
be discovered in the future. The first record of any
Mediterranean deep chemosymbiotic organism dates back to
the nineteenth century when the Austro-Hungarian ship Pola
took bottom samples from what it is known today as the Nile
Deep Sea Fan. These were bivalves in the families Mytilidae,
Vesicomyidae, Lucinidae and Thyasiridae, described by
Sturany (1896), obviously unaware of their peculiar niche.
These were only found again about 15 years ago when
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Corselli and Basso (1996) recorded chemosymbiotic
communities from the Napoli Dome. Since then, such dis-
coveries have multiplied (Cosel and Salas 2001; Salas and
Woodside 2002; Olu-Le Roy et al. 2004; Gofas 2004; Werne
et al. 2004; Hughes and Crawford 2006; Smriglio and
Mariottini 2002, 2006; Ritt et al. 2010; Hilario et al. 2011;
Mayer et al. 2011; Shank et al. 2011; Southward et al. 2011).
A preliminary and very conservative list of metazoans asso-
ciated with deep-water cold seepage in the Mediterranean
Sea accounts for at least a dozen species (6—8 molluscs, 1-2
decapods, 4 siboglinids), but this number will certainly
increase in the next years. Besides triggering highly-
specialized chemosynthetic biota, cold seeps enhance
meiofauna biodiversity (Zeppilli et al. 2011). Finally, they
act as deep-sea nurseries for elasmobranchs that are known
to attach their egg cases to Lamellibrachia tubes (Treude
et al. 2011).

To date, the Eastern Mediterranean, characterized by a
number of mud volcanoes and other reducing habitats, hosts
most of the known situations of chemosynthetic communities
linked to methane escape and sulphidic bottoms (Olu-Le
Roy et al. 2004; Foucher et al. 2009; Mayer et al. 2011).
These include the Anaximander mud volcano field south of
Turkey, Olimpi mud volcano south of Crete, the Eratosthenes
Seamount south-west of Cyprus (Fig. 5.3), the Calabrian
Arc, the Nile Deep Sea Fan, the Marmara deep fault systems,
and the continental margin of Israel. Remarkably, the Eastern
Mediterranean fluid seepages take place under contrasting
scenarios linked to both active and passive margin kinemat-
ics (Perissoratis et al. 2011). The resulting high heterogene-
ity in bottom types, nature of seeping fluids types and rates
of flux provide habitats for many bacterial niches (Griinke
et al. 2011) which produce authigenic mineral precipitates
and sustain chemosynthetic macrobenthos (Aloisi et al.
2002; Olu-Le Roy et al. 2004; Gontharet et al. 2007; Foucher
et al. 2009; Himmler et al. 2011). This environmental hetero-
geneity is equally reflected in the trophic ecology of com-
munities directly associated with these habitats, as shown by
the study of the Amsterdam and Napoli mud volcanoes There
the main food webs are thiotrophic through free-living and
symbiotic  sulphur-oxidizing bacteria that sustain
Lamellibrachia anaximandri, lucinids (Lucinoma kazani,
Myrtea amorpha), thyasiridids (Thyasira striata), and vesi-
comyids (Isorropodon perplexum). Methanotrophy is an
important source of carbon for some organisms in these
communities (i.a. the mytilid I/das sp, ampharetid, capitellid,
and spionid polychaetes). Based upon stable isotope signa-
tures Carlier et al. (2010) demonstrate that chemosymbiotic
macrobenthos gains dissolved organic carbon from an array
of sources, again reflecting the high environmental heteroge-
neity of these habitats also at small scale. Regarding the
typology of bacteria associated with the macrobenthos, vari-
ous studies are targeting the Eastern Mediterranean deep
reducing habitats, resulting in the identification of various
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16S rRNA gene phylotypes. The dominant symbiont in
Lucinoma kazani is a sulphide-oxidizing symbiont similar to
that found in L. aequizonata and putatively performing the
sulphide oxidation and chemoautotrophy (Duperron et al.
2007). On the same line, Brissac et al. (2011) provide
evidence that endosymbiotic bacteria contained in Myrtea
sp. and Thyasira sp. bivalves from the Nile Deep Sea Fan
at ca. 1,700 m are close to their respective counterparts
living in shallow waters, suggesting taxonomic identity.
The small vesicomyid Isorropodon perplexum harbours a
single chemoautotrophic symbiont related to other symbi-
onts reported from this family (Rodrigues et al. 2012). The
siboglinid vestimentiferan Lamellibrachia contains a gamma-
proteobacterium in its trophosome performing thiotrophism
(Duperron et al. 2009). A thyasirid from this area is also
documented to host a putative sulphur-oxidizing gamma-
proteobacterium (Rodrigues and Duperron 2011). The
bathymodioline mytilid Idas modiolaeformis was found to
host as many as six different endosymbiotic bacteria capable
of likely performing sulphide and methane oxidation (Duperron
et al. 2008). Bacterial symbionts of this hermaphroditic
species only occur in the gills and are absent in gametes
(Gaudron et al. 2012).

Recent experiments using standardized colonization
devices deployed next to reducing habitats in the Eastern
Mediterranean (CHEMECOLI) have documented active
larval settlement by chemosymbiotic bivalves on various
organic substrates (Gaudron et al. 2010). However, very little
is known at present about the dispersal mechanisms and
connectivity of Mediterranean and adjacent eastern Atlantic
deep-sea chemosynthetic sites. Remarkably, vestimentiferan
DNA was identified in Mediterranean picoplankton from
shallow water samples (Marie et al. 2006).

A somewhat intermediate bathymetric situation between
shallow and deep cold seeps is represented by pockmarks
located in the central Adriatic immediately east of the
Jabuka/Pomo pit (Figs 5.1 and 5.5). Here, dead but still
articulated and fresh shells of the ‘bathyal’ lucinid L. kazani
(C. Salas pers. com.) occur as shallow as 200 m, its range
being previously known to be between ca. 500 and 1,700 m
(Duperron et al. 2007).

Finally, anoxic deep-sea brine lakes and pools thrive of
microbial life (Borin et al. 2009; La Cono et al. 2011; Stock
et al. 2012) but are seemingly inhospitable to chemosymbi-
otic macrofauna (Olu-Le Roy et al. 2004). However, three
new-for-science metazoan species belonging to Loricifera,
(the last phylum discovered so far), possibly associated with
endosymbiotic prokarya have been recently reported from
L’ Atalante basin, one of the deep hyperhaline anoxic basins
(DHABs: L’Atalante, Urania, Bannock, Thetis) in the
Eastern Mediterranean under permanent anoxic conditions
(Danovaro et al. 2010b). Such discovery has stimulated a
great debate about the phylogenetic origin of these organ-
isms (Mentel and Martin 2010) and promoted a renewed
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Fig. 5.3 Deep water hydrothermal vents on Palinuro Seamount,
Tyrrhenian Sea; pictures taken by the ROV Hercules during the 2011
Field Season of E/V Nautilus (© Ocean Exploration Trust/Institute for
Exploration): (a) The robotic arm of Hercules probing an area of low
temperature venting with bacterial mats; (b) Fe-oxide columnar vents
with microbial communities; (¢) Dense aggregate of live siboglinids
(possibly Lamellibrachia anaximandri) on rocky volcanic substrate
affected by active high-temperature hydrothermalism; note also an
octopus leaving the scene. Deep water cold seep environments with

interest in the systematic exploration of the anoxic regions of
the deep sea (Levin 2010).

Historical Legacy of Chemosynthesis

In 1988, Italian geologists suggested that a limestone of
Miocene age, occurring as sparse individual blocks, resulted
from diagenetic processes in the presence of methane-
enriched fluids as revealed by its strongly depleted carbon
stable isotope composition (Clari et al. 1988). Such

chemosymbiotic metazoans at ca. 950 m water depth, Eratosthenes
Seamount, Levantine Basin; pictures taken by the ROV Hercules during
the 2010 Field Season of E/V Nautilus (© Ocean Exploration Trust/
Institute for Exploration): (d) Large field of chemosymbiotic lucinid
bivalves next to black stained limestone substrate; (e) Concentration of
dead lucinid clams (likely Lucinoma kazani) both articulated and loose
with interspersed siboglinid bushes (Lamellibrachia) and an occasional
non-seep sea-urchin; (f) Live siboglinids (possibly Lamellibrachia
anaximandri) in fissures of limestone bedrock

limestones, known in the literature as the collective name of
“Calcare a lucina” (Fig. 5.4) are scattered along peninsular
Italy and Sicily (Conti et al. 1993; Terzi 1993; Ricci Lucchi
and Vai 1994; Conti and Fontana 1999; Taviani 2001), and
embed very large lucinid bivalves, therefore their name.
These methanogenetic carbonates display a wide spectrum
of sizes from small concretions up to metric to decametric
chemoherms (sensu Aharon 1994).

Soon after this pioneer study, the occurrence of fossil large
vesicomyid clams was reported, the first of their kind in the
Mediterranean. These fossils (figures in Taviani 1996, 2001)
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Fig. 5.4 Fossil legacy of deep-sea cold seepage in the Mediterranean
basin: (a) A Pliocene-age carbonate chemoherm protruding off the
deep-sea clay sediments pertaining to the Argille Azzurre Fm, Torrente
Stirone, Parma, Italy (photo taken in 2010); (b) A series of carbonate
chimneys presumably linked to hydrocarbon defluidization within
hemipelagic sediments, same site as above (photo taken in 2010);

tentatively attributed to Calyptogena, were associated with
turbidites within an olistostrome of the Miocene—age
Marnoso-Arenacea Fm (Berti et al. 1994). Within a few years
the relevance of past and recent deep sea cold seepage in the
Mediterranean basin became apparent. To date, imprints of
past geofluid expulsion from Cenozoic (mostly Miocene and
subordinately Pliocene) onto deep-water sea-bottoms of the
Mediterranean basin and its precursors are not uncommon
(Fig. 5.4), largely but not exclusively linked to compressional
tectonic geologic scenarios (Aharon 1994; Vai et al. 1997;
Conti and Fontana 1999, 2005; Taviani 2001, 2004, 2011;
Clari et al. 2004; Conti et al. 2004, 2008). Fossil occurrences
of past hydrocarbon/sulphide seepage encompasses a variety
of situations including mud volcanoes (Clari et al. 2004),
submarine slides (Lucente and Taviani 2005), and putative
gas hydrates (Barbieri et al. 2000; Conti and Fontana 2002;
Pierre et al. 2002; Pierre and Rouchy 2004; Martire et al. 2010).
Many these paleoseeps contain specialized invertebrates
(Taviani 2011). At times also traces of chemosynthetic

(¢) Cluster of large bathymodioline mussels, among the most emblematic
deep-water cold seep chemosymbionts to be found in upper Miocene
(Tortonian) methanogenetic limestone, Romagna Apennine (photo
taken by L. Angeletti); (d) Example of a canonical “Calcare a lucina”
s.s.: sliced rock surface revealing densely packed lucinid clams within
Miocene-age methanogenetic limestone, Romagna Apennines, Italy

microbial life, in the form of fabrics, bio-signatures or body
fossils, can be observed (Cavagna et al. 1999; Peckmann
et al. 1999, 2004; Barbieri and Cavalazzi 2004, 2005). The che-
mosymbiotic associated fauna is rather diverse and overall
resembles modern analogues in the ocean, although sensibly
differing from the ones inhabiting the deep Mediterranean
basin at present (Taviani 1994, 2001, 2011). The most frequent
specialized animal life found in association with imprints of
past cold seeps and reducing habitats are bivalves, followed
by gastropods, polychaetes and decapods. The seepage setting
also seems to influence the quality of the benthic non-seep
fauna (Panieri et al. 2009).

Besides old records that pre-date the discovery of modern
deep-water chemosynthetic communities and therefore in
need of reinterpretations, a limited taxonomic information
about Mediterranean fossil seeps, organic falls and reducing
sediments is sparse in the scientific (Taviani 1994, 2011,
Conti et al. 1996; Conti and Fontana 1998; Venturini et al.
1998; Clari et al. 2004; Pierre and Rouchy 2004; Lucente
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and Taviani 2005; Dominici et al. 2009; Higgs et al. 2011;
Janssen and Krylova 2012; Vinn et al. 2012a, b), and ver-
nacular (Taviani 1996; Terzi and Sami 2007; Taviani and
Ceregato 2009) literature. Based upon literature records and
unpublished data, a preliminary and very conservative esti-
mate of the diversity of truly chemosymbiotic macroben-
thos associated with deep-sea hydrocarbon and reducing
sediment provides the following list: Bivalvia: Solemyidae
(2 species), Mytilidae (3 species), Lucinidae (6-8 species),
Thyasiridae (1-2 species), Vesicomyidae (8 species);
Gastropoda: Colloniidae (1 species), Phenacolepadidae
(1 species), plus vestimentiferans (1 species), and serpulids
(1 species). To this, one should add various other organisms
occurring as occasional visitors (e.g. buccinid gastropods) or
settling on the authigenic carbonate bedrock (e.g. scleractin-
ian corals, serpulid polychaetes). Hydrocarbon seepage was
also locally influencing, sometimes detrimentally by lower-
ing diversity or abundance, the non-chemosymbiotic faunal
assemblages as shown by data on benthic foraminifera and
ostracodes from Miocene-age deep water sites (Barbieri
and Panieri 2004; Panieri et al. 2009; Russo et al. 2012).
A throughout taxonomic evaluation of the macrobenthos
associated with deep-water Neogene paleoseeps is in prog-
ress (M.T, in association with S. Kiel and M. Sami).

Finally, concerning deep-sea hydrothermal vents, the only
known fossil example to date is the Cretaceous occurrences
associated with the Troodos ophiolitic complex in Cyprus
(Little et al. 1999). The identified macrobenthos comprise
gastropods, vestimentiferans, and serpulids. It is more than
likely that the Tethyan Mediterranean had multiple vent situ-
ations but their heritage has been either consumed within the
related oceanic crust or metamorphosed.

Threats to Mediterranean Chemosynthetic
Habitats

The concept that recent chemosynthetic habitats (namely
hydrothermal vents, cold seeps, gas hydrates) require protec-
tion has been at the beginning and for a while somewhat
neglected by the scientific community. In the last few years,
however, a mounting awareness is arising about the ecological,
biological and geological interest of such habitats, and of
their vulnerability to anthropogenic stressors, with special
emphasis on deep-sea settings (UNEP 2007; Van Dover et al.
2012). At a global scale, chemosynthetic habitats are
exposed to various anthropogenic stressors, such as trawl-
ing, hydrocarbon extraction, and ore mining calling for guid-
ance in policing their correct management and protection
(Van Dover et al. 2011, with references therein).

Regarding Mediterranean chemosynthetic habitats, shallow
and deep, the question is whether they are in principle exposed to
some or all of such threats, and there is some consensus that they
are. The entire Mediterranean is obviously also exposed to the
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problem of both solid waste dumping and oil spills (WWF/
TUCN 2004; UNEP 2010) that may impact chemosynthetic
sites. Fishing in the high seas has a strong potential of impact-
ing these habitats either through bottom trawling, especially on
pockmark-peppered muddy bottoms, or through abandoned
fishing gear, as for the ‘cannizzi’ dumped in the pockmark area in
the Gela basin. Hydrocarbon extraction already well established
in the Mediterranean especially on continental shelves, will
likely turn into offshore exploration and drilling in the near
future impacting local ecosystems. At present, one important
methanogenetic site located in the central Adriatic and focus
of attention since the 1990s of the past century (Capozzi et al.
2012), became almost inaccessible due to the establishment of oil
industry infrastructures. Ore mining for massive sulphides or
manganese is at present still a distant menace although it could
become reality in the future (Gemmell et al. 2009). Volcanic sea-
mounts, on the other hand, could be targeted for geothermal
energy, as for example the Marsili Seamount in the Tyrrhenian
basin. Furthermore deep-sea hydrothermal vents were not even
contemplated for protection in the Mediterranean based on the
presumed absence of conspicuous chemosynthetic commu-
nities (WWEF/IUCN 2004:44). The very recent documentation
of Lamellibrachia vestimentiferans thriving on the Marsili
Seamount (Lott and Zimmerman 2012), and possibly on the
Palinuro Seamount (Carey et al. 2012) is necessarily calling for
their urgent inclusion among the sites to be protected. It is also an
evident clue that other seamounts in the Mediterranean may
equally host still uncharted complex chemosymbiotic metazoan-
hosting communities.

The recent compilation by Salomidi et al. (2012) of the
biotopes characterizing the European seas in front of goods
and services does not include a mention to cold seep chemo-
synthetic habitats in the Atlantic ocean, Mediterranean, and
Black seas. In fact, Salomidi et al. (2012) identify solely
deep-sea hydrothermal vents, as well as anoxic sulphide mud
and anaerobic microbial reefs in the Black Sea (Michaelis
et al. 2002; Treude et al. 2005; Reitner et al. 2005). Following
Salomidi et al. (2012)’s proposed scheme, goods and services
offered by hydrocarbon cold seeps met partly or totally all
categories in their table 1: especially (i) raw materials (i.a.,
bioprospecting), (ii) climate regulation (i.a., methane release
or trapping), (iii) chemosynthesis and primary production,
(iv) nutrient cycling, and (v) maintenance of biodiversity.

A Call for Protecting Chemosynthetic
Habitats in the Mediterranean Past
and Present

MPAs for Extant Habitats
The careful evaluation of potential anthropogenic threats to

these habitats is now resulting in recommendations for the
establishment of Marine Protected Areas (UNEP 2010,
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Fig.5.5 Examples of hydrocarbon pockmarks: Adriatic Sea: (a) mul-
tiswath bathymetric map showing the “Horseshoe” structure near
Jabuka/Pomo, note the sediment surface pitted by numerous pockmarks
(arrows) in 200 m water depth; Gela basin pockmark field in the Strait
of Sicily, ca. 800 m water depth: (b) individual pockmark containing
chemosymbiotic metazoans and authigenic carbonates, bar=100 m,
(¢) shell of Lucinoma kazani showing external encrustation by

OCEANA MedNet 2011). At present, candidates for which

a protection is sought are the deep sea mud volcanoes cold

seeps such as the Olympic and Anaximander fields, the

Deep Nile Fan in the Eastern Mediterranean (WWF/IUCN

2004; OCEANA MedNet 2011), and the Jabuka/Pomo Pit

(UNEP 2010).

To those, a few more sites are already by now recom-

mendable for protection, i.e.:

1. the Eratosthenes Seamount, site of abundant cold seep
macrofauna with chemosymbiotic tubeworms and bivalves,
discovered by the E/V Nautilus Exploration (Mayer et al.
2011; Fig. 5.4d-f)

2. the recently discovered pockmark field in the Gela Basin
(Taviani et al. 2013), containing a unique subfossil to pres-
ent record of chemosymbiotic macrofauna (Fig. 5.5b—e)

3. the “Horseshoe hill” (Fig. 5.5a) in the central Adriatic
next to Jabuka/Pomo Pit (work in progress), to date the
shallowest occurrence of Lucinoma kazani

4. the Alboran mud volcano field (Hildrio et al. 2011;
Somoza et al. 2012)

authigenically-cemented carbonate mudstone; (d) sample showing the
benthic assemblage containing many dead shells of lucinid bivalves
(Lucinoma kazani), and vestimentiferan empty tubes (Lamelli-brachia
sp.); note also the presence of numerous authigenic carbonate mudstone
concretions; (e) valve of the chemosymbiotic vesicomyid Isorropodon
perplexum embedded in authigenically-cemented carbonate mudstone

5. the Sicilian coastal volcanic “caves” near Taormina
(Palazzi and Villari 2001), site of Lucinoma speleum

6. The Marmara submarine deep fault systems inhabited by
sibloginids and chemosymbiontic bivalves (Armijo et al.
2005; Zitter et al. 2008; Ritt et al. 2010; Crémiére et al.
2012; Tryon et al. 2012)

7. The continental margin of Israel (Akko pockmarks and
Palmachin hydrocarbon cold seeps) hosting tubeworms
(likely Lamellibrachia) and bivalves (Coleman et al. 2012)

8. The Tyrrhenian seamounts (Marsili and Palinuro) hosting
Lamellibrachia vestimentiferans (Carey et al. 2012; Lott
and Zimmerman 2012).

This list will likely increase in the near future as a result
of further exploration of the deeper parts of the Mediterranean.
Additional candidates for hosting significant chemosynthetic
products, including specialized organisms, are the mud vol-
canoes identified in the Paola Basin, south-eastern Tyrrhenian
Sea (Gamberi and Rovere 2010), and the Bari Canyon area,
where sand and mud volcanoes have been noticed and
exhumed carbonate chimneys are known to occur at depth,
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although no definitive documentation of chemosynthetic
communities do exist at present (Trincardi et al. 2007).

Geosites

Besides the active recent marine chemosynthetic sites, the
unique fossil heritage of these habitats strongly deserves pro-
tection and proper management. The Mediterranean fossil
chemosynthetic world described in a previous chapter is a
legacy of universal value, rivalling other sites, such as the
West American Pacific margin, New Zealand and Japan
(Campbell 2006). The quasi-totality of known past chemo-
synthesis is related to cold seepage s.1. and outcrops along the
Apennine chain and in Sicily. Only a fraction has at present
the privilege to be protected by national or regional laws, and
rather typically only because they chancy occur in a general
protected area. Case-in-points are the Stirone river Pliocene
chemoherm in Northern Italy (Stirone River Regional Park,
www.parcostirone.it), and some Miocene ‘Calcare a lucina’
occurrences in the Romagna Apennine (The Karst Park
Carne  www.venadelgesso.org/itinerari/brisighella/parco-
carne. htm), under the jurisdiction of local park authorities.
Clearly, many more fossil cold vent sites should be consid-
ered for becoming protected geosites. Their general puncti-
form occurrence, small volume and poor appreciation of
their natural value by the civil community, are progressively
causing a quick and irreparable loss of substantial parts of
this heritage, already including sites discussed few years
ago. Regarding hydrothermal (hot) vents, the unique
Cretaceous fossiliferous sites described by Little et al. (1999)
from the Troodos ophiolitic complex in Cyprus are of utter-
most scientific importance calling for their strict protection.
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Abstract

This chapter presents an overview of the diversity, distribution and ecology of major
groups of microbial plankton in the Mediterranean Sea, including phytoplankton, viruses,
heterotrophic prokaryotes and flagellates, and ciliates. Some protists with hard structures
like diatoms, thecate dinoflagellates, coccolithophorids and tintinnids have been relatively
well studied from a morphological point of view, but in general microbial diversity is
poorly known, in particular with respect to prokaryotes and the smallest eukaryotes. This
situation is rapidly changing, in a large part due to the incorporation of molecular techniques.
The general oligotrophy of the Mediterranean, which increases from west to east, is
reflected in a strong contribution of the picoplankton and the microbial food web.
However, a variety of nutrient-enrichment mechanisms, including winter mixing, meso-
scale hydrographic structures and land runoff, which operate at various spatio-temporal
scales, may enhance primary production and result in the intermittent dominance of diatoms
and the herbivorous food web. During the stratification period, a deep chlorophyll maximum
is a general feature throughout the basin and plays a substantial role in the fertility of the
Mediterranean.
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Introduction

In the Mediterranean Sea, as in other marine ecosystems,
microbial components of the plankton are major agents in
biogeochemical cycles and account for most of the biodiver-
sity. In spite of their importance, many groups of marine
microbes are still poorly known, although the situation is
rapidly changing thanks to the introduction of molecular
techniques. The structure and dynamics of Mediterranean
plankton has been considered in a number of collective vol-
umes such as Margalef (1985), Moraitou-Apostolopoulou
and Kiortsis (1985) and Minas and Nival (1988). Recently,
Siokou-Frangou et al. (2010) published an updated review
of studies conducted during the last 25 years in offshore epi-
pelagic waters and Coll et al. (2010) presented a synthetic
account of Mediterranean marine biodiversity. This chapter
addresses the biodiversity and ecology of the major micro-
bial groups in the Mediterranean, as part of the ecological
background for a book on history and present challenges. In
the following section (“Main groups and trophic roles of
microbial plankton”), we present a brief account of the taxo-
nomic affiliation and functional roles of microbial groups.
The main fertilization mechanisms in the Mediterranean
and the general patterns of temporal distribution and vertical
organization of phytoplankton biomass are considered in
sections “Fertilization mechanisms in the Mediterranean”
and “Overview of diversity of the main microbial groups”.
The next section (“Phytoplankton”), devoted to phytoplank-
ton, presents an overview of the taxonomic diversity of the
main groups, a brief review of harmful algal events in the
Mediterranean and some insights obtained from the study
of long-term series. Section “Viruses and heterotrophic
microbes” deals with the distribution and diversity of
viruses, heterotrophic prokaryotes and flagellates, and cili-
ates. Finally, section ‘“Microbial and classical food webs.
The example of the Catalan Sea” deals with the structure of
the planktonic food webs and describes a case study in the
NW Mediterranean.

Main Groups and Trophic Roles
of Microbial Plankton

Until about three decades ago, the classical view of the plank-
tonic food web featured phytoplankton of sizes above a few
micrometers as primary producers, microzooplankton such as
ciliates, as herbivores, and zooplankton (mainly copepods), as
a bridge between the former trophic levels and fishes.
Phytoplankton, roughly defined as the autotrophic component
of the planktonic food web, was considered as mostly com-
posed of eukaryotic microalgae. However, many exceptions
had long been recognized, as some groups classically
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considered as phytoplankton, like the dinoflagellates, com-
prise heterotrophic taxa that prey on other organisms, and
many autotrophic forms are also capable of phagotrophy and
osmotrophy. Phototrophic organisms of sizes below a few
micrometers had been described, but the available techniques
did not allow their reliable enumeration. The occurrence of
bacteria, considered mainly as decomposers, was known, but
the methods used at the time, mostly based on culture tech-
niques derived from medical microbiology, allowed only the
detection of a small proportion of them. This general picture
changed around the mid 1970s with the incorporation of DNA
staining and epifluorescence microscopy, which allowed a
reliable observation and counting of prokaryotic and eukary-
otic cells <2-3 pm in size, known collectively as “picoplank-
ton”, an operational category that complements those of
“nanoplankton” (>2 pm and >20 pm) and “microplankton”
(>20 pm and <200 pm). These techniques and the later addi-
tion of automatic counting by means of flow cytometry dem-
onstrated the abundance and ubiquity not only of heterotrophic
bacteria, but also of autotrophic cyanobacteria of the genera
Synechococcus and Prochlorococcus, and of auto- and hetero-
trophic picoeukaryotes. The use of radioactive markers helped
to point out the magnitude of the bacterial assimilation of
organic matter originated from phytoplankton or from alloch-
thonous sources, and the role of picoplankton as food of small
heterotrophic flagellates that could be in turn consumed by
other microheterotrophs and by zooplankton (Ducklow et al.
1986). The pathway in which dissolved organic matter was
assimilated by bacteria and reintroduced into the marine food
web via heterotrophic pico- or nanoflagellates and microzoo-
plankton received the name of “microbial loop” and has been
shown to be particularly important in the functioning of oligo-
trophic aquatic systems such as the Mediterranean. More
recently, the application of molecular techniques to the study
of microbial DNA has led to the detection of an immense
amount of previously unknown biodiversity. Among other sur-
prises, came the realization that Archaea, a group of prokary-
otes previously known from extreme environments, and now
considered together with bacteria and eukaryotes as one of the
three main branches of life, were widespread in the pelagic
marine domain (Karner et al. 2001). Given the rapid changes
in taxonomic knowledge, there is not yet a generally accepted
classification system for the different taxa of planktonic
microbes within the so-called tree of life of living organisms
(Pennisi 2003), although there is increasing agreement on the
basic features. Work carried out in the last decades has uncov-
ered links between certain groups and particular metabolic
activities. For example, 16S rDNA and nitrogenase genes have
been targeted to show the presence of several lineages of uni-
cellular diazotrophic cyanobacteria (Zehr et al. 2003) and
other genetic procedures have allowed the detection of hetero-
trophic bacteria that can enhance their energy sources by
means of aerobic anoxygenic photosynthesis (Jiao et al. 2007)
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or light-driven proton pumps based on proteorhodopsin
(DeLong and Béja 2010). A new phycobilin-containing group
(the picobiliphytes) was described by Not et al. (2007); they
were initially described as algae, but could be heterotrophs
(Massana 2011). Another recent development has been the
proof that viruses are the most abundant and ubiquitous
entities of aquatic communities (Bergh et al. 1989; Weinbauer
2004; Suttle 2007, and references therein). The net effect of
viruses in the pelagic food web, described as ‘the viral shunt’
by Fuhrman (1999), consists of transforming the particulate
organic matter of the host into more viruses, and returning
biomass in the form of dissolved and colloidal organic matter.

Fertilization Mechanisms
in the Mediterranean

The Mediterranean is the largest quasi-enclosed sea on Earth
(Siokou-Frangou et al. 2010) and functions as a negative
estuary because of the excess of evaporation over precipita-
tion plus runoff. However, the Mediterranean has also been
considered as one of the most complex marine environments
of the planet (d’Ortenzio and Ribera d’Alcala 2009) due to
the variety of physical processes that operate in it, including
deep water formation, thermohaline circulation, sub-basin
gyres and mesoscale activity. The exchange of water at
Gibraltar, where denser and relatively nutrient-rich
Mediterranean water flows out at depth and fresher Atlantic
water enters at surface has contributed to the low nutrient
content of deep mediterranean waters as compared to other
world oceans (McGill 1965). In turn, the eastern basin pres-
ents an anti-estuarine exchange with respect to the western
basin. These relationships originate an eastward transport of
surface waters and a westward transport of intermediate
waters (Pinardi and Masetti 2000), and underlie the general
Mediterranean gradient of increased oligotrophy towards the
east. The wind distribution, and the morphology and charac-
teristics of the basin contribute to a water circulation pattern
with a dominance of cyclonic gyres in the north and anticy-
clonic gyres in the south of the basin. Deep convection can
occur in winter in the Gulf of Lions and parts of the Eastern
Mediterranean (EM), such as the Aegean Sea (MEDOC-
Group 1970; Zervakis et al. 2004).

The main mechanisms of nutrient input in the Mediterranean
photic zone include winter mixing, coastal upwelling and
other mesoscale features, and land runoff. Eolic inputs are
also significant for certain elements. However, the efficacy of
some fertilization mechanisms such as mixing or upwelling is
limited by the relatively low nutrient content of the deep
Mediterranean waters. Winter mixing occurs throughout the
Mediterranean, but the mixing depth varies and with it the
degree of nutrient enrichment of the surface layers (Estrada
et al. 1985). Wind-driven upwelling occurs in some areas
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with favourable coastal profiles, such as the coast of the Gulf
of Lions. In the Alboran sea, another important upwelling
region is influenced by the system of anticyclonic eddies
associated to the jet of Atlantic water entering the basin
(Tintoré et al. 1991). In addition to upwelling, the Atlantic
water inflow contributes to nutrient enrichment by causing
turbulent mixing in the Straits of Gibraltar, which entrains
nutrients from the deeper Mediterranean waters into the
euphotic zone, and by producing fertilization spots associated
with eddies of the Atlantic Current along the Algerian coast
(Taupier-Letage and Millot 1988; Morén et al. 2001). Other
important mesoscale and submesoscale features in the
Mediterranean include gyres, frontal regions and filaments
(Wang et al. 1988; Iermano et al. 2009). The cyclonic circula-
tion in the northern part of the western basin is bound by a
series of shelf-slope fronts and leaves a central divergence
that may be a site of deep convection in winter and, because
of the shallower depth of the pycnocline, of enhanced nutrient
supply to the upper water layers in summer (Estrada 1996).
The shelf-slope fronts, including the Ligurian, Catalan and
Balearic Fronts, are affected by meanders, eddies and fila-
ments, that together with the ageostrophic coastal circulation
could originate enrichment events (Estrada and Margalef
1988; Font et al. 1988). Both the central divergence and these
fronts appear to be important in the fertility of the NW
Mediterranean (Marty et al. 2002; Estrada 1996). Other per-
manent or quasi-permanent sub-basin gyres with winter con-
vective events are the Rhodos Gyre (NW Levantine sea) and
the South Adriatic Gyre (Siokou-Frangou et al. 2010). Coastal
fertilization due to land runoff from rivers is particularly
important in the areas of influence of large rivers like the
Rhone and the Ebre, in the NW Mediterranean, the Po in the
North Adriatic Sea and the Nile, but input from land due to
smaller rivers, storms and wastewater discharge may be
locally significant (see Stambler, this volume, for primary
production figures).

Overview of Diversity of the Main Microbial
Groups

The earlier studies of microbial plankton in the Mediterranean
and other marine regions of the world centered on taxa with
cellular characteristics that could be described under optical
microscopy, like diatoms, thecate dinoflagellates, cocco-
lithophorids and silicoflagellates among the phytoplankton,
and Tintinnids, Foraminifera or Radiolaria among the micro-
heterotrophs. In fact, many early illustrated books and check-
lists were based on Mediterranean samples (e. g. Jorgensen
1920; Pavillard 1925; Schiller 1928). Later on, the introduc-
tion of electron microscopy allowed a better description of
morphological species diversity and helped to establish the
biogeography of some taxa. In the last decades, the
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implementation of molecular genetics has brought a rapid
change of ideas and concepts to the field of both prokaryotic
(Bacteria and Archaea) and eukaryotic (Protists) microbial
diversity. Techniques now in use may provide a measure of
the diversity of organisms (for example, by determining
16SrRNA sequences) or of the number of taxonomic units in
an environmental sample (by means of metagenomic
approaches). The new findings highlight the problem posed
by the inconsistencies in the morphological, biological or
phylogenetic species concept when applied to marine micro-
bial communities (Coll et al. 2010). The picture that has
emerged is that of a high microdiversity, with accepted mor-
phospecies encompassing a number of cryptic or pseu-
docryptic variants.

The rapidly changing state of taxonomical knowledge
makes it difficult to assess the number of microbial taxa in
the Mediterranean and to establish comparisons with other
areas. Hofrichter et al. (2002) estimated that about 4,400
species of protists had been described in the region,
although this figure must be taken with caution, given the
problems with cryptic and pseudocryptic taxa mentioned
above. The compilation of Velasquez (1997) for the Western
Mediterranean (WM) recorded 96 genera and 736 diatom
species and Gémez (2006) listed 104 genera and 673 dino-
flagellate species, none of them endemic, in contrast with
the situation for many macroscopic organisms. The biodi-
versity of coccolithophores in the WM was revised by Cros
(2001), who compiled 166 taxa. The recent recognition that
holococcolithophores, previously considered as a separate
family, are part of a life cycle that includes holo- and
heterococcolith-bearing stages was based, mainly, on com-
bination coccospheres sampled in the WM (Cros et al.
2000) and has resulted in an overhaul of coccolithophore
taxonomy. Much less known is the biodiversity of naked
flagellates and small-sized picoplankton, although recent
work combining optical and electron microscopy with pig-
ment chemotaxonomy, molecular techniques and experi-
mental cultures is clarifying phylogenetic relationships and
uncovering much unknown diversity.

Assessing bacterial biodiversity is hindered not only by
the lack of knowledge of the existing organisms, but also by
the difficulties in reaching a consensus about bacterial
“species”. Bacterial richness has been shown to peak in the
tropics (Pommier et al. 2007; Fuhrman et al. 2008) and, for
the latitude of the Mediterranean (30-45°N), a number of
detectable “operational taxonomic units” between 100 and
150 would seem logical. In fact, Zaballos et al. (2006)
reported a similar value that, once extrapolated using statis-
tical techniques, suggested a number of ca. 360 for surface
waters (Coll et al. 2010). A slightly smaller value was found
for the coastal Blanes Bay Microbial Observatory (Alonso-
Saez et al. 2007) based on a different approach. However
these techniques usually refer only to the dominant
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organisms. Recent application of new methodologies (such
as metagenomics and 454- tag sequencing) will in the near
future provide more accurate estimates (Coll et al. 2010).

Phytoplankton

Temporal Distribution and Vertical
Organization of Phytoplankton Biomass

Measurements of phytoplankton biomass covering at least a
year cycle are numerous in coastal areas but rare in the open
sea. However, satellite imagery has shown the main features
of the distribution of phytoplankton biomass in open waters
of the Mediterranean (Morel and André 1991; Antoine et al.
1995; Bosc et al. 2004). Using SeaWIFS data, D’Ortenzio
and Ribera d’Alcald (2009) defined seven open sea bioprov-
inces with distinct seasonal patterns and concluded that a
temperate regime, with a marked late winter-early spring
bloom was only observed in the northern part of the NW
Mediterranean (their “blooming” province) and, intermit-
tently, in a few other areas, while a subtropical mode, with
seasonal biomass enhancement centered in January but
lasting for 2-3 months, occurred in most of the basin. A
recurrent autumn peak attributed to breakup of the thermo-
cline has been detected in the “blooming” province
(D’Ortenzio and Ribera d’ Alcald 2009) and in some coastal
regions (Margalef 1969). In a study of monthly composites
of SeaWIFS images (from 1997 to 2004) for squares of 0.25°
(longitude) x 0.25° (latitude), representative of 11 subregions
of the NW Mediterranean, Morales (2006) found a generally
unimodal seasonal variability, with a chlorophyll a (chl a)
concentration maximum occurring in January off the Iberian
Coast (Valencia) around 40°N, in February in the Catalan
Sea, near the sill between Majorca and Minorca, in March in
two coastal subregions near Barcelona and Fréjus (Southern
France), around 41° and 43°N, respectively, and in April in
the center of the Gulf of Lions. Interannual variability can
also be very high, depending on factors such as climate vari-
ations that affect the intensity of winter mixing or the amount
of precipitation (Siokou-Frangou et al. 2010). Superimposed
to these general patterns, there is a strong smaller-scale
spatio-temporal variability, in particular in areas of intense
mesoscale activity such as the Liguro-Provencgal Catalan
front and the Alboran Sea (Moran et al. 2001; Estrada 1996;
Siokou-Frangou et al. 2010). In coastal waters and estuarine
areas of the Mediterranean, the interactions among topogra-
phy, wind patterns and highly variable continental water
inputs originate a large interannual, seasonal and short-term
diversity in the distribution patterns of phytoplankton bio-
mass (see section “The seasonal succession of phytoplank-
ton” and Stambler, this volume). During blooms, chl a
concentrations in offshore surface waters of the NW
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Mediterranean reach often around 2-3 mg m=3 (Vidussi et al.
2001; Marty et al. 2002; Estrada et al. 1993, 1999), but there
are point records of values up to 6 mg m~ in February 2009,
during the FAMOSO cruise in the Gulf of Lions (M. Estrada,
unpublished data). High chl a concentrations have also
been measured in the Alboran Sea (e. g., 7.9 mg m™, Arin
et al. 2002).

After the relatively short period winter mixing, there is a
progressive stabilization of the water column until the pyc-
nocline starts to breakup in the fall. As the winter-spring
phytoplankton bloom consumes the nutrients of the upper
layers, the peak of phytoplankton biomass migrates down-
wards, following the nutricline. During most of the year, the
vertical distribution of phytoplankton in the open
Mediterranean is characterized by the presence of a deep
chlorophyll maximum (DCM), consisting in general of a
combination of higher cell numbers and enhanced chloro-
phyll content per cell, with the second factor becoming more
important later in the stratification period. The DCM is
closely associated with the nutricline and its depth, which
ranges from around 50 m in the NW Mediterranean (Estrada
1985) to 120 m in the Levantine Basin (Dolan et al. 2002), is
determined by the availability of both sufficient nutrients and
light to carry out photosynthesis. As happens with deep chl a
maxima of tropical and subtropical regions (Herbland and
Voituriez 1979), the Mediterranean DCM is accompanied by
a slightly shallower oxygen maximum, indicative of a rela-
tive primary production maximum, and by a nitrite maxi-
mum (Estrada et al. 1993). The chl a concentration within
the Mediterranean DCM may reach values around 1.5 mg m=>
and can be very patchy, indicating an important spatio-
temporal dynamism (Estrada 1985) related to processes such
as mesoscale variability or internal waves.

Phytoplankton Composition

Cyanobacteria

Well represented cyanobacterial genera in the Mediterranean
include Synechococcus and Prochlorococcus, which are the
main components of the prokaryotic picophytoplankton,
and two filamentous nitrogen-fixers, the free-living
Trichodesmium and Richelia intracellularis, which is an
endosymbiont of diatom genera such as Rhizosolenia and
Hemiaulus. Peaks of cyanobacterial picoplankton tend to
occur from summer to autumn (Bernardi Aubry et al. 2006;
Charles et al. 2005) but have been recorded also in spring
(Cerino et al. 2011). Latasa et al. (2010), who compared the
distribution of various phytoplankton taxonomic groups in
bloom, postbloom and stratification conditions in the NW
Mediterranean, classified Synechococcus as mesotrophic
and Prochlorococcus as oligotrophic. Synechococcus may
be an important component of offshore (Denis et al. 2010)

91

and coastal picophytoplankton (Agawin et al. 1998;
Bernardi Aubry et al. 2006; Cerino et al. 2011), while
Prochlorococcus was first reported offshore, but may be
also important nearshore (Charles et al. 2005). In the sur-
vey that Denis et al. (2010), carried out in winter 1995
across the whole Mediterranean basin, Synechococcus rep-
resented a 65 % of the overall ultraphytoplanktonic carbon
biomass while the contribution of Prochlorococcus did not
exceed 6.5 %. The authors did not detect clear large-scale
patterns, but found a significant relationship between
Synechococcus abundance and mesoscale structures in the
Adriatic and Ionian sub-basins. Prochlorococcus was rep-
resented by two ecotypes, one occupying the upper 75 m
and the other adapted to low light and growing mainly
below 75 m. Garczarek et al. (2007) used amplification and
sequencing of the pcb gene (encoding the major light-har-
vesting proteins) of Prochlorococcus in a late summer-
early autumn Mediterranean-wide survey, to find at least
four different ecotypes in the photic zone, large microdiver-
sity, and strong vertical but low horizontal heterogeneity. A
vertical stratification with Synechococcus in the upper 40 m
and prochlorophytes at the base of the chl @ maximum was
found by Ghiglione et al. (2008) during early autumn 2004
in the DYFAMED site of the Gulf of Lions. The depth rela-
tionships of Synechococcus and Prochlorococcus are in a
large part related to the presence of ecotypes adapted to
factors such as different light levels and nutrient availabil-
ity, although temperature can also be a factor. For example,
Mella-Flores et al. (2011) compared the ecotype diversity
of Synechococcus and Prochlorococcus during cruises car-
ried out 9 years apart and reported that the dominant clades
of the two genera in both cruises were typical of temperate
waters, while groups typical of (sub)tropical and warm
waters were only present in low concentrations. Based on
these results, the authors concluded that there had not yet
been a substitution of clades related to climate change.
The occurrence of the nitrogen-fixing Trichodesmium and
diatom — Richelia intracellularis consortia is frequent during
the stratification season, albeit in low concentrations
(Béthoux and Copin-Montégut 1986). Krom et al. (2010)
concluded that their impact on the global nitrogen budget in
the Mediterranean is insignificant, in part due to strong P
limitation, but the sporadic finding of Trichodesmium sp.
filaments and the consistent presence of Hemiaulus hauckii
and Rhizosolenia styliformis hosting Richelia intracellularis
in the DCM of the whole Mediterranean basin during the
stratification period led Crombet et al. (2011) to suggest that
their role could be more important than previously accepted.
Recent studies have pointed out the presence of diazotrophic
unicellular cyanobacteria in coastal areas of the Eastern
(Man-Aharonovich et al. 2007) and NW Mediterranean Sea
(Le Moal and Biegala 2009) and in open waters across the
entire basin, where the dominant unicellular diazotrophs
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were a-proteobacteria (Le Moal et al. 2011). However, the
role of these organisms in the nitrogen budget of the
Mediterranean Sea is still unclear.

Diatoms (Bacillariophyceae)

Large colonial diatoms are the principal phytoplankters in
most seasonal blooms and represent the typical primary pro-
ducers of the so-called classical food web, leading from phy-
toplankton to zooplankton and fish. However, diatoms can be
also important in oligotrophic situations (Scharek et al.
1999) and some taxa have sizes close to the picoplankton
range. In the Mediterranean, diatoms dominate the winter-
spring bloom in many areas, although their proliferation may
be of short duration and easily missed by field measure-
ments. Chemotaxonomic determinations in the DYFAMED
area have shown that the contribution of diatoms to phyto-
plankton biomass is maximal in January or February (Marty
et al. 2002). In March 1995, the phytoplankton of a station
occupied by Latasa et al. (2010) in the open NW
Mediterranean (41.45°N, 05.10°W) was dominated by
Pseudo-nitzschia spp., Chaetoceros subgenus Hyalochaete
spp., Thalassiosira spp., Guinardia delicatula, Bacteriastrum
delicatulum and Dytilum brightwellii. In the Catalan Sea, the
main nano- and microplankton taxa inshore of the Catalan
Frontin winter and early spring were the diatoms Chaetoceros
spp, Thalassiosira spp. and Pseudo-nitzschia spp. (Estrada
1991; Estrada et al. 1999). The genera Chaetoceros and
Pseudo-nitzschia, which dominate winter —spring prolif-
erations, accompanied by others like Thalassiosira,
Bacteriastrum, Rhizosolenia and Leptocylindrus, account
also for phytoplankton biomass maxima in mesoscale fea-
tures such as the Catalan Front (Estrada 1991) and the
upwelling of the Alboran Sea (Arin et al. 2002) and for high
chl a patches at the DCM (Estrada 1985; Estrada et al. 1993;
Crombet et al. 2011), sustaining the view that intermittent
pulses of growth can occur at the DCM level, originated, for
example by hydrographic perturbations that expose bodies of
relatively nutrient- rich waters to enhanced irradiance levels
(Estrada 1991). In coastal and estuarine areas, the seasonal
sequence of diatom assemblages tends to be locally persis-
tent. For example, off the coasts of Barcelona and Castelld,
in the NW Mediterranean, Margalef (1969) described the
consistent appearance of a winter-spring maximum, dominated
by Chaetoceros spp., together with cryptomonads and flagel-
lates, a late spring peak, with Rhisosolenia and Pseudo-
nitzschia, and an autumn peak with Thalassionema
nitzschioides, Asterionella japonica and Thalassiothrix medi-
terranea. An autumn diatom assemblage with Thalassionema
nitzschioides is a recurrent feature in the seasonal cycle in
the bay of Els Alfacs, a part of the Ebre Delta (Llebot et al.
2011). In the Bay of Naples, after a winter-spring bloom
with Chaetoceros spp., Pseudo-nitzschia delicatissima,
Thalassionema bacillaris (in addition to autotrophic
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flagellates), there was a substitution of the dominant diatom
species by smaller-sized ones like Skeletonema pseudo-
costatum, Chaetoceros tenuissimus and Chaetoceros socialis;
other species, including Leptocylindrus danicus, were generally
recorded in autumn. The most abundant taxa succeeded and
overlapped each other in a fairly regular pattern, although
there was strong interannual variability (Ribera d’Alcala
et al. 2004). Although genera such as Chaetoceros and
Thalassiosira are commonly found in all diatom-dominated
blooms, the particular species present of these genera and the
co-occurring diatom taxa can vary at different places and
times (Estrada 1991; Siokou-Frangou et al. 2010).

In addition to the above-mentioned blooming taxa, dia-
toms like Hemidiscus cuneiformis and Coscinodiscus radi-
atus, have been found consistently within the DCM of the
WM, but only in low concentrations. Together with repre-
sentatives from other groups (Dictyocha fibula and
Oxytoxum margalefi), these species appeared to be part of a
“shade flora” assemblage (Estrada 1991). Another group of
large-sized diatom species of genera like Rhizosolenia,
Proboscia and Hemiaulus tend to occur in low numbers in
the euphotic zone of stratified waters. As noted above,
some of these Rhizosolenia and Hemialus species host the
diazotrophic cyanobacterial symbiont Richelia intracellu-
laris; their present contribution to nitrogen fixation seems
to be small (Krom et al. 2010), but it has been suggested
that extensive Rhizosolenid mats and their symbionts may
have supported nitrogen fixing during sapropel episodes
(Sachs and Repeta 1999; Stambler, this volume). Another
diatom typical of relatively oligotrophic conditions is
Leptocylindrus mediterraneus, which occurs in association
with the heterotrophic flagellate Solenicola setigera and
with potentially diazotrophic unicellular cyanobacteria
(Buck and Bentham 1998). More studies are needed also to
assess the importance in offshore waters of small-sized
species like Minidiscus trioculatus and Arcocellulus sp.,
which were abundant in winter samples from the open NW
Mediterranean (Delgado et al. 1992; Percopo et al. 2011;
Cros and Estrada, unpublished data).

Dinoflagellates (Dinophyceae)

As a group, the Dinophyceae include a bewildering variety of
ecophysiological niches. Dinoflagellates are often very abundant
in marine samples but most of them are naked nanoplankton-
sized forms that cannot be properly identified in optical
microscopy examinations and are often overlooked or lumped
in categories such as “small dinoflagellates” or “small gymno-
dinioids”. Chemotaxonomic analysis may fail to give an accu-
rate measure of dinoflagellate abundance because peridinin,
the pigment used as a dinoflagellate biomarker, is not present
in many of these organisms. Widespread nano- and micro-
plankton dinoflagellate genera like Noctiluca, Protoperidinium
and Warnowia, and species of Gyrodinium and Gymnodinium,



6 Microbial Components

among others, are heterotrophic and play a functional micro-
zooplankton role. Many genera, like Ceratium (Neoceratium, a
new name recently proposed for the genus by Gémez et al.
2010, is still under discussion) and Alexandrium can be
mixotrophic (Jacobson and Anderson 1996) while others like
Dinophysis comprise species with a varying degree of autotro-
phic capabilities. Ornithocercus, Histioneis and Cytharistes,
open water taxa typically present at low concentrations, host
endosymbiotic cyanobacteria that could help with nitrogen
fixation (Gordon et al. 1994). The variety of trophic strategies
and the ability to migrate vertically between the shallow well-
illuminated layers and the nutricline underlie the prevalence of
dinoflagellates during the stratification period. In general, they
are more abundant within the upper layers of the euphotic
zone, but species like Oxyfoxum margalefi, are part of the
“shade flora” of the DCM level (Estrada 1991). Some taxa,
referred loosely as “red tide dinoflagellates” in Margalef’s
Mandala (see section “Generalities on phytoplankton commu-
nity structure and function”), are frequent producers of blooms
when relatively high water column stability, that allows bio-
mass accumulation, is accompanied by nutrient availability.
These forms include genera like Prorocentrum, Scrippsiella
and Alexandrium, frequently found in coastal waters. Some
species or strains of Alexandrium and other genera produce
toxins that can accumulate in members of higher levels of the
trophic web and their proliferations may have noxious effects
on human health or on other ecosystem organisms (see section
“Harmful algal blooms in the Mediterranean”). In some cases,
as happens with several species of Dinophysis, a low concen-
tration of individuals is sufficient to cause toxic effects.

Prymnesiophyceae

Many prymnesiophytes belong to the nanophytoplankton
size category, although pigment-based and molecular tech-
niques have recently pointed out their important contribution
to the picophytoplankton (Liu et al. 2009). The best studied
group is that of the coccolithophores, which possess a cell
cover of calcareous platelets. Coccolithophores are well rep-
resented in the Mediterranean (Ignatiades et al. 2002;
Malinverno et al. 2003; Siokou-Frangou et al. 2010). As
mentioned above, they tend to be important in mesotrophic
situations, as in the open waters of the NW Mediterranean in
winter-spring (Estrada et al. 1999; Latasa et al. 2010) and
autumn (Cros 2001). The most widespread species is
Emiliania huxleyi, which can be dominant both in coastal
(Bernardi Aubry et al. 2004; Cerino et al. 2011) and open sea
regions (Estrada et al. 1999), a finding perhaps related to the
high intraspecific variability of this taxon. There seems to be
some ecological differentiation between hetero- and holo-
coccolithophores, with a higher proportion of heterococco-
lithophores at the DCM level and of holococcolithophores in
the more oligotrophic upper part of the euphotic zone (Cros
2001). Curiously, species like Calyptrosphaera sphaeroidea,
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generally reported in low concentrations, have produced
high-density proliferations in zones like the Tarragona
Harbour and the Algiers coast (Cros et al. 2002; Illoul et al.
2008). The distributions of non-calcifying prymnesiophytes,
which include widespread genera like Chrysochromulina,
are poorly known with the exception of the colonial forms of
species of Phaeocystis, which can be very abundant in open
waters of the Catalan Sea, in winter (Estrada 1991).

Other Groups

Cryptophytes are often an important component of the nano-
phytoplankton (Margalef 1969), but species lists derived from
light microscopy should be reconsidered (Cerino and Zingone
2006). Based on microscopic observations or on the detection
of alloxanthin, their pigment marker, a substantial contribu-
tion of cryptophytes has been found, for example, in offshore
waters of the NW Mediterranean in winter-spring (Marty et al.
2002; Latasa et al. 2010) and in relationship with mesoscale
fertilization areas (Margalef 1971). Novarino (2005) found 11
morphospecies in samples from Barcelona coastal waters and
the Alboran Sea, and noted the abundance of Plagioselmis
prolonga. In the Gulf of Naples, Cerino and Zingone (2006)
used cultures and electron microscopy to identify 16 mor-
phospecies, and reported that the maximum cryptomonad
concentration occurred in spring-summer and autumn. The
most abundant species was Hemiselmis sp., while Plagioselmis
prolonga was the most frequently found, although at lower
concentrations. The regular presence of Plagioselmis pro-
longa was confirmed by McDonald et al. (2007).

The silicoflagellates, a group of Chrysophyceae recogniz-
able by their tubular skeleton of silica, are mainly repre-
sented by the genera Dictyocha and Distephanus. They tend
to show population maxima in winter and to be present in
subsurface levels during the stratification period (Estrada
et al. 1985). Another morphologically recognizable chryso-
phyte is Meringosphaera mediterranea (Cerino et al. 2011).

Other important phytoplankton groups in the Mediterranean
Sea are the Prasinophyceae and the Pelagophyceae. Both
groups include widespread picoplankton-sized representa-
tives, but the Prasinophyceae comprise also frequent nano-
plankton genera, like Tetraselmis and Pyramimonas, and the
striking microplanktonic species Halosphaera viridis. Latasa
et al. (2010) found that picoplanktonic Prasinophyceae were
the most abundant group, after diatoms, during the bloom
period in the open NW Mediterranean. Marie et al. (2006)
used flow citometry, gradient gel electrophoresis and quanti-
tative PCR to assess the abundance and composition of pico-
plankton (cells <3 pm) and the distribution of the prasinophyte
genera Micromonas, Bathycoccus and Ostreococcus across a
transect between the Morocco upwelling and the EM. The
quasi -absence of Micromonas, which was replaced mainly by
Bathycoccus and sporadically by Ostreococcus, agreed with
the general oligotrophy of the Mediterranean. In contrast,



94

Micromonas was abundant in the coastal waters of the Gulf
of Naples (Zingone et al. 1999) and in Blanes Bay, where
together with Bathycoccus and Ostreococcus dominated the
sequences obtained in winter and fall (Massana et al. 2004).
In fact, Micromonas pusilla, the most commonly cited spe-
cies of the genus Micromonas, appears to comprise several
independent clades occupying specific niches, as shown by
Foulon et al. (2008) for Blanes Bay.

The pigment signature of Pelagophyceae (which they
share with chrysophytes) has been found at a number of
locations in the Mediterranean (Claustre et al. 1994; Marty
et al. 2002). Latasa et al. (2010) reported that pelagophytes
were abundant during the winter-spring bloom, but presented
also significant concentrations in more oligotrophic periods.
In general, Pelagophyceae tended to be more important at
depth, a feature that has been related to nutrient availability
(Claustre et al. 1994; Barlow et al. 1997; Marty et al. 2002)
and low light adaptation (Latasa et al. 2010). Pelagophytes
have been investigated by means of molecular methods in
coastal areas such as the Gulf of Naples, where they occurred
between December and March (McDonald et al. 2007) and
Blanes Bay (Massana et al. 2004).

Generalities on Phytoplankton Community
Structure and Function

The available information on large-scale phytoplankton
community distribution patterns in the Mediterranean basin
is scarce (Siokou-Frangou et al. 2010) and limited to particu-
lar times of the year. Based on samples from a cruise that
visited nine stations along a longitudinal transect from 4° 95’
E to 32° 67’ E, Ignatiades et al. (2009) reported that diatoms
dominated over the water column (1-120 m depth) in the
three westernmost stations (between the Strait of Sicily and
the western basin), while dinoflagellates and coccolitho-
phores were more abundant in the eastern stations. These
trends coincided with a decrease in water column chl a and
primary production and an increase of phytoplankton diver-
sity towards the east, in agreement with the more oligotro-
phic character of the Eastern Mediterranean (EM). In
consonance with the generally oligotrophic character of the
Mediterranean, the proportion of prokaryotic and eukaryotic
picoplankton with respect to total phytoplankton biomass
exceeds often 50 % (Siokou-Frangouetal. 2010). Picoplankton
maxima tend to occur in summer, when temperature is high-
est and nutrient availability tends to be lowest, although there
is substantial spatio-temporal variability (Agawin et al. 1998;
Bernardi Aubry et al. 2006; Arin et al. 2002). Superimposed
on the picoplankton component, micro and nanoplankton
may dominate at particular times of the year or in areas of
strong hydrodynamic activity. Margalef (1978) considered the
input of external energy, in the form of water convection and
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turbulence, and nutrient availability were the main selective
factors of the dominant life-forms of phytoplankton, as rep-
resented by major taxonomic groups. He proposed a concep-
tual model, later called the “phytoplankton mandala”, which
ordained diatoms, coccolithophores and dinoflagellates
along a sequence reflecting the ecological succession of
phytoplankton following a fertilization event such as the
seasonal mixing of the water column. Diatoms, with grow
rapidly in nutrient-rich, turbulent conditions, are the typical
dominants in the winter-spring bloom in coastal areas and in
deep mixing zones such as the central area of the Ligurian
Sea (Estrada et al. 1985; Marty et al. 2002; Siokou-Frangou
et al. 2010), but they may also proliferate and form high chl
a patches within the DCM (Estrada 1985, 1999; Crombet
et al. 2011). Dinoflagellates, which may show migratory
behaviour and encompass a wide variety of physiological
strategies, become relatively more abundant in the nutrient-
depleted upper water layers during the stratification period,
while coccolithophorids tend to occupy an intermediate
position with respect to trophic conditions. Margalef (1978)
distinguished a subgroup of red tide dinoflagellates, which
would be favoured by situations of high stability and nutrient
availability. Later works have proposed modifications or
expansions of the mandala (Smayda and Reynolds 2001;
Cullen et al. 2002). The relationship of other taxonomic
groups with environmental conditions is less known, particu-
larly for nano-and picoplanktonic flagellates, although the
situation is rapidly changing with the expansion of the use of
chemotaxonomic and molecular techniques (Latasa et al.
2010; Charles et al. 2005).

The Seasonal Succession of Phytoplankton

The seasonal succession of phytoplankton has been investi-
gated in numerous coastal locations of the Mediterranean,
but just a small number of them has been followed regularly
during more than a few years. In offshore waters, only the
DYFAMED station in the Ligurian Sea (Marty et al. 2002)
has been studied for more than a decade (Siokou-Frangou
et al. 2010), although in some open water regions, the repeti-
tion of cruises in different seasons over different years has
provided a general picture of the seasonal phytoplankton
variability. A case-study for the Catalan Sea (Estrada 1999)
will be described below.

Using a pigment chemotaxonomic approach, Marty
et al. (2002) reported that the eukaryotic biomass at the
DYFAMED site was dominated by prymnesiophytes (con-
taining 19’hexanoyloxyfuxcoxanthin) except during a
short period of diatom dominance (inferred from fucoxan-
thin), from January to March, generally associated with
the period of maximal chl a except on some occasions in
which it was related to nanoflagellates. The diatom peak
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was followed about 1-2 month later by prymnesiophytes
and chrysophytes/pelagophytes (these latter, indicated by
19’butanoyloxyfuxcoxanthin). The maximum contribu-
tion of prokaryotes, mainly represented by Synechococcus,
occurred between August and November; prochlorophytes
reached their peak abundance at the end of the stratifica-
tion period, but persisted during the winter. The presence
of cryptophytes (alloxanthin) coincided with that of dia-
toms, and the peridinin (a dinoflagellate marker) maxi-
mum occurred in parallel or slightly later than that of
prymnesiophytes and chrysophytes/pelagophytes.

The seasonal variability of phytoplankton composition
in the Catalan Sea was described by Estrada (1999), based
on data from the cruises FRONTS 90 (FR90, 9-16 February
1990), FRONTS 91 (FR91, 10-21 April 1991), FRONTS
92 (FR92, 15 October-4 November 1992) and VARIMED
93 Phase 2 (FR93, 1-8 June 1993). Studies concerning bio-
logical distributions in these cruises can be found in Alcaraz
et al. (1994), Margalef (1995), Calbet et al. (1996), Estrada
(1996) and Estrada et al. (1999). The surveys visited a vari-
able number of stations within the Catalan Sea, but the phy-
toplankton data considered here will be those of the transect
between Barcelona and the Balearic Islands (“main tran-
sect”), which was occupied in all the cruises (Fig. 6.1). The
phytoplankton was examined by R. Margalef using the
inverted microscope technique, after sedimentation of
100 ml of water in composite chambers. The distribution of
physico-chemical variables (data not shown) and chl a
(Fig. 6.2) along the principal transect featured the charac-
teristic central zone of elevation of the isopycnes, limited in
the continental side by the Catalan Front and by the Balearic
front in the Balearic Islands side. During FR90, the water
column inshore of the Catalan Front was well mixed, but
there was already appreciable stratification offshore, with a
DCM at 50 m depth. The Catalan Front was also well
marked during April 1991 (FR91), but in late spring (FR93)
the whole transect was covered by a layer of warm water
and featured a well-developed DCM (Fig. 6.2). In the fall
(FR92), there was still an appreciable stratification of the
upper layers, but the surface waters had been cooling and
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Fig.6.2 Cruises FR90, FR91, FR92 and FR93. Distribution of chloro-
phyll @ (mg C m~) along the main transect of Fig. 6.1

the pycnocline had started to erode. A principal component
analysis was carried out with the log-transformed abun-
dance data of 49 phytoplankton taxa that occurred in all the
cruises and that were present, at least, in 15 % of the
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samples. The three first principal components explained
36.1 % of the variance, within the range usually found in
this kind of studies. As can be seen in Fig. 6.3, which pres-
ents the distribution of the species in the statistical space of
the components, the taxa tended to group together accord-
ing to taxonomic affinities, reflecting a similarity in the
ecological response of phylogenetically-related organisms.
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Fig.6.3 Position of the extremes of the taxa vectors in the space of the
first (C1) and second (C2) principal components. Legend: Dinos,
Dinoflagellates; Gym a, Gymnodinium acutissimum; Gym h,
Gymnodinium hamulus; Gym s, Gymnodinium sp.; Gym D,
Gymnodinium sp D; Gyr am, Gyrodinium acutum “small”’; Het am,
Heterocapsa sp.; Pr balt, Prorocentrum balticum; Diats, Diatoms; Ch
cu, Chaetoceros curvisetus; Det pu, Detonula pumila; Pse-n, Pseudo-
nitzschia spp.; Th ni, Thalassionema nitzschioides; Thal m,
Thalassiosira spp.; Prymn, Prymnesiophytes; E hux, Emiliania huxleyi;
He car, Helicosphaera carteri; Hapt., Unidentified haptophytes; Phaeo,
Phaeocystis sp.; Others, Other groups; D fib, Dictyocha fibula; Flag,
Unidentified flagellates; FlagA, Unidentified flagellate A; Str s,
Strombidium sp. (ciliate)
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Fig.6.4 (a) Distribution of the points corresponding to the samples of
the four cruises in the space of the first (C1) and second (C2) principal
components. Cruises, FEB90=FR90 (February 1990), APR91=FR91
(April 1991), OCT92 =FR92 (October—November 1992), JUN93 =FR93
(June 1993). (b) Relationship between the values of the C2 and a vertical
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Most diatoms, including Defonula pumila and species of
Chaetoceros, Pseudo-nitzschia and Thalassiosira, showed
negative correlations (or loadings) with principal compo-
nent 1 (PC1) while dinoflagellates and coccolithophores
presented positive correlations. In turn, PC2 was positively
correlated with the diatoms, the cryptophyte Rhodomonas
sp., the coccolithophores, Phaeocystis sp. and other non-
calcifying prymnesiophytes, and negatively correlated with
the silicoflagellate Dictyocha fibula and with most dinofla-
gellates, represented mainly by species of Heterocapsa,
Amphidinium, Gymnodinium and Prorocentrum. PC3,
which was positively correlated with most taxa, reflected
the distribution of total cell abundance (data not shown).
The position of the sample points in the space of PC1 and
PC2 showed a marked division between the samples of
FR90 in the negative side of PC1, reflecting the dominance
of winter bloom diatoms inshore of the Catalan Front during
this cruise, and the samples from the other seasons, grouped
in the positive side of PC1 (Fig. 6.4a). With respect to PC2,
the sequence FR91-FR92-FR93 (spring, fall, late spring)
from the positive to the negative side, can be related to the
increasing stratification from FR91 to FR92 and FR93
(Fig. 6.4b). The shift of prymnesiophytes to dinoflagellates
from the positive to the negative side of the correlations
with PC2 can be interpreted in terms of Margalef’s man-
dala, as reflecting a successional sequence of better adapta-
tion to decreased turbulence.

In coastal and estuarine areas, seasonal cycles vary
depending on local factors, as found by Cloern and Jassby
(2010) for data sets from around the world. A winter phyto-
plankton bloom or at least an increase of biomass, allowed
by stable meteorological conditions or stratification of the
water column is a common feature in Mediterranean phyto-
plankton communities (Margalef 1969; Duarte et al. 1999;
Bernardi Aubry et al. 2004; Nincevi¢ Gladan et al. 2010).
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stratification index, VSI100, calculated as the sum of the absolute values
of the differences in water density every 10 m, for a water column
between 0 and 100 m depth:

10
VSI100= Y [I(o,(i*10)~o,((i~1)*10) 1], where i=1,2, ... 10

i=l
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Often, there is also a fall peak, that has been related to higher
nutrient availability due to erosion of the thermocline
(Margalef 1969) or to stable weather conditions, which allow
the exploitation of nutrients of coastal origin (Zingone et al.
2003; Mura et al. 1996). Several zones present peaks driven
by nutrient runoff at times like late spring or summer
(Bernardi Aubry et al. 2004; Ribera d’ Alcala et al. 2004). In
the Gulf of Trieste (Northern Adriatic), during the period
1989-2002, the autumn peak of phytoplankton biomass was
the highest one on the annual scale and was related to
enhanced freshwater inputs (Mozetic et al. 2012)

Harmful Algal Blooms in the Mediterranean

Phytoplankton blooms are part of plankton ecosystem
dynamics. However, on occasions, microalgal proliferations
may be perceived as detrimental due to the production of
high accumulations of biomass or of toxicity that can affect
other ecosystem organisms or human health. In this case,
proliferations are referred to as “harmful Algal Blooms”

(HABS), although it must be taken into account that this is a
purely operational designation without any objective eco-
logical meaning. As can be gleaned from Margalef’s man-
dala, the occurrence of phytoplankton blooms, whether
harmful or not, will be favoured by nutrient enrichment,
which may enhance phytoplankton growth and low turbu-
lence (or high water residence times), which reduce cell dis-
persion; another factor may be a reduction of grazing
pressure. Until the mid 1980s, HABs, then generally referred
toas “red tides”, had beenrarely recorded in the Mediterranean
and no significant toxic episodes were known (Jacques and
Sournia 1978-1979). The first contamination of shellfish
by Paralytic Shellfish Poisoning (PSP) toxins, due to
Gymnodinium catenatum, occurred in 1987 in Southern
Spain (Bravo et al. 1990). Since then, HABs have been
detected throughout the Mediterranean (Fig. 6.5). The most
widespread PSP-producers in the region are Alexandrium
minutum (Garcés and Camp 2012), and Alexandrium
catenella, which seems to have increased its geographic dis-
tribution on recent years (Vila et al. 2001b; Collos et al.
2009); G. catenatum continues to be present, but appears to
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be restricted to the SW Mediterranean, including open waters
of the Alboran Sea (Calbet et al. 2002). Diarrhetic Shellfish
Poisoning (DSP) cases due to species of Dinophysis have
been reported since the 1980s (Boni et al. 1993; France and
Mozeti¢ 2006) and are an important concern for bivalve
aquaculture exploitations. Among diatoms, some species of
Pseudo-nitzschia present in the Mediterranean (Amzil et al.
2001; Quijano-Scheggia et al. 2010) may produce domoic
acid, a neurotoxin that has caused Amnesic Shellfish
Poisoning events worldwide. Non-toxic species responsible
for high biomass blooms include Noctiluca scintillans
(Lopez and Arté 1971; Fonda Umani 1996) and Alexandrium
taylori. This last species produces localized brown discolor-
ations that deteriorate the recreational value of some
Mediterranean beaches (Giacobbe et al. 2007). In the last
decade, reports of fever, respiratory problems and skin irrita-
tions in humans have been attributed to proliferations of
Ostreopsis ovata and O. cf. siamensis (Mangialajo et al.
2011), two species of a benthic —epiphytic genus reported in
the Mediterranean since the 1970s, which has shown an
apparent range expansion in the last years (Zingone 2010).
The recent detection in the Mediterranean of Gambierdiscus
sp., another toxic benthic dinoflagellate, typical of tropical
regions has been linked to suggestions of “tropicalization” of
the Mediterranean (Aligizaki et al. 2008).

It is difficult to ascertain how much of the HAB increase is
due to better study and monitoring and how much of it reflects
areal trend (Garcés and Camp 2012). Eutrophication could be
a potential factor in some areas. During part of the twentieth
century, the increment of nitrate and phosphate discharges in
coastal waters may have driven increases of chl a concentra-
tions (§olic’ et al. 1997) and high biomass blooms in some
coastal zones but, after about 1990, the reduction of nutrient
sources (for example, of phosphate from detergents), the
expansion of wastewater treatment and, in same cases, the
decrease of river discharges, reversed the eutrophication trend
in many locations (Garcés and Camp 2012; Mozeti¢ et al.
2010) but not in others (Wyatt 2010; Polat 2010). Often, how-
ever, there is no clear relationship between high biomass or
toxic blooms and eutrophication (Zingone 2010). In the
Northern Adriatic, for example, the absence of red tides since
the late 1980s has been associated to a decrease in nutrient
availability, but other changes such as the return of mucilage
or “mare sporco’” events, apparently not related to eutrophica-
tion (see section “Long-term temporal variability”), point out
to hydrological and ecological changes that could be related to
large-scale climate drivers (Conversi et al. 2010). In the Thau
Lagoon, the increment of temperature and the reduction of
phosphate loads resulted in a decrease of phytoplankton bio-
mass but increased the abundance of Synechococcus and pro-
moted the development of the toxic Alexandrium minutum,
which apparently preyed on the cyanobacteria (Collos et al.
2009). Other anthropogenic factors affecting the occurrence of
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HABs in the Mediterranean are the human spreading of
noxious species and the building of coastal infrastructures
(Garcés and Camp 2012). While increasing transfers of ballast
water and shellfish stocks may have been responsible for some
introductions of species into new regions, the increment of the
number or size of confined water bodies suitable for HAB
development due to constructions in the coastline may have
been the most significant cause of HAB increase in areas like
the Catalan Coast (Garcés et al. 2000).

Long-Term Temporal Variability

In a context of global change, the collection of long time
series of physico-chemical and biological ecosystem data
with adequate resolution is a necessary tool to uncover tem-
poral patterns of variability and to detect signatures of long-
term trends. The availability and characteristics of biological
time series in the Mediterranean were examined in CIESM
Workshops held in 2003 (CIESM 2003) in Split (Croatia)
and in 2009 (CIESM 2010) in Tunis. A special issue of
Estuaries and Coasts (Zingone et al. 2010a) with papers
arising from the AGU-Chapman Conference carried out in
2007, in Rovinj (Croatia), contained research results and
comparative information concerning several Mediterranean
phytoplankton time series. As noted in the executive sum-
mary of CIESM (2003), there are more non-biological than
biological Mediterrranean time series and, among the later,
the frequency decreased from higher to lower trophic levels.
A list with information on some ongoing Mediterranean
time series sites measuring microbial plankton variables is
presented in Table 6.1. In addition, water quality parame-
ters and plankton composition are being sampled at many
littoral locations (not included in the table) as part of moni-
toring requirements (Le Bec et al. 1996; Goberville et al.
2010; Vila et al. 2001a).

Corresponding to the interannual and seasonal patterns in
forcing variables, the available Mediterranean time series
exhibit strong interannual and within-year variability.
Ascertaining long-term signals that could be caused by cli-
mate change is difficult due to strong interannual fluctua-
tions and the relatively short length of the available series.
However, some consistent trends have been reported. For
example, Marty et al. (2002) attributed an increase of pico-
and nanoplankton biomass during the period 1990-1999, at
the DYFAMED station, to a lengthening of the stratification
period. A latter work (Marty and Chiavérini 2010) confirmed
an increment of chl a biomass between 1995 and 2006, but
the responsible organisms for the most recent years were
mainly diatoms, rather than flagellates. Marty and Chiavérini
(2010) related the strong winter-spring bloom of 2006 to the
enhanced introduction of nutrients to the surface waters
caused by the intense deep water convection of the winter
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Table 6.1 Information on some ongoing long time series in estuarine, coastal and open waters of the Mediterranean sea

Location

NW Mediterranean, DYFAMED
site (43° 25’N, 7° 52'E)

Northern Adriatic Sea, Italy/Slovenia/
Croatia (several sites)

Mid-Adriatic Sea, Croatia Kastela Bay
(43° 31’'N, 16° 22’ E), Offshore station
(43° 00N, 16° 20’E)

Tyrrhenian, Gulf of Naples, Italy
(40°48.5'N 14° 15'E)

NW Mediterranean, Blanes Bay
(41.67 °N, 2.80 °E)

NW Mediterranean, Thau Lagoon,
France (43 °24'N-3°36'E)

NW Mediterranean, Point B,
Villefrance-sur-mer, France
(43°41 N, 07 °19E)

NW Mediterranean, els Alfacs Bay
(Ebre Delta), Spain

Eastern Mediterranean, Aegean Sea,
Saronikos Gulf, Greece

NW Mediterranean, Baleares transect,
Mallorca, Spain (39.48 °N, 39.40 °N,

Variables sampled
(non-exhaustive list)

Hydrography, nutrients, phytoplankton
pigments

Hydrography, nutrients, chlorophyll a,
phytoplankton

Hydrography, nutrients,
bacterioplankton, chlorophyll a, primary
production (PP), phytoplankton (Phyto),
zooplankton

Hydrography, nutrients, phytoplankton,
zooplankton

Hydrography, nutrients, Bacterioplankton
(B), chlorophyll a (Chl a), primary
production (PP), phytoplankton (Phyto),
Hydrography, nutrients, phytoplankton
>5 pm (Phyto), picophytoplankton (Pico)

Hydrography, nutrients, zooplankton

Hydrography, chlorophyll a,
phytoplankton

Hydrography, nutrients, chlorophyll a,
zooplankton

Hydrography, nutrients, chlorophyll a,
zooplankton

Approximate
starting date

1991

19701999, (gaps)

1950s (Phyto)
1962 (PP)

1960s—1980s
(other variables)

1984

1992 (Chl a)
1998 (B, PP, Phyto)

1971
1987 (Phyto)
1991 (Pico)

1974 (with gaps)
1995

1990
1989

1993

Representative publications
Marty (2002), Marty et al.
(2002), and Marty

and Chiavérini (2010)
Bernardi Aubry et al. (2004),
Vili¢i¢ et al. (2009),

and Mozeti€ et al. (2010)
Soli¢ et al. (1997), Marasovié
et al. (2005), and Nincevi¢
Gladan et al. (2010)

Ribera d’Alcala et al. (2004)
and Zingone et al. (2010a, b)

Duarte et al. (1999), Galand
et al. (2010), and Gasol (2007)

Collos et al. (2009)

Garcia-Comas et al. (2011)

Llebot et al. (2011) and
Fernandez-Tejedor et al. (2010)

Christou 1998

Fernandez de Puelles et al.
(2007) and Fernandez de

39.34 °N, all at 2.43 °E)

2005/2006, and associated the greater intensity of recent
convection events to drought episodes decreasing the input
of freshwater to the NW Mediterranean. In the Gulf of
Naples, Zingone et al. 2010b related a negative trend in phy-
toplankton biomass with meteorological changes causing a
decrease in water column stability, while Tunin-Ley et al.
(2009) reported that some likely stenothermic Ceratium spe-
cies had disappeared from the surface layers in response to
water warming. As described in section “Harmful algal
blooms in the Mediterranean”, the decrease in phytoplankton
abundance and biomass found in the Adriatic Sea over the
last 20 years (Mozeti¢ et al. 2010) has been related to a
reduction of nutrient loads and to a lower river outflow,
reflected in positive anomalies of the surface salinity. The
changes in the Northern Adriatic encompassed also higher
trophic levels (mesozooplankton and gelatinous plankton).
The proposed scenario (shift in trophic control and identifi-
cation of drivers) is presented in Mozeti¢ et al. (2012).
Variations in river discharge have also produced shifts in the
appearance of the phytoplankton maximum (Vili¢i¢ et al.
2009; Mozeti¢ et al. 2010). In contrast to the Northern
Adriatic, Nincevi¢ Gladan et al. (2010) did not find modifi-
cations in the timing of the winter and spring phytoplankton
maxima of a 30 year phytoplankton series in KaStela Bay

Puelles and Molinero (2008)

(Middle Adriatic), but reported an increase of phytoplankton
abundance, in particular of dinoflagellates, from the mid-
1980s to the 1990s, coinciding with years of high North
Atlantic Oscillation (NAO) index and with a large scale
change in the Northern Hemisphere (Conversi et al. 2010).
These authors found that the relationship between chl a and
primary production with the NAO index varied in different
seasons, reflecting the NAO influence on local weather fac-
tors (such as temperature, winds and precipitation).

Viruses and Heterotrophic Microbes
Viruses

Studies on viruses in open and coastal waters of the
Mediterranean Sea are still scarce. To date most of
Mediterranean works have addressed the viral effects on
bacterial biomass and production rather than the character-
ization of the viral community. Several publications
(Table 6.2) reveal that viral abundances in the surface of
coastal waters vary from 0.3 x 107 to 3.9 x 107 viruses mL!,
while lower values occur in off-shore surface waters
(0.02x 107 to 2.5 x 107 viruses mL™") and still lower ones in
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Table 6.2 Site, sampling data depths and variables measured and source of the studies considered in this review

Location Date Depth (m)
NW Mediterranean September 2001 4 (coastal)
May 2005-April 2007 5 (coastal)
June 1995 5-200
June 1999 5-200
Alboran Sea October and November 2004 1-200
W Mediterranean October and November 2004 1-200
June—July 2008 1-200
Thyrrenean Sea October and November 2004 1-200
Sicily chanel October and November 2004 1-200
Adriatic Sea May 1991-November 1992 0.5 (coastal)
January—February 2001 1-200
April-May 2003 0.5 (coastal)
Ionian Sea October and November 2004 1-200
June—July 2008 1-200
Levantine basin June—July 2008 1-200

N Variables References

25 BA, VA, VBM, VBR Bettarel et al. (2002)

24 Chl a BA, VA, VBM, VBR Boras et al. (2009)

42 Chl a BA, VA, VBM, VBR Guixa -Boixereu et al.
(1999a, b)

10 BA, VA, VBM, VBR Weinbauer et al. (2003)

6 BA, VA, BP, VBR Magagnini et al. (2007)

16 BA, VA, BP, VBR Magagnini et al. (2007)
16 BA, VA, BP, VBR Christaki et al. (2011)
11 BA, VA, BP, VBR Magagnini et al. (2007)
15 BA, VA, BP, VBR Magagnini et al. (2007)
5 Chl a BA, VA, VBR Weinbauer et al. (1993)
2 BA, VA, BP, VBR Corinaldesi et al. (2003)
BA, VA, BP, VBR Bongiorni et al. (2005)
19 BA, VA, BP, VBR Magagnini et al. (2007)
17 BA, VA, BP, VBR Christaki et al. (2011)
17 BA, VA, BP, VBR Christaki et al. (2011)

Chl a chlorophyll a concentration, BA bacterial abundance, VA Viral abundance, BP bacterial production, VBR ratio of viral abundance respect to

bacterial abundance, VBM viral mortality on bacteria, N number of data corresponding to viral abundance

deep waters (Magagnini et al. 2007). In the Mediterranean,
as elsewhere, viral abundances increase from oligotrophic
to more eutrophic areas. This means from coastal to open
sea waters, and from the western to the eastern basin
(Siokou-Frangou et al. 2010; Christaki et al. 2011).

Existing data (Table 6.2) show that bacterial and viral
abundance are more coupled with chl @ in open than in
coastal waters (Fig. 6.6a, b). Furthermore, correlations
between bacterial and viral abundance are higher (n=218,
r=0.677, p<0.001) than between virus abundance and chl a
concentration (n=67, r=0.425, p<0.01). This suggests that
bacteria are more probable virus hosts than phytoplankton.
The virus to bacteria ratio (VBR) varied between 7 and 69
(20x11) inshore and between 1 and 93 (19%20) in the
upper 200 m of the open sea. Similar values of virus abun-
dances and VBR could be found in other marine systems
with comparable levels of fertility (Weinbauer 2004). The
strong variability of the VBR may be due to factors such as
(1) viruses may belong to different types of hosts, and or (2)
viruses are in different phases of infection, increasing or
decreasing in the water column as a consequence of their
release from or their entrance into host cells at a particular
sampling time. For instance, in the North Adriatic Sea an
increase of VBR covariated with an increase of released
viruses per cell (burst size) (Weinbauer et al. 1993), while
the opposite relationship was observed by Bongiorni et al.
(2005). Furthermore, based on data from Table 6.2, bacterial
production (BP) increased from oligotrophic to eutrophic
waters, and was positively and significantly correlated with
viral (n=97, r=0.556, p<0.05) and bacterial abundances
(n=97, r=0.698, p<0.01). Weinbauer et al. (1993) found a
similar trend in the Adriatic Sea.

Along a gradient from eutrophy to oligotrophy in the
Adriatic Sea, viral infection, estimated from viral lysis
production, affected from 40 to 1.3 % of bacteria (Bongiorni
et al. 2005). In the same study, burst size increased with
the productivity of the system. The few available data indi-
cate that lysogenic infection is lower than could be
expected for the oligotrophic Mediterranean conditions.
Reported values oscillate between 2 and 14 % of the total
active bacteria (Bongiorni et al. 2005). Viral infection in
open and coastal waters of the NW Mediterranean
accounted for less than 20 % of the total bacterial mortal-
ity, suggesting that grazing by protists was the dominant
pathway of bacterial losses (Guixa-Boixereu et al. 1999a, b;
Bettarel et al. 2002). However, viral activity can occasion-
ally prevail over grazing by HNF, for example in coastal
waters with high bacterial abundances (Weinbauer and
Peduzzi 1995; Boras et al. 2009).

Using enriched cultures, Alonso et al. (2002) isolated and
characterized 26 bacteriophages from the W Mediterranean
Sea. Morphological studies revealed that most of them were
included in two of the three tailed families (Siphonviridae,
Myoviridae) of the Caudovirales order, while viruses belong-
ing to the Podoviridae (the third family) were not observed.
All bacteriophages had icosahedral heads. Based on protein
patterns, phages were grouped in 11 classes. Sizes oscillated
between 30 and >100 nm (Weinbauer and Peduzzi 1994;
Alonso et al. 2002) and it was observed that bacteria with
different morphotypes hosted viruses with different sizes.
Thus, viruses between 30 and 60 nm were mainly infecting
rods (74 %) and spirillae bacteria (100 %), while viruses
sized between 60 and 110 nm were found inside of cocci
(65.5 %).
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Fig.6.6 Relationships between (a) bacterial and viral abundances, and
(b) chlorophyll a concentration and viral abundance for coastal and
open sea Mediterranean waters

In studies carried out in the Gulf of Naples, Zingone et al.
(1999, 2006) found a highly dynamic seasonal fluctuation
between the abundance of the picoeukaryote Micromonas
pusillla and that of the viruses infecting it. Although changes
of M. pusilla concentrations could be influenced by viral
infection, there was no evidence that viruses could terminate
host blooms, and the decline of M. pusilla populations did
not appear to be related to viral impact. M. pusilla virus
strains sampled on different dates showed distinct molecular
characteristics, indicating that viral diversity for a single host
can be very high. Zingone et al. (2006) isolated two different
viruses (MpVN1 and MpVN2) infecting M. pusilla. Both
viruses had similar sizes (100130 nm) and icosahedral
shape, but MpVNI attached to the host with a tail of about
0.2 pm that was absent in MpVN2. The infectivity of these two
viruses, tested in 11 M. pusilla isolates, showed no relation-
ships with the geographic origin or the phylogenetic diver-
sity of the host strains. A host strain cultured after recovery
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became resistant to infection from the same virus. This
observation indicates that acquired immunity could have
important implications concerning susceptibility of host
strains to infection and host-virus dynamics in the natural
environment. A potential consequence is that viral infection
could change host diversity, although there are not yet stud-
ies of this effect in the Mediterranean Sea.

Heterotrophic Prokaryotes

Due to space limitations, this subsection will focus mainly
on heterotrophic bacteria. However, it must be remembered
that marine prokaryotes, including both bacteria and archaea,
may present a rich variety of trophic strategies, including
photoheterotrophy and chemolithotrophy. One of the firsts
studies of bacterial distribution in the open Mediterranean,
carried out in ultra-oligotrophic waters of the Levantine Sea
(Zohary and Robarts 1992), showed that bacterial abundance
at (3x 108 cells L") was around the lower threshold of the
world ocean (Cho and Azam 1990). It was suggested that
some key factor like the availability of inorganic nutrients, in
particular phosphorus, could limit bacterial production in the
Mediterranean Sea, and several experimental approaches
were implemented (revision of Siokou-Frangou et al. 2010,
and references therein) to test the nutrient control of bacterial
production. In a Lagrangian experiment in surface waters of
the Levantine Sea, the addition of phosphate produced a sur-
prising response: a decline in chl a concentration and a rise
in bacterial production. It was hypothesized that while phy-
toplankton was concurrently nitrogen- and phosphorus- lim-
ited, bacterial growth was mainly phosphorus- limited
(Thingstad et al. 2005; Pitta et al. 2005; Zohary et al. 2005).
Nevertheless, while phosphorus is usually the limiting nutri-
ent, nitrogen and carbon limitation or co-limitation also
occurs, and the type of limitation can vary with slight changes
in competition, nutrient concentrations and grazing pressure
(Sala et al. 2002; Van Wambeke et al. 2002, 2009). As a
result, large changes in abundance, production and propor-
tions of particle-attached to free-living bacteria have been
documented over time scales of only a few hours (Mével
et al. 2008).

The identification of the existing bacterial phylotypes and
their temporal succession is a necessary first step to under-
stand theirrole in the functioning of the system. Fingerprinting
techniques such as DGGE, TRFLP, SSCP or ARISA (see,
Dorigo et al. 2005 for an overview of methodologies) have
been used to compare bacterial communities and establish
their scales of variability. However, although, we have
advanced in the current knowledge of prokaryotic diversity,
these molecular studies are still far from answering specific
questions on the ecosystem functioning worldwide (see
review, Hofle et al. 2008). Since the late 1990s, a number of
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molecular studies carried out in the Mediterranean have
improved our understanding of different aspects of bacterial
community structure (Ghiglione et al. 2005; Coll et al. 2010,
and references therein). The first microbial diversity studies
from Mediterranean Sea microcosm experiments revealed an
important variety of unknown microorganisms (Pukall et al.
1999) and allowed the unexpected detection of a high
number of isolates that were phylogenetically close to
Sulfitobacter pontiacus, a species only represented until then
by two strains from the Black Sea (Sorokin 1995). Later,
Schauer et al. (2000) were the first to provide a seasonal
study of the bacterioplankton composition coastal sites of
the NW Mediterranean, using the DGGE technique (denatur-
ing gradient gel electrophoresis). They found marked sea-
sonal changes of the bacterial assemblages and reported that
spatial variability among some of the stations was consistent
with different hydrographic conditions. In a new study deter-
mining the time-scale of changes in the dominant bacterial
populations of Blanes Bay, Schauer et al. (2003) reported the
taxonomic composition of the main bacterioplankton groups
over time. Alonso-Saez et al. (2007) continued the work of
Schauer et al. (2003) in the same station, and presented a
comprehensive assessment of seasonal changes in bacterial
diversity by means of different approaches (PCR-based and
the direct CARD-FISH method).

In investigations realized by Acinas et al. (1997), com-
munity fingerprinting by 16S rDNA restriction analysis
applied to Western Mediterranean offshore waters showed
that the free-living pelagic bacterial cells were very different
from those aggregated or attached to particles of more than
about 8 pm. Acinas et al. (1999) studied also free and
attached assemblages from three depths (5, 50, and 400 m)
by cloning and sequencing the 16S rDNA obtained from the
same samples, and used scanning electron microscopy to
detect morphological patterns. As expected, the sequences
retrieved from free or attached assemblages were very differ-
ent. The subsample of attached bacteria contained low diver-
sity, with close relatives of a well-known marine species,
Alteromonas macleodii, representing the vast majority of the
clones at every depth. On the other hand, the free-living
assemblage was highly diverse and varied with depth. At
400 m, close relatives of cultivated Proteobacteria predomi-
nated, but near the surface most clones were related to phy-
lotypes of the SARI11 cluster of the Proteobacteria.
Moesender et al. (2001) found that the composition of sur-
face and deep-water free bacterial communities was highly
complex and reported pronounced differences among the
attached and free-living bacterial communities throughout
the water column (10-1,200 m) of the open EM (Aegean
Sea). All studies, whether based on PCR-based clone librar-
ies, metagenomic studies or fluorescence in situ hybridiza-
tion, concur to identify members of the SARI1 group as
some of the most abundant Mediterranean bacteria, with
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contributions of 25-45 % of the sequences (Zaballos et al.
2006; Alonso-Saez et al. 2007; Feingersch et al. 2010).
These are commonly followed by other Alphaproteobacteria,
such as the members of the Rhodobacteriaceae, particularly
Roseobacter, which tend to be more common in coastal
regions and during algal blooms. Apart of phototrophic
Cyanobacteria (Prochlorococcus and Synechococcus),
diverse culturable (Alteromonadales) and unculturable
Gammaproteobacteria and Bacteroidetes represent the
remaining bacterial diversity, with some differences with
depth and distance to land. Rather similar community struc-
tures have been described at the Aloha station in the Pacific
(Feingersch et al. 2010) and in surface waters of the
Greenland Sea (Zaballos et al. 2006), although these latter
authors found a larger share of Alteromonadales in the Ionian
Sea, an observation that was not corroborated by Feingersch
et al. (2010) in waters further East. Bliimel et al. (2007)
focused on the depth-specific distribution of Bacteroidetes in
the EM, while Garcia-Martinez and Rodriguez-Valera (2000)
examined the microdiversity of the SARI1 and the
Crenarchaeota group I in the WM. The number of studies
addressing the distribution of Archaea in Mediterranean
waters has increased substantially in the last decade, but the
abundance patterns, diversity and metabolic activity of these
prokaryotes are still poorly known. For example, Yakimov
et al. (2009) found Mediterranean-specific archaeal ecotypes
in bathypelagic waters, and Tamburini et al. (2009) in the
Tyrrhenian, and De Corte et al. (2009) in the EM examined
the depth distribution of bacteria and of different archaeal
groups. Galand et al. (2010) found a strong seasonality of
archaeal assemblages in Blanes Bay (NW Mediterranean),
matching the variability of the environment and the rest of
the planktonic community.

Heterotrophic Pico- and Nanoflagellates

Colourless and pigmented eukaryotic pico- and nanoflagel-
lates in open and coastal marine systems are mainly domi-
nated by small cells (70-80 % <5 pm) with total abundances
between 105 and 10° cells L' (Zohary and Robarts 1992;
Christaki et al. 1999, 2001) and 10°-107 cells™' L' (Massana
2011), respectively. For instance, in the Blanes Bay Microbial
Observatory, along a time-series of 9 years, abundances of
pigmented and colorless flagellates <3 pm (called picoeu-
karyotes) averaged 4.9x 10° cells L' and 9.4 x 10° cells L,
respectively. Both groups showed a clear seasonality, with
phototrophic picoeukaryotes (PPE) being higher in winter,
and heterotrophic picoeukaryotes (HPE) peaking in summer
(Fig. 2 of Massana 2011). Picoeukaryotes accounted for the
largest fraction of eukaryotes year-round: PPE explained on
average 82 % of total pigmented cells and heterotrophic
picoeukaryotes represented 83 % of total colourless cells. In
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contrast, smaller eukaryotic cells (<2 pm) constituted a more
variable and minor fraction of pigmented (PPE) and colour-
less (HPE) cells, respectively (Massana 2011). Similar
picoeukaryote abundances were found in other sites (Jiirgens
and Massana 2008). The ubiquity and relative stability of the
picoeukaryotes appears to be related to bottom-up forcing,
including environmental constraints and resource availabil-
ity, and top-down effects such as predation and viral infec-
tion, which may control the realized abundances. In general,
it seems that microbial eukaryotes in oligotrophic systems
are controlled by resources, while predation control is more
common in productive systems (Gasol 1994). Both, bottom
up and top-down control could operate on individuals and
populations, so that intrinsic specific differences in resource
acquisition and predation-viral susceptibility may affect the
final observed trends (Saura et al. 2011).

Heterotrophic nanoflagellates <5 pm are important bacte-
rivores. For example, bacterivory consumed from 45 to 87 %
of bacterial production in an east-west Mediterranean
transect (Christaki et al. 2001). Large variability of bacte-
rivory (<10-100 % consumption of bacterial production)
was reported by Vaqué et al. (2001) for two different tran-
sects in the NW-Mediterranean Sea. These authors also
showed that bacterivory was positively correlated with the
abundance of bacteria with a high DNA content. A study in
the Aegean Sea showed that mixotrophic nanoflagellates
were relatively abundant (10-15 % of the stock). However,
BP consumption by these protists was of the order of only
5 % (Christaki et al. 1999). A similar percentage of mixotro-
phic nanoflagellates was found in coastal waters (11-18 %)
of the NW Mediterranean Sea, but with a contribution of
50 % to the total grazing by flagellates (Unrein et al. 2007).
This activity was relatively high throughout the year (35—
65 %) and was negatively correlated with soluble reactive
phosphorus concentrations, suggesting that mixotrophic
flagellates would be using their phagotrophic capability
when nutrients such as P were limiting (Unrein et al. 2007).

Reports on heterotrophic pico- and nanoflagellate diver-
sity are scarce in the Mediterranean Sea (Review of
Massana 2011 and references therein). For instance,
Massana et al. (2004) constructed genetic libraries of
picoeukaryotes from surface coastal picoplankton of Blanes
Bay (NW Mediterranean Sea, 41°40’N, 2°48’E) and found
that the best-represented phylogenetic groups were novel
alveolates-I (36 % of clones), dinoflagellates (17 %), novel
marine stramenopiles or MAST (10 %), prasinophytes
(5 %) novel alveolates-1I (5 %), and cryptophytes (4 %). In
the Mediterranean-wide study of Marie et al. (2006) cited
in section “The seasonal succession of phytoplankton”, the
picoplankton displayed characteristics typical of oligotro-
phic oceanic areas with concentrations down to 1,000 cells
mL~! in the Eastern Basin. The most abundant eukaryotic
sequences recovered by gradient gel -electrophoresis
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represented uncultivated heterotrophic marine groups:
alveolates I (16 %) and II (26 %) and a newly discovered
group (env Nansha, 17 %) that could be related to
Acantharians. Prasinophyceae (photosynthetic green algae)
accounted for 10 % of the sequences, whereas Cercozoa,
Stramenopiles, Polycystinea, dinoflagellates and ciliates
provided minor contributions.

Ciliates

In the Mediterranean Sea, as anywhere in coastal and open
marine environments, planktonic ciliates are dominated by
the order Oligotrichida (Lynn and Small 2000). Within that
order, the naked aloricate forms are the most important
group (Margalef 1963; Travers 1973; Rassoulzadegan 1977,
1979; Vaqué et al. 1997). In one of the few studies dealing
with the Mediterranean open waters, Dolan and Marrasé
(1995) found that ciliate concentrations in the Catalan Sea
averaged 230 cells L' at surface and about 850 cells L' at
the DCM, with a total ciliate biomass of about 125 mg C m™
for the 0-80 m layer, and reported a significant correlation
between heterotrophic ciliate abundance and the chl a con-
centration. Pérez et al. (2000) studied the daily vertical dis-
tribution of planktonic ciliates in open waters of the Ligurian
Sea and found average abundances ~3.3 x 10° cells L}, with
a maximum in May of ~10* cells L!. These authors showed
also that a portion of the heterotrophic ciliate population
was able to migrate from 20 to 30 m depth during the day to
the surface at night or in early morning and that ciliate abun-
dance was positively correlated to zeaxanthin concentration,
implying the possibility that ciliates concentrated around
Synechococcus maxima and fed on them. Also in the open
Ligurian Sea, Tanaka and Rassoulzadegan (2002) studied
water column profiles and found that the abundance of cili-
ates, heterotrophic nanoflagellates and bacteria decreased
by three, two and one order of magnitude over depth
(5-2,000 m), respectively.

Since most of the primary production in the Mediterranean
is due to nano- and picophytoplankton, one can expect that
ciliates feed mainly on these size groups, as found in
coastal and laboratory studies (i.e. Pierce and Turner 1992;
Rassoulzadegan 1978; Sherr et al. 1986; Ferrier and
Rassoulzadegan 1991; Christaki et al. 1999). Along a
Mediterranean transect, Dolan et al. (1999) found changes
in both ciliates and chl a concentration with a sevenfold
W-to-E decline (2.8-0.4 and 0.48-0.07 mg C m=3, for cili-
ates and chl a, respectively), although the lower chl a con-
centrations (0.1 mg chl @ m™®) of the eastern basin stations
corresponded to a relatively high stock of ciliates
(0.5 mg C m3, approx. 40 mg C m™2). Pitta et al. (2001)
reported a twofold decrease in ciliate concentration from
west to east (26.9-11.2x10° cells m™2 and
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84.8-41.5 mg C m™) in abundance and biomass, respec-
tively. The relationship between ciliate abundance and chl
a concentration (Dolan and Marrasé 1995; Pitta et al.
2001) was stronger in the west than in the east (Siokou-
Frangou et al. 2010), suggesting a better coupling with the
phytoplankton stock in the west. Dolan and Marrasé (1995)
reported that ciliates could have a grazing impact reaching
50 % of the primary production in the Catalan Sea and
Pitta et al. (2001) found similar values in stations of the
WM. Pérez et al. (2000) showed that ciliates were able to
consume between 8 and 40 % of a primary production
varying between 11 and 5.5 mg C m= day~! in the Ligurian
Sea. The estimates of ciliate consumption of primary pro-
duction reported in Dolan et al. (1999) were lower than
those measured by Pitta et al. (2001), especially in the
EM; however, both studies seemed to be in agreement
regarding the increasing importance of ciliates as primary
production consumers towards the east.

The taxonomic diversity patterns of ciliates have been
investigated with regard to tintinnids. Although they repre-
sent only a small fraction of the ciliate community, generally
<10 % of total cell numbers or biomass (Dolan and Marrasé
1995; Vaqué et al. 1997; Dolan 2000; Dolan et al. 2002), their
distinctive morphology makes them ideal organisms for the
study of changes in the structure of microzooplankton com-
munities (Thompson et al. 1999; Dolan 2000). A west-to-east
increasing gradient of tintinnid diversity in the Mediterranean
Sea was positively related to the depth of the DCM and
inversely related to the chl a concentration (Dolan 2000;
Dolan et al. 2002). In contrast, Pitta et al. (2001) did not
observe any obvious west—east trend in tintinnid diversity but
noted a peak in species richness in central stations. The size-
class diversity of potential phytoplankton prey was identified
by Dolan et al. (2002) as a major mechanism influencing tin-
tinnid richness, suggesting that tintinnid diversity reflects that
of the resources rather than competitive interaction or preda-
tion. No clear relationship between tintinnid diversity, chl a
concentration and water column stability was found by
Cariou et al. (1999) in the NW Mediterranean, and recent
studies confirmed that water column structure alone appeared
to be a poor predictor of temporal changes in tintinnid diver-
sity, supporting the view that it could be directly linked to
characteristics of food resources (Dolan et al. 2006).

Microbial and Classical Food Webs.
The Example of the Catalan Sea

The general oligotrophy of the Mediterrranean has been
associated with a widespread dominance of small phyto-
plankton and the channelling of an important proportion of
the carbon fluxes through the microbial food web (Siokou-
Frangou et al. 2010). However, there is a large variability
associated with the west to east gradient of oligotrophy and
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with the intermittent occurrence of fertilization events
linked to the seasonal cycle, mesoscale features or other
processes. In agreement with the increasing oligotrophy
towards the east, heterotrophic to autotrophic biomass ratios
ranged in general from 0.5 to 3.0 in the WM (Christaki et al.
1996; Pedrds-Ali6 et al. 1999) and from 0.9 to 3.9 in the
Aegean Sea (Siokou-Frangou et al. 2002, 2010).
Phytoplankton production tends to be several times higher
than bacterial production (Pedrés et al. 1999; Christaki et al.
2011), although the strong variability typical of metabolic
rate estimates (Christaki et al. 2011) and differences in
methodology make it difficult to compare values from dif-
ferent studies. The contribution of bacterioplankton in the
open sea tends to be more important than near the coast, but
there are exceptions (see below). For example Krstulovi¢
etal. (1995) report that BP amounted 9-28 % of PP in eutro-
phic Kastela Bay and 1040 % in an open sea station in the
middle Adriatic. The dominance of picoplankton may be
interrupted by proliferations of nano and microplankton,
and activation of the classical or herbivorous food web, after
nutrient enrichment events. These pulses of growth tend to
be short-lived and difficult to sample, leading to a probable
underestimation of their contribution. The intermittent dom-
inance of the herbivorous pathway may occur also within
the DCM layers, in particular where the chlorophyll maxi-
mum is relatively shallow, as happens in the central diver-
gence of the NW Mediterranean (Estrada 1996). Some of
these characteristics can be appreciated in Fig. 6.7, based in
part on data from Pedrés-Alié et al. 1999, which represents
major biomasses and fluxes of the microbial food web in
two stations located on the shelf and in the central diver-
gence of the NW Mediterranean (marked C and D in
Fig. 6.1). As can be expected, phytoplankton biomass (PB)
and production (PP) were higher during the winter phyto-
plankton bloom than during the summer stratification
period. At the same time, bacterial biomass (BB) and pro-
duction (BP) were lower in winter, specially on the shelf,
contributing to the higher PB/BB and PP/BP ratios in win-
ter. The flux of carbon to metazooplankton through the her-
bivorous food web was also greater in winter, although the
metazooplankton biomass was similar during both seasons,
presumably because metazooplankton had not yet experi-
enced a substantial increase in response to the phytoplank-
ton bloom. The standing stocks and C fluxes of the shelf and
the divergence stations were fairly similar in winter, while a
seasonal phytoplankton bloom was happening at both sta-
tions. In summer, BB did not change much from the coast to
the open sea, while BP was higher on the shelf, probably in
response to dissolved organic carbon inputs from land,
while in contrast what could be expected for an open sea
location. PB and PP were also similar in both stations,
although diatom abundance and mesozooplankton ingestion
rates were higher on the shelf. The summer enhancement of
the classical food web activity in the central divergence can
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Fig.6.7 Summary of microbial biomasses and fluxes in the planktonic
ecosystem of the Catalan Sea, for two reference stations, one located on
the shelf (C in Fig. 6.1) and another above the central divergence (D in
Fig. 6.1). Boxes represent depth-integrated biomasses over 0 to 60—80 m
(mg C m™) and arrows indicate fluxes (* and **, surface and DCM values,
respectively, in mg C m™ d™'; bold numbers refer to depth-integrated
values in mg C m~? day™!). The summer figures are based on pooled
data from cruises carried out in late spring of 1993, 1995 and 1996, and

be explained, as noted in section “Fertilization mechanisms
in the Mediterranean”, because the shallow level of the
nutricline in this zone facilitates the introduction of nutri-
ents into relatively well-illuminated water layers (Estrada
1996). Siokou-Frangou et al. (2010) have highlighted the
potential flexibility and efficiency of the planktonic food
web in the Mediterranean Sea, characterized by a high
diversity of trophic roles and with connections spanning a
continuum between the microbial loop and the classical
food web. These features may contribute to the maintenance
of a higher heterotrophic biomass per unit of primary pro-
duction and a more efficient energy transfer to the upper
trophic levels in the Mediterranean and other oligotrophic
seas, than in more eutrophic marine systems (Margalef
1986; Alcaraz et al. 1985).
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the winter ones are taken from a cruise in March 1999. DOC concentrations
are from Doval et al. (1995); phytoplankton and bacterial data from
Pedrés-Alié et al. (1999), Morédn and Estrada (2005), Vaqué et al. (2001)
and Vaqué (unpublished data); ciliate predation rates were derived from
Dolan and Marrasé (1995); mesozooplankton biomass was taken from
Calbet et al. (1996, 2002), Saiz et al. (1999) and Alcaraz (unpublished
data); predation rates were calculated from the gut content or from egg
production rates assuming a gross growth efficiency of 40 %
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The Mediterranean Sea - Primary
Productivity

Noga Stambler

Abstract

Primary production, the production of organic carbon molecules from carbon dioxide
and water by converting sunlight energy to chemical energy through the process of
photosynthesis, is the basis of our biosphere. The total Mediterranean Sea primary
productivity is 1 % of the global primary productivity (Uitz et al. 2010). The entire
Mediterranean Sea as a large marine ecosystem (LME) is characterized as a low-productivity
ecosystem, <150 gC m~year™' and, as such, is considered a Class IIl ecosystem (Aquarone
et al. 2009). Based on Nixon’s (1995) definition, it is a mesotrophic sea, yet many parts
of this LME are oligotrophic, and the Levantine Basin (eastern Mediterranean) is even
ultraoligotrophic. Global and local abiotic fluctuations cause variation in the primary-
producer communities and their ability to photosynthesize, thus leading to modification

of the food web.
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The Past - Paleoecology: Fossil Records

Primary productivity of the Mediterranean Sea basin
changed drastically during geologic time. Photosynthetic
eukaryotes evolved in the Proterozoic oceans about 1.5 bil-
lion years ago, yet only in the past 70 million years primary
producers, such as diatoms, dinoflagellates, and coccolitho-
phores, became dominant in the modern seas (Falkowski
et al. 2004).

An increase in marine productivity exported to the
deep sea is considered to be related to deposition of
organic carbon-rich sediments named sapropels (Fig. 7.1)
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[Gallego-Torres et al. (2011)]. Sapropels from the late
Pleistocene, 6,000-9,500 years ago, were found in both the
eastern and western basins of the Mediterranean (Sachs and
Repeta 1999; Arnaboldi and Meyers 2006; Mobius et al.
2010). During the sapropel episodes, primary-producer pop-
ulations included picocyanobacteria, Synechococcus (cyano-
bacterium), and Posidonia (sea grass) as well as rhizosolenid
diatom mats (In Sachs and Repeta 1999). The increase in
primary production during this time was associated with the
bloom of nitrogen-fixing bacteria (review in Gallego-Torres
et al. 2011). It should be noticed that the nutrient-regime
conditions in the Pleistocene or Holocene were different
from those of modern times. During sapropel events, there
was probably increased riverine P fluxes to surface waters,
leading to enhanced diazotrophy, while during nonsapropel
sediment deposition, the nitrogen was supplied from the
North Atlantic (Higgins et al. 2010). Sapropel formation was
controlled by hydrographic, e.g., salinity-enhanced stratifi-
cation and redox conditions in the Mediterranean (Higgins
et al. 2010).
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Fig. 7.1 The hypothesis connecting sapropel formation and high pro-
ductivity (Based on Emeis and Sakamoto 1998)

The Mediterranean Sea Today: Ecology

The Primary Producers in the Mediterranean Sea

On the one hand, there are many primary producers in
the Mediterranean Sea, including (number of species in
parentheses): Bacillariophyceae (736), Dinoflagellata (673),
Rhodophyta (657), Chlorophyta (190), Coccolithophores
(166), (Coll et al. 2010). On the other hand, only a few of
these species are dominant; most of them are rare and can
be found only in specific locations. Picophytoplankton
(<2 pM), mainly Prochlorococcus and Synechococcus
(Cyanophyceae), are the dominant species in the entire
Mediterranean Sea, especially during stratification, whereas
Prochlorococcus makes up to 100 % of the community in the
deep chlorophyll maximum (DCM). However, some species
of pennate diatoms and small dinoflagellates are also found
at the DCM (Kimor et al. 1987; Nincevic et al. 2002; Crombet
et al. 2011). From the microphytoplankton, dinoflagellates
and coccolithophores dominate at the eastern and diatoms
at the western Mediterranean Sea (Ignatiades et al. 2009).
The pelagic phytoplankton species composition differs from
that of the population on the coast, where dinoflagellates and
diatoms are dominant (e.g., Kimor et al. 1987; Gémez and
Gorsky 2003; Charles et al. 2005; Psarra et al. 2005; Estrada
and Vaqué 2013). The abundance and composition of
microplankton are a function of location and time of year
(e.g., Gémez and Gorsky 2003; Siokou-Frangou et al. 2010;
Estrada and Vaqué 2013).

However, in some cases, the maximal contribution of
cells <2 pM to total primary production can reach 71 % in
pelagic compared to 44 % in neritic water (Magazzu and
Decembrini 1995). It should be noted that for the entire
Mediterranean Sea, in spite of the dominance of the pico-
phytoplankton in terms of cellular abundance, they do not

N. Stambler

play a dominant role in primary production because of
their low carbon-uptake rates compared to larger cells
(Uitz et al. 2010).

Spacial Aspect of Primary Production

in the Mediterranean

The last 25 years of plankton studies (including those on
primary production) of the epipelagic offshore waters of the
Mediterranean Sea were reviewed in the impressive paper of
Siokou-Frangou et al. (2010). Primary production exhibits a
west-east decreasing trend and ranges between 20 and 230 g
Cm=2year! (e.g., Antoine et al. 1995; Ignatiades et al. 2009;
Siokou-Frangou et al. 2010; Yogev et al. 2011). In the eastern
Mediterranean Sea, annual primary productivity is low,
for example, at the Cretan Sea, the average annual gross
primary productivity is 59-80 gC m~2 year~!, and only ~ 29 gC
m~ year™! at the Levantine Basin (e.g., Psarra et al. 2000;
Siokou-Frangou et al. 2010; Yogev et al. 2011). The highest
primary production was observed in the western Mediterranean
(DYFAMED) and it varied from 86 to 232 gC m™ year™
(Marty and Chiaverini 2002). Haptophytes dominate the
phytoplankton biomass all year long, except during the
stratified summer period, which is characterized by prochlo-
rophytes (Marty et al. 2002).

The total primary productivity of the Mediterranean Sea
[excluding coastal areas, i.e., bathymetry <200 m, based on
series data of surface chlorophyll from satellite observations
with Sea viewing Wide Field of view Sensor (SeaWiFS)],
is ~0.5 (Gt C year™). From the total primary productivity,
0.2 Gt C year™' (36 %) is due to productivity of microphyto-
plankton cells (size >20 mm), including diatoms and dinofla-
gellates, 0.2 Gt C year™ (42 %) is due to nanophytoplankton
cells (size 2-20 mm), e.g., prymnesiophytes, pelagophytes,
and cryptophytes, and 0.1 Gt C year™! (22 %) is due to
picophytoplankton cells (size of <2 mm), e.g., prokaryotes,
cyanobacteria, and prochlorophytes (Uitz et al. 2010).

Seasonal Hydrodynamics of the Water Column

and Nutrient Control

Plankton-community abundance and diversity are a dynamic
system that continuously changes according to the specific
conditions, including temperature, salinity, nutrients, vertical
mixing and turbidity by wind. These changes occur all the
time, with notable changes between days, months, and
years (e.g. Marty and Chiaverini 2002; Gernez et al. 2011;
Lasternas et al. 2011). Fluctuations in phytoplankton
standing crop and primary productivity in response to
weather phenomena such as heavy rains or storms, are more
pronounced in the neritic station compared to the pelagic
station (Azov 1986). In most parts of the Mediterranean Sea,
the seasonal dynamics of phytoplankton concentration
follows a typical temperate cycle, with very low biomass in
summer and higher biomass in winter (2-3 months),
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Fig.7.2 Spatial distribution of (a) satellite-derived chlorophyll a; and (b) the clusters obtained from k-means analysis, as reported by D’Ortenzio

and Ribera d’Alcal“a (2009)

increasing for a short time in late winter/early spring (Marty
et al. 2002; D’Ortenzio and d’Alcala 2009). Spring bloom
occurs regularly in the northwestern Mediterranean and
other parts of the sea, while there is less pronounced bloom
in the Levant area (D’Ortenzio and d’Alcala 2009).

As stated before, the trophic state of the Mediterranean
Sea ranges from oligotrophic at the western Mediterranean
Sea to ultraoligotrophic at the eastern Mediterranean Sea
(Fig. 7.2). The sea oligotrophy is due to low nutrient
concentrations, especially of inorganic phosphorus and
nitrogen. The nutrient concentration is the major limitation
of primary production in the Mediterranean Sea throughout
the year, especially during summer stratification (Berland
et al. 1980; Owens et al. 1989; Krom et al. 1991; Thingstad
et al. 2005; Zohary et al. 2005; Krom et al. 2010). Within
the Mediterranean Sea, the eastern Mediterranean Sea is a
relatively small ocean basin with an unusually high nitrate
to phosphate ratio (28:1) in the deep waters (Krom et al.
1991). As such, the typical winter phytoplankton bloom is
considered as P- rather than N-limited (Krom et al. 1991,
2010) even though major in situ microcosm experiments

show that N and P co-limited the phytoplankton in the
eastern Mediterranean (Zohary et al. 2005; Tanaka et al.
2011). Silica (Si) can limit the growth of diatoms only in some
parts of the sea (Crombet et al. 2011).

In the Mediterranean Sea, temperature stratification usually
develops during high air temperatures. During stratification,
the warmer, less saline, surface water is separated from the
deeper, colder, and more saline water (Fig. 7.3). Salinity
decreases from the surface downwards; however, the decline
is not smooth (e.g., Yacobi et al. 1995). This stratification
inhibits the flux of nutrients towards the surface layer,
preventing autotrophic biomass accumulation in the surface
layer. Transfer from mixing to stratification and vice versa
often results in autumnal algal blooms. The temporal changes
in phytoplankton communities lead to primary-production
seasonal cycles, with irregular productivity maximum at
the end of winter (Psarra et al. 2000; Krom et al. 2003). In
the Levantine Basin, the difference between the summer
stratification season (10 gC m™ period™!) and the winter
mixing season (19 gC m=? period™!) is almost double (Yogev
etal. 2011).
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Fig.7.3 Mediterranean Sea water-column characterization in summer
(a, ¢) and winter (b, d). (a and b) Light intensity (E), chlorophyll con-
centration (Chl) as function of depth [deep chlorophyll maximum

High nutrient concentrations were observed along the
coasts and lagoons near major cities as well as at river
estuaries and deltas. Nutrient enrichment, i.e., eutrophication,
is a result of the mixing down to the bottom, and/or anthro-
pogenic pollutions (e.g. Skejic et al. 2011). These parts of
the sea are considered mesotrophic, with larger producers
(microplankton >20 pM) and high levels of primary produc-
tivity (Vidussi et al. 2001; Puigserver et al. 2002; Mangoni
et al. 2008; D’Ortenzio and d’ Alcala 2009).

Mesoscale hydrodynamic structures, such as eddies
and gyres, control biomass and primary production. High
productivity was observed at gyre and upwelling areas
(Vidussi et al. 2001; D’Ortenzio and d’Alcala 2009;
Rahav et al. 2013). The Rhodes Basin has cyclonic circula-
tion providing a strong exchange between the surface and
intermediate-deep waters through upwelling and vertical
convective overturning processes. The annual primary pro-
duction in the Rhodes Basin is estimated as 97 gC m~? year™,
which is comparable with that found in the northwestern
Mediterranean (Napolitano et al. 2000). In winter, the
Rhodes Gyre was estimated to have 1.5 times higher primary
production compared to the Cyprus Eddy (Vidussi et al.
2001). In the anticylconic circulation eddy, organic particles
sink and dissolved organic matter is transported out of the
euphotic zone. Eddy surface waters are relatively depleted of
nutrients compared to the surrounding water and, as such,
have lower primary production. In the Cyprus (Shikmona)
Eddy, which has a low chlorophyll core, the yearly, average
integrated production is low — about 69 gC m~? year~! (Groom
et al. 2005). This is lower than that of the surrounding water
of the south Levantine Basin (102-109 gC m™ year™' Bosc

(DCM), Z,,;, depth of mixing, Z,, euphotic depth]. (¢ and d) Respiration,
photosynthesis, and light as function of depth (Py net photosynthesis,
P gross photosynthesis, R respiration)

et al. 2004). Annual cycles of biomass and daily primary
production observed in the Ligurian cyclonic area in spring
(April) exhibited widespread bloom with high production
levels (up to 0.9 gC m= d™'), while in October, production
was much lower, reaching maximal values (0.2 gC m= d™')
in the southern Tyrrhenian waters. During spring, there was
a peak both in production (up to 0.55 gC m= d™!) and bio-
mass (0.47 mgChl m=3), while in summer there was a peak
in production, with no increase in biomass. This leads to an
increased productivity-to-biomass (P/B) ratio, which is
related to the increased daily PAR irradiance (Lazzara et al.
2010). Mesoscale hydrodynamic-structure primary produc-
tion also depends on location. Surface primary production
was significantly different at three anticyclonic eddies: in the
Western Basin, the Ionian Basin, and the Levantine Basin
(24, 18, and 7 nM C h7, respectively), although all were
sampled within a few days of each other during summer
(July 2008). The phytoplankton communities were not
P-limited at these three sites during summer, but were
consistently limited by N (Tanaka et al. 2011).

While, in the northwestern Mediterranean, the diazotro-
phy N, fixation process supplies up to 55 % of new produc-
tion during summer, when primary productivity is very low
(Garcia et al. 2006; Sandroni et al. 2007), in the Levantine
Basin area, N, fixation contributes only ~1 and 2 % of
new production and ~0.25 and 0.5 % of primary production
for the mixed (winter) and stratified (spring—fall) periods,
respectively (Yogev et al. 2011). Dust events can play an
important role in supplying nitrogen and phosphorus to the
southeast Mediterranean, mainly during stratification. Dust
enrichment was estimated to correspond to 10-20 or 50-80 %
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of new production in the Levant Basin (Krom et al. 1992;
Kress and Herut 2001; Herut et al. 2002).

Light Control

The mid-latitude location in the Mediterranean Sea exposes
the area to relatively high sunlight intensity during the year,
reaching a peak in summer. There is an exponential decrease
of light intensity and change in its spectrum in the water col-
umn (review in Stambler 2012, Fig. 7.3). The phytoplankton
productivity is limited by light availability associated with
deep mixed-layer depths (MLDs). The oligotrophic conditions,
characterized by low chlorophyll concentrations and low
yellow substance, lead to very clear water that allows light
penetration to deep depths. For example, in the Levantine
Basin, the euphotic depth, calculated as the depth reached by
1 % of surface light, is 123 m. The deep chlorophyll maxi-
mum (DCM) develops following emergence of the permanent
seasonal thermocline and the limitation of the nutrients in
the upper layers of the column water. In the Almeria-Oran
frontal zone (southwest Mediterranean), the DCM develops
down to 65 m (L’Helguen et al. 2002), while in the eastern
Mediterranean Sea, it is usually at 100-140 m (Yacobi et al.
1995). Most of the biomass during stratification is at the
DCM. The DCM depth at 80-150 m is closer to the depth
reached by 0.1 % of the surface light. This depth should be
defined in these cases, with very deep DCM as the euphotic
depth (see in Stambler 2012). Growth at the DCM in
deep water between 0.1 and 1 % of surface light (review in
Stambler 2012) leads to photoadaptation and photoacclima-
tion of the phytoplankton. Phytoplankton pigment content
per cell is higher at the deeper depth, while the chlorophyll-
to-biomass ratio is low at the surface and high at the DCM
(Li et al. 1993). During stratification, when the water column
is stable, there is sufficient time for picophytoplankton cells
to photoacclimate. These are expressed in the increase of
chlorophyll per cell with depth. The opposite is true during
the mixing period (winter time), when the mixing depth can
reach hundreds of meters, much below the euphotic zone, but
the time the algal cell travels through the light gradient
(within the mixed layer) is shorter than the time required for
photoacclimation (Dubinsky and Stambler 2009). In addi-
tion to the higher chlorophyll concentration per biomass of
Prochlorococcus cells at the DCM compared to surface cells,
their small cell size (~0.5 pm diameter) enhances their ability
to absorb light by increasing the surface-to-volume ratio
(Chisholm 1992). This ratio is also an advantage in increasing
nutrient diffusion.

Two main Prochlorococcus ecotypes are well recognized
around the world: low light-adapted ecotype (LL), which is
mainly found at the DCM depth; and high light-adapted
ecotype (HL), which is mainly distributed in the upper
layer of the water column (Partensky et al. 1999; Garczarek
et al. 2007). In the Mediterranean Sea in summer, there are
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four genetically different ecotypes occupying distinct but
overlapping light niches in the photic zone. LL ecotypes
grow below the thermocline (Garczarek et al. 2007). In spite
of the adaptation of the Prochlorococcus high light-adapted
ecotype, it was shown that it is much more sensitive to surface
light (high light with UV) compared to Synechococcus.
The surface light decreases in Prochlorococcus cell-
specific chlorophyll and causes cell death (Sommaruga
et al. 2005). On sunny days, UV radiation has a lethal effect
on Prochlorococcus down to 26 m, while such an effect was
limited to the upper surface for Synechococcus (Llabres et al.
2010). Two distinct populations of Synechococcus also occur
in the Mediterranean Sea. They differ in their fluorescence
signatures and are found at different locations: one is domi-
nant on the surface of the West Basin water while the other
occupies deeper layers, especially at the Ionian Sea stations
(Lasternas et al. 2010).

Photoacclimation occurs not only with phytoplankton
distributed at different depths but also during day cycle,
and is even more pronounced between seasons. Winter phy-
toplankton from the northwest Alboran Sea have a low
C:Chl-a ratio and a higher chlorophyll-to-cell™! ratio,
attributing photoacclimation to either lower-incident irra-
diance in the upwelling area or longer residence time of the
cells in deeper water due to increasing mixing depth in win-
ter (Reul et al. 2005). The C:Chl-a ratio was higher at sur-
face waters than at the subsurface chlorophyll maximum
(~30m) (Reul et al. 2005). The increase in chlorophyll con-
centration per phytoplankton cell in response to low light
results in a decrease in the chlorophyll-specific absorption
coefficient [a*(A)], e.g., in the Alboran Sea; there is a
decrease of 30 % in a*(\) at the DCM depth with respect
to the surface (Mercado et al. 2006). This is a consequence
of a ‘packaging effect’— self-shading of one chlorophyll
molecule one on the other, reducing the efficiency of chlo-
rophyll molecular-to-absorbed light (review in Dubinsky
and Stambler 2009).

The vertical gross primary production pattern depends
on the primary producer’s biomass and species diversity as
well as its photoadaptation and photoacclimation (Fig. 7.3).
Throughout the Mediterranean Sea, gross primary produc-
tion showed a diversity of vertical profiles, ranging from lack
of vertical structure to strong vertical heterogeneity with
surface or deep maxima. This variability did not depend on the
pattern of increasing gross primary production from east to
west (Regaudie-de-Gioux et al. 2009). Primary production is
a function of the ability of the community to photosynthesize.
In offshore Mediterranean waters in the Catalano-Balearic
Sea (northwest Mediterranean) during winters 1999 and
2000, when the water column was mixed below the euphotic
zone, primary productivity reached up to 2 gC m= d-'. The
photosynthetic parameters displayed vertical differences
within the mixed layer, mainly by increasing the light
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intensity at an incipient saturation of photosynthesis (Ek)
with depth, indicating that photoacclimation rates were faster
than the mixing rate (Moran and Estrada 2005). The phyto-
plankton community exhibits seasonal changes in the photo-
synthetic parameters: the saturation irradiance (Ey) follows
the pattern of the incident irradiance (E,), e.g., it is highest
during summer and lower the rest of the year. The initial
slope of the photosynthesis-versus-irradiance (P vs. E) curve
was highest in autumn and winter and lowest in summer.
Light variation between summer and winter, in combination
with nutrients, leads to a change in chlorophyll concentration
and in maximum rate of photosynthesis (Pmax) per biomass
(Moran and Estrada 2005). Exposure to higher light will
yield higher primary production unless light intensity is
already at a saturation level for photosynthesis or so high
that it causes photoinhibition (the latter can only occur at
the surface) (Fig. 7.3). In the Bay of Banyuls-sur-Mer
(northwest Mediterranean), it was clearly shown that pri-
mary production per chlorophyll is higher at 3 m than at
24 m, and the major variation between the depths was for
light intensity (Charles et al. 2005). As the study was done at
a bay, the primary-production values were high, reaching up
to 67 mg Cm= d~! (Charles et al. 2005).

The results of environmental conditions including light,
nutrients, temperature, salinity, and many other factors, lead
to low primary production in the Mediterranean Sea (annual
values during 1998-2001) for the Western Basin were
163 gC m~2 year™! and for the Eastern Basin — 121 gC m™
year™! (Bosc et al. 2004).

Future Scenarios - Ecological Effects

On a local scale at the Mediterranean Sea, we hope that
pollution from toxic material, such as spilled oil, will not
reduce phytoplankton production in the future.

According to some models, on a global scale, chlorophyll
concentration has already been declining since the late
1,800 s. In low-latitude oceans, there is a reduction in the
net primary-production (NPP) phenomenon, which is related
to climatic changes leading to an increase in sea-surface
temperature (SST) (Behrenfeld et al. 2006; Boyce et al. 2010).
However, based on other models, chlorophyll and global
marine primary production have increased over the past two
decades (Chavez et al. 2011).

The response to climate change will be an individual
response, and different species and ecotypes will have a
different susceptibility to altered climatic conditions: some
will bloom, while others will become extinct. Although
increasing CO, (atm) and temperature may increase phyto-
plankton growth rates, the changes in temperature will
probably nothave adirecteffect on diatoms or Synechococcus,
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but will influence Prochlorococcus. Changes in CO, will
probably not have a significant direct effect on diatoms or
Synechococcus (Boyd et al. 2010).

The recent 33-year (1974-2006) increase of sea-surface
temperature of the Mediterranean caused a 40 % lengthening
of summer conditions, which produced enhanced stratification
(Coma et al. 2009). However, so far, no significant variations
were found in the Synechococcus and the Prochlorococcus
populations (Mella-Flores et al. 2011).

In the oligotrophic Mediterranean Sea, an increase in
SST will increase stratification and cause the mixed layer
to be shallower, which will further limit nutrient supply
to phytoplankton and, thus, reduce primary production
(Fig. 7.4). In this scenario, light will not be a limiting fac-
tor. However, the shallow-mixed layers can result in expo-
sure of the phytoplankton population to high light and UV
radiation, which can lead to cellular damage and inhibited
rates of photosynthesis and growth. In this case, it could
be that picophytoplankton, mainly Synechococcus, will
have an advantage over the diatoms as they have effective
cross-sections for photochemistry and fast metabolic
repair of Photosystem II after photoinactivation (Finkel
et al. 2010).

The Intergovernmental Panel on Climate Change (IPCC,
Solomon et al. 2007) models predicted a major increase
in CO, concentration (from ~400 to 600-900 ppm) and, as
a result, a decrease in seawater pH (from ~8.1 to ~7.8)
(in 2100). In the Mediterranean Sea, there has been a sig-
nificant reduction (0.05-0.14) in pH since the pre-industrial
era (Touratier and Goyet 2011). Continuous seawater acid-
ification would affects calcifying phytoplankton, such as
coccolithophores, which play a major role in the primary
productivity of the oligotrophic Mediterranean Sea (Coll
et al. 2010). Reducing coccolithophore concentration
will increase the penetration of light to deeper layers
(Balch and Utgoff 2009) and might slightly enhance
primary production.

As stratified water coccolithophores might bloom since
they are more efficient than diatoms in nutrient acquisition
at low concentrations, this bloom will occur in spite of the
pH drop (Cermeno et al. 2008). The alternative scenario is
that they will block the penetration of light and, by that,
will decrease the euphotic zone and decrease even more
chlorophyll concentration and primary production in the
Mediterranean Sea (Fig. 7.4).

A general decrease in the yearly and monthly means of
chlorophyll values has been observed in the Mediterranean
Sea over a 25-year period (1979-2003). This decrease can be
interpreted as a symptom of increased nutrient limitation
resulting from reduced vertical mixing due to a more stable
stratification of the basin, in line with the general warming
trend (Behrenfeld et al. 2006; Barale et al. 2008).
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Fig. 7.4 The present and future state of the Mediterranean Sea. Optional hypothetical changes in physical, chemical, and biological parameters
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