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Abstract

The Eastern Mediterranean Sea (EMS) is a nutrieat-pcean with unusually
high nitrate to phosphate ratio (up to 28: 1) aelktively depleted®N/**N ratios
(expressed a8™N) in deep-water nitrate and sediments, comparenttter oceanic
settings.

Up to now the principal hypothesis for the deplettN values observed in the
region was the biological nitrogen fixation. Thenment budgets and the surveys that
were conducted in the EMS favoured the idea obgén fixation since there was no
direct and measurable evidence for the isotopefiprint of the atmospheric N@s
there was the case in other oceanic environmenigthéfmore other possible
procedures in the marine environment that couldarably explain the lov™N
values were perhaps underestimated because dfyjhishesis.

In order to elucidate the possible reasons anddwige new information on
the biogeochemical nitrogen cycling in the EMSs ttiesis uses stable isotopic ratios
(8*°N-NO3, 8*0-NO3) to investigate sources and processes that coudide a
comprehensive data set for the N-cycling in thearegFor this reason atmospheric
samples (rain and dry deposition as well as aesmobples) were collected as part of
a one-year field programme and analysed for t&EX composition. Furthermore,
samples of dissolved total reduced nitrogen (DONzNHorganic nitrogen (DIN in
nitrate), the suspended particulatds6) as well as the sinking particulate N
(intercepted by sediment traps, SPN), were isolted multiple depths of the water
column at 17 stations, in a sampling cruise coratlcn January 2007 across the
EMS with R/V METEOR (M71-3 cruise).

N isotope data in both dry and wet deposition sasyghowed constantly
negatived™N values compared to air,Nimplying a strongly depleted atmospheric
source calculated to be -3.1 %o. The IBWN of wet deposition is in agreement with
data from other environments, but the consistetdlyleted nature of dry deposition is
unusual and supports the formation of atmospheflg Sompounds with dust and
sea-salt particles.

In the water column of the EMS, ongoing nitrateimdation showed depleted
nitrate concentrations in the mixed layer, causingenrichment in botb'°N-NO;
(average 3.1%o +2.0 %o) andl®0-NO; (average 6.0%o +2.4 %o) of residual nitrate
over the deep-water nitrate podfIN-NO; average 2.1%o. +0.3 %8;-°0-NO; average



4.0%0 +1.3 %o). Products of assimilation (RN and dissolved organic nitrogen,
DON) were more abundant in the mixed layer thaowehe thermocline (below 200
m), and 3°Nssp Of suspended matter (average 2.3% 2.3 %) and
3'%(DON+NH,) (average 1.6%. 2.2 %o), were isotopically more degzein the
mixed layer than in deeper watei"¥PN average 7.3%o +0.8 %& " (DON+NH,)
average 5.1%o +4.0 %0). SPN intercepted by sedimrapstat two depths (1600 m and
2700 m) at one station (deployed during the crarsg recovered 216 days later) had
an averag®™SPN of 0.9%o +0.8%o in the shallow trap and 0.8%. 8%.in the deep
trap.

Altogether the obtained data will provide additibmsights and will present a
different prospect for the depletéd®N values reported in the nitrogen cycling of
EMS. In addition they underline the importance ofitinuing to make measurements
in order to evaluate a) the eventual fate of ambgenic nitrogen entrained to the
EMS and b) the contribution of the deep water miasked™ N of the region.
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Chapter 1. Introduction and overview

1.1 General introduction

For more than a century, scientists around thediuaive carried out intensive
research in order to reveal all the processes,tlagm@fore to understand, the global
significance of biogeochemical cycles. Biogeocheicycles always involve
equilibrium states, a term that refers to the badam the cycling of the element

between compartments (Fig. 1.1).

Organic materials

: Organic materials
available as

unavailable as

: > :
nutrients nutrients
LlVl-ng organisms, Coal, oil, peat
detritus
Inorganic Inorganic
materials available materials
as nutrients ¢ | 1navailable as
Atmosphere,soil, » | Minerals in rocks
water

Fig. 1.1.Generalized diagram of a biogeochemical cycleiwigdtosystems

As a biogeochemical cycle describes the movemensulostances over the
entire globe, the study of a cycle is inherentlyltirdisciplinary. For example, the
carbon cycle may be primarily related to reseanmchecology and atmospheric
sciences, but biogeochemical dynamics is alsoeelat other fields, such as geology
and soil studies. In ecology and earth sciencdpgebchemical cycle or a nutrient
cycle is a pathway by which a chemical element olecule moves through the biotic
(biosphere) and abiotic (lithosphere, atmosphard, leydrosphere) compartments of
Earth. In effect, the element is recycled, althougeome cycles there may be places
(reservoirs) where the element is accumulated tut fog a long period of time. By

means of this procedure, elements, chemical congsmuand other forms of matter



are passed from one organism to another and froenpamt of the biosphere to

another.

1.2 Nitrogen cycle

As nature’s most effluent element, nitrogen gag) @dmprises 78.3% of the
earth's atmosphere by volume (75.5% by mass). Cadp@ the atmosphere, the
hydrosphere and the biosphere contain relativélie Initrogen (N) with the main
difference that N, in the biosphere in particular,highly reactive and is rapidly
cycled.

The most important nitrogen forms in water inclutiesolved nitrate (N©),
nitrite (NOy), ammonium (NH"); dissolved organic-nitrogen, and particulate aiga
and inorganic nitrogen (Delwiche, 1970; Stevend®7,2b; Sprent, 1987). The major
biogeocemical processes in N cycling (Fig. 1.2)lude N-fixation, ammonification,

nitrification, uptake or assimilation, respiratamyrate reduction, and denitrification.

N-cycle processes:
Nitrogen fixation:
Nz —NHi —N-org

NITROGEN No Ammonification:
N-org —NHZ
Nitrification:
Ammonia i Nitrate NHy —NO3z —NO3
volatilization Rr%S u'é%g)rq'-'r J sorptionfeaching 4 2 #
NH3"NH§ NO73 Assimilation:
+ -
(gas) / Nitrification NH3 —N-org
NH4-EX oy Recycling NO3-EX Respiratory reduction:

) NOz —MNO3z —=NHZ
Ammonia

sorption/leaching Denitrification:

_ NO3Z —NOz —=NO —N,0 =N,
Organic N
Volatilization:

NHI —NH; gas

Ammeonium sorptiondeaching:
NHY aq < NH-EX

Nitrate sorption/leaching:
NOzaq « NOz-EX

Fig. 1.2.Biochemical cycle of nitrogen

With the exception of ammonium assimilation, eadbclemical transformation

involves a change in the redox state of N, andaagé in the pH (Sprent, 1987).
Determining nitrogen sources in the water bodiesnisortant and complex.

Nitrogen in seawater comes from watersheds, soils ssediments of the receiving

water bodies, from direct deposition of nitrogeonir the atmosphere, and from



nitrogen fixation in the water body itself (Burtadt, 1993). Some of the challenges in
conducting nitrogen mass balance studies are &rdete a) the unmeasured amounts
of nitrogen removed from the water and stored inaéig organisms and sediments,
and b) the amounts of nitrogen added to the waten fresuspension, erosion, and
dissolution processes (Dingman, 1994). For exampdlOs in surface waters can
diffuse into underlying anoxic water layers or urigiag anoxic sediments. In such
environments biological activity assimilates sonigh®e N-NG; and denitrifies the
rest into nitrogen gases. Some of the nitrogengypsaeticipate in nitrogen fixation
and the remainder is emitted to the atmospheriatbary layer as long as the partial
pressure remains above the equilibrium values diyelHenry's Law.

The atmosphere has large horizontal transport spaed can deposit trace
nitrogen into other environments at distances w$ter hundreds of kilometers from
where it was originally injected. Once injectedoirthe lower troposphere, trace
nitrogen gases are acted on by the following pmeE®shorizontal transport (by
winds), mixing vertically and laterally by turbule® chemical and physical
transformation, and deposition from the atmospli&@maedel and Grutzen, 1993).
Atmospheric transport and mixing bring specific m@uemissions of various trace
nitrogen gases into close proximity with trace gasssions from hundreds of other
sources to allow the complex chemical and physiGaisformations to occur. For
example NH from livestock sources can become comingled wittormobile and
industrial source emissions of sulphur (S) andogi#n oxides to produce ammonium
sulphate particles that are a major component raisaés which produce regional haze
events (Seinfeld and Pandis 1997; Ferm, 1998).

Atmospheric nitrogen is not useful to most orgarmsisamtil it is converted
("fixed") to a bioavailable form (e.g. Ny that can be utilized. Natural and
anthropogenic processes convert nitrogen to nitragédes that are in turn converted
in the atmosphere to nitrates and then are ultipa&posited on the Earth's surface.
The growing use of the Haber-Bosch process in tieation of chemical nitrogen
fertilizers for agricultural use, as well as otla@thropogenic processes, has doubled
the annual transfer of nitrogen into biologicallyadable forms (Vitousek et al.,
1997). In addition, there is a significant conttiba to the transfer of nitrogen trace
gases from Earth to the atmosphere, and from the @ the aquatic systems. One
estimation (IPCC,1995) for the global sources of ld NQ (in units of millions

of metric tons/yr of N) gives a total value of 526d the top four sources are: fossil



fuel combustion, soil release, biomass burning legtining. Concerning ammonia
(NHz), which can act as an important aerosol pollutdme, concentration in the

atmosphere has tripled as a result of human desvit

1.3 Nitrogen Isotopic fingerprints

The use of nitrogen isotopes to identify nitrogemurses is based on the
concept that nitrogen is interrelated in the biadmmical cycle in many forms, and
that measurable differences in the isotopic comjposbf nitrogen-source materials
will persist as nitrogen-containing compounds tpamted from the source (Stumm
and Morgan, 1981; Bolin and Cook, 1983; PetersahFag, 1987).

Nitrogen (N) has two naturally occurring stabletoges, one with a relative
atomic mass of 14 and the other of 15, referredst§N and**N, respectively. The
most common*N, has an abundance in, §as of 99.63% (Junk and Svec, 1958:
Mariotti, 1983) and is considered to be globallyiferm. With the exception of
adsorption reactions, the N-cycle processes tendatse depletion of the heavier
isotope in the products relative to the reactaftsifler, 1975; Letolle, 1980; Hubner,
1986).

Nitrogen isotope ratios are measured ondthil scale and expresseder mil based

|:15N:|

14

N sample

Ple _ 1] % 1000

15N
14
N reference

The composition of the sample is expressed witheesto the reference gas

on the equation:

0N (per mil) =

which by definition has &N value of 0 %. (Heaton, 1986). The two isotopes of
nitrogen exhibit different properties with regawl their reaction kinetics and thus,
depending upon the nature of their respective ftongorocesses and that of their
precursors, the isotopic composition of particigpecies is different (Yeatman et al.,
2001).

Particulates generally are less reactive compaveahdst dissolved nitrogen
species. ldeally, suspended particulates in thengiould consist of fragments of the
original N-source material and should have an @et@omposition similar to the



source. Interpretation of isotopic composition @frtiulates can be complicated,
however, because biological processes can addcylates to the suspended load.
Algae, plankton, and bacteria can make up a sultstgrart of the particulate load

(Berg and Staaf, 1981; Fairchild, 1983), especidlising summer and autumn.

1.4 Background on and isotope composition of atmobpric nitrogen

species and marine deposition

Fluxes of atmospheric nitrogen can enter the watdumn by direct (dry)
deposition of aerosol particles or solvation ofegass species (e.g. HNCNH3 ) and
through rain-out (wet deposition) (Wankel et a09).

Dry deposition is a procedure which helps in threaeal of aerosols and gases
from the atmosphere (Mihalopoulos et al., 1997)ra8els, which mainly refer to
solid and liquid phase particles suspended inaag,produced by a myriad of natural
processes and human activites and are assignac tmain categories: fine particles
(<1 um diameter) and coarse particles (>1 um di@mmefhey can be injected either
directly into the atmosphere (examples mimary production), or formed from
precursor gases that condense in the tropospherstratosphere (examples of
secondanyproduction), presenting different chemical andgitgl features.

Depending on the size diameter of the aerosol, dkposition can be
determined by Brown’s diffusion, inertial impacti@n even by gravity. Concerning
the dry deposition of gases, the model that is es¢ehsively in the liturature for the
deposition velocity (Hicks and Liss, 1976), depefidearly on the wind speed and

on theo; factor, which is different for each compound (Teah).

Compounds ai
HNO3 0.13
NH; 0.14
S0, 0.122

Table 1.q; values for different compounds

Wet deposition is the other procedure that alsooke® particles and gases

from the atmosphere. In thm-cloud wet deposition, there is incorporation of



particules into hydrometeors or into cloud droplketsl fog droplets that either settle
very slowly or are deposited by inertial impactidduring the below-cloud wet
deposition, raindrops wash out particles from ttreasphere, when they are settling
down.

The residence time of nitrogen molecules being oreasin the wet and dry
deposition ranges from minutes to weeks. Operatiomeet deposition is measured
by collecting precipitation (rain, snow, hail, @towvhich occurs during only a small
percentage of the hours of a year but is still g waportant removal process for
chemical analysis. Dry deposition is much moreiditf to monitor than wet, since it
occurs all the time, but it can be the most cruat@hospheric nutrient procedure

especially in oligotrophic environments (Fanning82; Owens et al., 1992).

O 3 0: O_:| O:
)—“« M o
NO ) NO;, N,O;
b ._‘_:-
0
/N .:'::':....
O; 0, < ‘ H,O

K
, g HNO,
pal‘llCUlill(/

Fig.1.3. Depiction of NQ cycling pathways leading to the formation of aetddNO; (or
NO7). Solid lines represent reactions that occur durday time, while dashed lines
correspond to the reactions performed at night.

Atmospheric nitrogen nutrients may occur in manyn® including nitrate (as
aerosol N@ or HNG; vapor), organic nitrogen, and ammonium @OHIn especially
arid regions of the world, such as the EMS, dryodéjon, in the form of aerosols,
can represent the most dominant form of atmospinériegen deposition (Kouvarakis
et al., 2001). Studies of aerosol deposition todbean have been made in the open
Atlantic and Pacific oceans (e.@rimoto et al., 1995; Baker et al., 2003, 2007; €he
and Siefert, 2004) as well asore regional seas including the Mediterranean Sea
(Guieu et al., 1997; Migon et al., 1997; Ridamalet1999; Herut et al., 2001; Kocak
et al.,, 2005; Bonnet and Guieu, 2006). Nitrate lgdimg both particulate aerosol
NOs; and gase HNg) represents the primary sink of atmospheric,NIOO + NO,)
which originates from both natural and anthropogeources (Fig. 1.3).



For many years, the only nitrogen isotope data kndov ammonium and
nitrate in rain water had been the measurementdoefing (Hoering, 1957). Since
then, studies of atmospheric nitrogen isotopesséltelimited (e.g. Heaton, 1987,
Freyer, 1991; Cornell et al., 1995; Russell etE98; Kelly et al., 2005), compared
to those reported for other ecosystems (Mulvaneat.etl994; Slawk and Raimbault,
1995; Knapp et al., 2008a; Wankel et al., 2009)pdReed values ofs*°N of
atmospherically derived N from both wet and dry deposition, range widely
(Heaton, 1987; Kendall, 1998; Russell et al., 1988atman et al., 2001; Hastings et
al., 2003, 2004; Heaton et al., 2004; Elliott et 2D07). Russell et al. (1998) have
summarised the obtained isotopic values which wgieally found to lie between -
15 and +30%. with considerable overlap between filata different sources. In large
part this can be explained by variations in #1&\ values for both natural and
anthropogenic NQsources. For exampl&t°N of NO, from coal power plants tend to
have highers™N values (+6 to +13%o; (Heaton,1987)), while vehiekehaust has
been shown to have lowétN values (-13 to +6%o; (Moore, 1977; Heaton, 1987;
Amman et al., 1999)). It is important however totendhat Elliott et al. (2007)
demonstrated a strong correlation between wet dtépos '°N-NO; and stationary
source NQ@ emissions in the northeastern US. HigdféN values (up to +3.2%o) were

obtained mainly in the areas that were impacteditlyer NQ emissions.

1.5 Describing the marine environment of the EMS

The Eastern Mediterranean Sea (EMS) has speciéicacteristics among the
world’s seas. It has been characterized by AzoWIl%s a “marine desert”, a
concept based on the impoverished phytoplanktom&ss and productivity levels
mainly due to phosphorus deficiency (Berland et 2880; Krom et al., 1991).
Because of this deficiency, EMS is highly oligothap (Antoine et al., 1995) and the
export production of organic carbon from the petagine is exceedingly low (6-12 g
C m? ab) (Béthoux, 1989). Investigations conducted in tediterranean Sea
(Dolan, 2000; Christaki et al., 2001; Pitta et @001; van Wambeke et al., 2002)
demonstrated a distinct longitudinal gradient afr@asing oligotrophy from west to

east in terms of the biomass.



The cause of the oligotrophy of the EMS is attrdolito the general water
mass circulation observed in the Mediterranean SH®e circulation of the
Mediterranean Sea is driven by an excess of evaporaver precipitation. The
general circulation is an anti-estuarine thermaolgalcycle open to the Atlantic,
consisting of two closed sub-cycles in the westnd eastern basin, respectively
(Lascaratos et al., 1999). The communication batvilee two basins is constricted by
the shallow trench between Sicily and Africa. Thet water transport across this
trench into the EMS is approximately 1 to 1.5 Svo(btti et al., 1993). The
circulation starts at the Straits of Gibraltar whdorth Atlantic surface waters flow
into the Western Mediterranean basin and move wsvdre Eastern basin. At this
point it is important to note that the circulatiornthe upper 100-300 m of the Western
Mediterranean Sea is dominated by Atlantic watet #eparates Mediterranean and
frontal waters (Prieur and Sournia, 1994). Pensisdensity fronts resulting from the
interaction of saline Mediterranean and fresheawtit waters are associated with
higher primary production rates than in surroundiwaers (Lohrenz et al., 1988) and
in the eastern basin (Azov, 1991), explaining theorded longitudinal gradient of
oligotrophy (Ignatiades et al., 2005).

Once the water circulation enters the Eastern basirface water density
increases as intense evaporation increases siwgédiody, transforming the Atlantic
Surface Water (ASW) into the Levantine Intermediatéater (LIW). More
specifically, the increasingly warm and dense wabass sinks in the area of the
Rhodes Basin and feeds the LIW. This high tempegadad high salinity water mass
at depths between 200 and 500 m constitute thenrlaw of the general circulation
when leaving the EMS as a westward current at dieptihe Sicily Strait. A resultant
outflow of nutrient-enriched subsurface water a¢ ®trait of Sicily balances the
inflow of Atlantic water (Miller, 1983). This physal circulation describes an unusual
anti-estuarine flow that, as already mentioned, oetsp nutrients from the EMS
making the ecosystem an impoverished system. Bea#uhis situation, EMS can be
characterized as an example of those pelagic ewsysvhich depend on regenerated
nutrients, with dissolved organic nutrients (sushdesolved organic nitrogen-DON)
or particulate suspended matter being importanstsates, while there is an effective
recycling of new nutrients through the microbiabpo(Zohary and Robarts, 1998;
Thingstad et al., 2005).



EMS is also a unique ecosystem among other olightcooceans because it is
phosphorus limited (Krom et al. 1991), instead itfogen limited. The molar ratio of
nitrate to phosphate (Redfield ratio: N: P; Redfiel958) appear to be in the vast
majority of all its water masses higher than 20levin the deep water itis ~28 : 1
(Krom et al. 1991; Kress and Herut 2001; Kresd.62@0D3) (Table 2).

Basin (>300 m) Levante Aegean Adriatic lonian
Median Nitrate (umol dm'3) 4.70 2.1 5.07 4.47
Median Phosphate (umol dm™) 0.13 0.09 0.21 0.12
Sum Nitrate/Sum Phosphate 24.8 18.2 23.4 28.7
number of data points 251 384 373 520

Table 2. Median concentrations of nitrate and phosphatesiter masses below 300m depth
(Schlitzer, 2004).

Evidence for P limitation of the surface watersted Eastern Mediterranean has been
obtained from: a) observations of phytoplankton &adterial activity (Zohary and
Robarts 1998), b) the determination of 818\ content of nitrate after phytoplankton
bloom, which revealed a significantly enriched hed&lisotope characteristic of an
ecosystem where primary production is terminatefdrbecompletion such as by P
limitation, (Struck et al. 2001) and c) by P adufiti experiments showing that
although the ecosystem response to P addition nsplex, the system exhibits a
severe lack of phosphate.

The high N: P ratio is retained within the systemcduse there is no
significant denitrification in either the sedimemtsintermediate water (Krom et al.,
2004). Support for this conclusion is provided bg bbservation that the only area of
the Eastern Mediterranean where the N: P ratioeepdr water is ~ 16 : 1 is the
northern Adriatic Sea, which is also the only avath significant denitrification
(Krom et al., 2004). Furthermore, it is interestitigat thedN ratios of nitrate,
suspended matter, and surface sediments in the &ignificantly lower than
those of other oligotrophic oceans (Struck et 2001; Pantoja et al., 2002; Coban-
Yildiz et al., 2006).



1.6 On the importance of the atmospheric inputs ilEMS ecosystem

Up to now, three plausible hypotheses have beenuiated in an attempt to
explain the anomalous Redfield ratio, the exceastinee nitrogen concentrations, and
the unusually depleted N-isotope ratios in theatgtrof EMS intermediate and deep
waters.

In the first hypothesis, Krom et al. (1991) suggdsthat the high nitrate to
phosphate ratio (and thus the nutrient limitatioogdurred because phosphate has been
removed from the Levantine Deep Water (LDW) by #asorption of Saharan dust.
However, when detailed adsorption experiments warged out using Saharan dust
and Mediterranean seawater spiked with phosphatsignificant amounts of
phosphate were adsorbed (Herut et al., 1999; Pah,e2002; Ridame et al., 2003;
Krom et al., 2004).

The second hypothesis that was put forward in fkerature gave the
explanation of the unusual nutrient limitation lzhea the extensive Nixation in the
EMS system, either by sea grasses (macrophyted)y oN-fixing phytoplankton
including as yet unidentified diazotrophic bactef@éthoux and Copin-Montegut,
1986; Béthoux et al., 1998; Pantoja et al., 208®)dence for extensive Nixation
has been suggested by Sachs and Repeta (199%ntmjePet al. (2002) and by Rees
et al., (2006). Rees et al. (2006) focused maimyacsingle location in the Cyprus
eddy, while in general very low rates have beerondsd at a series of stations
adjacent to the Israeli coast (Berman-Frank et28l0;7) and in a transect across the
EMS basin (lbello et al., 2010).

Pantoja et al., (2002) attributed the IoW"N-NO; values found in the
intermediate waters to the,Nixation. Based on calculations, Pantoja et @Q0Q)
estimated that ~ 90% of the nitrate present inEhstern basin was formed by the
same process. Indeed the east-west survey of St distribution in the
Mediterranean Sea made by the authors, revealedceease in surfacé™N
suspended PON (2.7 + 1.2%o to —0.2 + 0.7 %sJN chlorins (2.6 + 2.3 %o to —7.1
+1.3 %o0) and deep-water nitrate (3.4 = 0.5 %o to 2.8.1 %0), implying an eastward
increase in the possible contribution of Kikation to the water column nitrogen
budget. Based on a two-end member source modeipjRaet al., (2002) estimated
that N, fixation could account for 20 - 90% of the N supfu the western and eastern

Mediterranean, respectively, exceeding previouseses (7 - 41%) based on nutrient

10



budgets (Béthoux et al., 1986). Koppelmann et(aD03) similarly suggested that
light 8"°N-PON in mesozooplankton was due to consumptiorphoftoplankton,
including a high proportion of N fixers.

The approach of Nfixation as an explanation for the unusual N: foreaises
certain issues. The lack of a) direct evidencestdystantial populations of,Mixing
algae in the Mediterranean Sea (Pantoja et al2)280d b) direct measurements of
N, fixation rates, pose some questions about thermmuee of N fixation in the
EMS. It is still unclear why the process of-fikation should occur in a phosphate
limited system which also belongs to the highlgotrophic systems of the world.

The third hypothesis that could also explain thezting features of the
nutrient cycles in the EMS is based on the atmasphieposition of inorganic
nitrogen (DIN). This process in the ocean can re&gmea potentially important new
source of nitrogen, supporting primary producticartigularly in the oligotrophic
regions of the world (Wankel et al., 2009).

The advantage of the atmospheric deposition hypahe that it can explain a
number of observations considered as indicatiorscofirrence of Mfixation. Based
on previous evidence concerning the atmospheriatinpthe EMS, after a 3 year-
period of measurement, Kouvarakis et al., (2001ygseated that atmospheric
deposition of DIN could account for up to 370% lué tmeasured PON in the sediment
traps in the EMS, indicating that the atmosphemthpay alone can sufficiently
account for the measured new nitrogen producti@mesyears later, Krom et al.,
(2004) presented a detailed nutrient budget oftsypu the EMS basin, showing that
there is a high N: P ratio (~ 16: 1) in all theubhgources, and particularly from the
atmospheric source, where the N: P ratio is 11 Futthermore Krom et al., (2004)
based on detailed measurements of the atmosping@utsi of both N and P into the
Eastern Mediterranean, (Mihalopoulos et al., 1998%ut et al., 1999, 2002; Markaki
et al., 2003), suggested that this new source cpuidide as much as 50% of
bioavailable reactive nitrogen.

Krom’s approach was different from other budgetd there carried out earlier
(Sarmiento et al., 1988; Béthoux et al., 1998).sEheudget studies performed in the
EMS assumed steady state conditions, calculating, td the lack of atmospheric
measurements, the atmospheric and terrestrial Snjptid the eastern basin by the

difference. Since the atmospheric loads of reactitogen have increased
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dramatically over the last decades (Kouvarakis let 2001) the approach of
atmospheric deposition could explain neatly thensalous N: P that is recorded in
the region. Furthermore, the aeolian inputs oferatements can be an effective
external source in the EMS, since riverine infloasideclined over the years as a
result of the construction of the Aswan dam onNiile and from changes in irrigation
(Martin et al., 1989; Guerzoni et al., 1999).

1.7. Is the atmospheric environment of EMS capablef providing strong

evidence for the atmospheric deposition hypothesis?

Studying the atmospheric environment of EMS, Koakar et al. (2001)
observed a clear seasonality in the concentrabbndric acid (HNQ). Nitric acid is
a major nitrogen source in the atmosphere overeCrptesenting the highest
concentrations during the dry period (from May tep@&mber). Because the
mechanism of HN@formation is the same worldwide, there is an iggdion that the
8'°N values of HN@ that are measured in other places in Europe (Fig&1} could
reasonably be applied to the region of EMS.

This is not the case for particulate N@vhich can exist in the forms of a)
ammonium nitrate (NENO3) and b) sodium (NaN£) and calcium nitrate Ca(Ng®.
which are mainly soil and sea salt-based aerobtdszQer et al., 2006). The reactions

that cause the formation of the three different goumds are given below:

NH + HNO; (g <> NHaNO;
2HNO3(gas)+ CaCQ— Ca(NQ), + CO, (gas)+ H20

In polluted air the dominant form of particulate N@ present in its fine-
mode (< um diameter), which corresponds to NND3;. Measurements performed in
several locations in the EMS (Kouvarakis et alQ20Danalatos et al., 1995; Kogak
et al., 2004) found no N O3 during the dry period. The main reasons for the
absence aimmonium nitrate in the area are attributed toetbeated temperaturess

well as to the high regional S@oncentrations which neutralize hidreventing the

1|t is important to note that the values reportexf Freyer (1991) for HNE) were strongly depleted
compared to the fine mode particulate {\\@at presented enriched isotopic values (see Chapte
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formation of NHNO; (Seinfeld and Pandis 1997; Bardouki et al., 2008 absence
of NH4sNO; from the atmosphere of the EMS is important sinwe ts unusual
compared to other European areas, where the pesénidH,NO3 is very common
(Putaud et al., 2004). This observation can impét tn the atmospheric environment
of the EMS the major source of nitrate input is tbarse mode ( »In diameter) of
particulate nitrates, Ca(NJ and NaNQ respectively, that in general can represent
50% of the total particulate in the offshore-flogiair (Spokes et al., 2000; Yeatman
et al. 2001). Furthermore it can suggest that swtopic signature of particulate
atmospheric N@ established by Freyer (1991) for Northern and \&fesEurope is
unlikely to be the same in the EMS, due to differdaminance of the particulate
nitrate species.

The presence of the coarse mode of particulatateitand the absence of
NH4NOs, which is the dominant representative of the finede particulate nitrate,
make the atmospheric input characteristics difietwieen the two sub-basins of the
Mediterranean Sea. For example, ammonium nitrate de®n reported by several
authors in the atmosphere of the Western Mediteaar{Sellegri et al., 2001; Querol
et al.,, 2004), in contrast, as already mentionedhé Eastern basin. Sellegri et al.
(2001) showed that NfNIO3; can be present even at 100—200 km offshore, edfyeci
when the air masses originate from Western EurBpeause NENO3 has enriched
8N (Freyer, 1991) and because its deposition veldsitmuch lower compared to
the other nitrate species, this difference in thenithant speciation of reactive nitrogen
in the atmosphere is likely to cause the west-gi-geadient ir5*°N of atmospheric N
inputs to the surface water masses of the Mediteana Sea that was recorded in

previous studies (Pantoja et al., 2002).
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Chapter 2. Outline and experimental design of thehtesis

2.1 Thesis outline

This thesis is based on a collection of samplesglhanalyses, and multi-
faceted datasets that make a start on the intatpmetof the information recorded for
the isotopic composition of nitrate both in the aspheric and marine environments
of the EMS. Nitrogen (N) isotopic data are the camntheme in all Chapters. The
obtained atmospheric data which are mentioned is dissertation are used to
establish the isotopic fingerprint of nitrate indudbm the atmosphere to the EMS.
Concerning the assessment in the marine environofeBMS, the main objective
was to document the stable isotope ratios in eitf@t°N-NOs, §'%0-NOs), in
dissolved organic nitrogers'®DON+NH;) and in particulate N of both suspended
particles §"°Nsys) and sinking particless{°™N-SNP), that can be used to estimate the
recycling portion of nitrate.

The focus on producing a more complete portrait’8K-NO5 through the
measurement of multiple parameters has enabledtiiy a) to establish the isotopic
signature of nitrate in the atmosphere of EMS;dgxamine whether the depleted
8'°N-NOs in deep waters of the EMS may be explained by spieric deposition
alone without N-fixation playing a significant role and c) to eséte the portion of
nitrate in the surface layer of water column of EMI®at must have derived from
regenerated N.

The following individual Chapters of this thesisnstitute the basis of 2

articles that are submitted to peer-reviewed siienpurnals:

Chapter 3

Mara, P., Mihalopoulos, N., Gogou, A., Dahnke, 8chlarbaum, T., Emeis, K.-C.,
Krom, M., (2009),Isotopic composition of nitrate in wet and dry atmepheric
deposition on Crete/ Eastern Mediterranean SeaGlobal Biogeochemical Cycles
23, GB4002 11pp.doi:10.1029/2008GB003395.

Chapter 4

Emeis, K.-C., Mara, P., Schlarbaum, T., Mobius, Dghnke, K., Struck, U.,

Mihalopoulos, N., Krom, M., (2010)sotope ratios of nitrate, dissolved reduced
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and particulate nitrogen in the Eastern Mediterranean Sea trace external N-
inputs and internal N-cycling, Journal of Geophysical Research-Biogeoscience
doi:10.1029/2009JG001214, in press.

My contribution to Chapter 4 (Emeis et al., 2010):

- analysis and determination of the stable isotog® of nitrogen N/**N) and
oxygen {20/*°0) of nitrate (NQ) in samples collected from the water column during
the M71-3 cruise (part of the data set).

- recovery, analysis and determination of nitrogeable isotope ratic-{N/**N) in
samples of the sediment-water interface derivioghfmulticorer deployments, during
the same cruise.

- recovery, analysis and determination of the orygible isotope ratid®0/*°0) in
atmospheric dry deposition samples, part of tha dat presented for the (15,18)
calculation.

- co-work in the manuscript discussion and pretfpana

2.2 Experimental design

The natural isotopic variations of nitrate (N provide an important
integrative tool for studying the nitrogen cycles Already discussed, depending on
the environment th&">N can provide information for the major transforras of the
internal cycling and transport of nitrates, as vesllthe nitrogen balance of inputs and
losses that occur in the ocean. THE/O ratio of nitrate §20-NOs) has been
studied in freshwater and terrestrial systems asdbeen shown to provide additional
and important constraints on natural processes d&len1998), since oxygen and
nitrogen atoms in nitrate do not record identicapexts of the nitrogen cycle
(Casciotti et al., 2002). Furthermore as will beeasively discussed below, the in
parallel determination 06'%0-NO; and 8'°N-NOs, can assign a factor which is
helpful in the discrimination of the isotopic sigm@ of the regenerated nitrogen, a

parameter that is important for the productivityligotrophic environments.
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2.2.1 Studing Area

A) Atmospheric deposition

The collection of atmospheric deposition samples warried out in two
different places in the island of Crete. These 8tations represent an urban and a
relatively pristine setting respectively.

The main station that collected bulk, wet and a@rdsposition was located in
Finokalia (2540’E, 3520’N), with an elevation of 130 m where no sigrafit human
activities occur within a range of 20 km. Finokabalocated in the northern part of
Crete, and faces the sea within the sectof-800 The second station which collected
wet deposition events only, is located in the Ursitg of Crete (2%'E, 35°18'N)
situated 6 km south of the city of Heraklion (F2gl).

i 25 F3
: fegeanSea

Sea oéom i
17 Herkbn ™ T T T T T

Fig. 2.1.Location of the sampling sites:a) Heraklion statx) Finokalia station
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B) Marine samples

Samples were collected on board the R/V METEORndua 17-day sampling
campaign, undertaken in January/February 2007 stalions were aligned on E-W
and N-S transects covering a wide grid of statiosated mainly in the pelagic zone
of the EMS (Fig.2.2). The arrangement of the stetiattempted to cover all the major

basins and water masses recorded in the région
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Fig. 2.2.Sampling stations as conducted during the R/V breteuise 71-3 in the
Eastern Mediterranean Sea (Jaunary-February/2007).

2 The analytical details concering the sampling caigms that were performed for the needs of the
thesis are fully presented in the following chapter
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2.2.2 Applied Methods

Denitrifier method

For the needs of this thesis, a method using digmiy bacteria for measuring
nitrogen and oxygen isotopic composition of nitratethe natural-abundance level
was used, following the analytical protocols dedsedi by Sigman et al., (2001) and
Casciotti et al., (2002). The denitrifier metho#tda advantage of naturally occurring
denitrifying bacterial strains such BschlororaphisandP.aureofaciensthat lack an
important genenosg (Christensen and Tiedje, 1988; Glockner et &93) which
encodes an enzyme responsible for the reductioN,6f to N> (Zumft and Vega,
1979).

The classical bacterial denitrification pathwayg(Bi3) consists of nitrate
(NO3) respiration that leads to nitrite (NQnitrite respiration which is combined with
nitric oxide (NO) reduction, and nitrous oxide ;(y respiration with final result
dinitrogen (N).

" Nitrification W
. .
/‘ Nitrate assimilation
/ Ammonification

M-containing
biomaolecules

4NO; + 5 [C]+ 2H,0 --> 2 N, + 4 HCO; + CO, (Kendall 1998)

Fig. 2.3.Biogeochemical nitrogen cycle sustained by prodty. The Roman numerals give
the formal oxidation state of the principal nitragepecies of the cycle. The equation beneath
the scheme presents the denitrication pathway ihamediated by thePseudomonas
denitrificans.

For nitrogen isotopes, if the conversion is comgbatd there are no additional
nitrogen pools being converted to@® mass balance requires that &N of the
product NO be identical to that of the initial nitrate. lhet case of oxygen, the
calculation of isotopic composition cannot be cdased as a mass balance equation.
Casciotti et al., (2002) established approachesqgt@ntifying and correcting both
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fractionation and oxygen exchange that are inheretite denitrifier method fa3'°0
analysis of nitrate.

The denitrifier method compared to other isotopetimds has the advantage
of achieving much higher sensitivity levels (Sigmetnal., 2001; Casciotti et al.,
2002). The main advantage lies in the fact thaait be characterized as a nanomole
level method which realizes the critical needshef isotopic analysis (e.g low sample
size) providing reproducible isotopic analysis afmples in low nitrate concentrations
that can go down to M (Sigman et al., 2001). Furthermore, it has thgacgy to
analyze the oxygen isotope composition of seawaiteate, in parallel with the

nitrogen isotopic ratio.
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Chapter 3. Establishing the nitrate isotopic signatre in the

atmosphere of Crete (eastern Mediterranean Sea)

3.1 Brief Introduction

The Eastern Mediterranean Sea (EMS) is an ultgetbphic environment
characterised by extremely low annual primary pobdity, dissolved nutrient
concentrations in the surface and deep waters ragtigll-a concentrations, and
phytoplankton biomass (Krom et al., 2003). The ahminytoplankton bloom occurs
in winter, when all the wet atmospheric depositiakes place (Psarra et al., 2000,
Kouvarakis et al., 2001). At that time, the typieaixing depth is around 200 m;
during the summer, when much of the dry deposiicecurs, the water column is well
stratified. An N- budget calculation for the EMSr@ et al., 2004) that used wet and
dry atmospheric fluxes determined on the islan@m&te and in Israel (Kouvarakis et
al., 2001, Herut et al., 1999) suggested that 60#eototal reactive N and 30% of the
total P is supplied by atmospheric input. This espnts a more significant fraction of
total supply than in many other ocean areas (Dueaé,e2008).

Interestingly, thes®>N of NOs™ in deep water of the EMS (~ 2.5%o; Pantoja et
al., 2002) is substantially lower in the deep waiefr other oceans (5+0.5%o; Liu and
Kaplan, 1989; Sigman et al., 2000) and is in thmesaange as that found in
thermocline nitrate of other oligotrophic oceanioag (Knapp et al., 2005; Casciotti
et al., 2008). The EMS differs from these regioos anly in the thermocline nitrate
pool, but also in the deep-water pool and in aftipalate N-compartments such as
phytoplankton (Sachs and Repeta, 1999), suspendsterm(Struck et al., 2001;
Pantoja et al., 2002; Coban-Yildiz et al., 2006) surface sediments (Struck et al.,
2001) haves™®N < 5%o.

Up to now, the excess of reactive nitrogen conegintis and the depleted N-
isotope ratios in N® of EMS intermediate and deep waters, was explamadly by
the N-fixation hypothesis (Béthoux and Copin-Monteg@8é; Pantoja et al., 2002).
According to the nitrogen fixation explanation, tegcess N dominates the EMS
system, because there are no significant areasnaérabic sediments where
denitrification could occur. This is due to theradbligotrophic nature of the basin
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caused by the anti-estuarine circulation in the EMB8d to low organic carbon
concentrations in the sediments. The only requirgnoé the procedure is that the
diazotrophic organisms, especially in the EMS, ru to fix atmospheric nitrogen
while P starved. This is contrary to the resultsaoted for such organisms in other
regions such as the Atlantic ocean (Mills et 2004).

The presence of low™N-NOs values in the intermediate and deep water has
been used to support the high,-fikation explanation (Pantoja et al., 2002,
Koppelmann et al., 2003) without however considgtine isotopic signature of the
nitrogen input through atmospheric deposition. Tae that the atmospheric input
plays such a prominent role is due to the speskiting of the EMS and has been
highlighted in recent literature which has reveateel importance of the atmospheric
flux in the oceans. Specifically, Baker et al.,2phave shown that ignorance of the
8'°N-N of the atmospheric flux in the tropical Atlantiesulted in an over-estimate of
the N-fixation rate by a factor of 2. Similarly, Knapp &., (2008b) suggested that
atmospheric deposition of nitrogen may accountfsubstantial portion of low*N
in the nitrate pool of subtropical thermoclines.

In this Chapter are presented the first data onigbhtopic composition of
nitrogen in both wet and dry deposition of N@ the EMS on samples from the
island of Crete over a period of more than a y@ae data establish the isotopic
fingerprint of nitrate input from the atmosphereti@s important area of the ocean,
which represents a boundary region between therguabgenically affected air
masses from Europe and the relatively unpollutedrasses from N. Africa. The
main scope of the Chapter is to examine whethedémpeted3*N-NOs in the deep
waters of the EMS may be explained by atmosphezmosition alone without N

fixation playing a significant role.

3.2. Materials and Methods

3.2.1. Sampling

The sampling period started in April 2006 and endedseptember 2007.
During this period, wet and bulk deposition as vesllaerosol samples were collected

for the analysis of N@ and its nitrogen isotopic composition (Table 3).
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Stations Samples Sequence Period # samples

Bulk 1 sample/ April 2006- 35
Deposition 10-15 days September
2007
Finokalia Wet Single events April 2006- 14
Deposition September
2007
Aerosols 1 sample/ 3 June-July 2007 6
days
Heraklion Wet Single events April 2006- 24
Deposition September
2007

Table 3. Sampling protocol for the wet and dry depositiaming the period 2006-2007

A) Wet deposition

Rainwater was collected on an event basis usirtgonlg collectors installed
at two localities on the island of Crete, that wigegjuently referred to in the previous
Chapter. The collection of the rain samples wasedionPolyTetraFluoroEthylene
(PTFE) vials, which were thoroughly washed in deaed water before exposure, and
stored at -26C until further analysis.

B) Bulk deposition

Bulk deposition of dissolved inorganic nitrogen KDIwas carried out by
collecting particles on a flat surface covered ksg beads, positioned on a funnel,
and situated at Finokalia at 3 m above the grolihd.deposition measured using this
technique corresponds to the total deposition, {ivet + dry). Because no rain events
occurred from May to September 2006, the measwtad tleposition during that
period corresponds to the dry deposition. The gtessl system was exposed to the
atmosphere for 10-15 days and washed with nanopwer. The eluant was
processed as the rainwater samples. It should teel tlmat there is no well-established
and accepted technique for the direct determinaifasiry deposition. The advantage

of the technique employed here compared to otldmiques using funnels or flat
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surfaces, is that the multiple layers of glass bezah trap larger particles and thus
avoid resuspension.

The bulk collector was previously validated by gqamng the nitrogen
deposition measured with the glass beds with time slithe deposition of gaseous
and particulate nitrogen species measumegarallel (Kouvarakis et al., 2001). Both
deposition techniques expressed the same seasamalbility in terms of nitrogen
deposition, but the glass-bead technique was foomollect about 60% more. Given
that there are large uncertainties encountered with estimation of deposition
velocities (\4) of the various gaseous and particulate nitrogecispdKouvarakis et

al., 2001), the agreement is quite good.

C ) Aerosol samples

In order to make the link between bulk and aerdsplosition in terms of their
isotopic composition, aerosol samples were alstecteld at Finokalia during June
and July 2007 using a virtual impactor (VI; Loo aadrk, 1988). The impactor was
modified to divide particles into two size fract®nfine (aerodynamic particle
diameter Q< 1.3 um) and coarse particles,(D1.3 pm). The VI was run in parallel
with the bulk deposition collector, and the averagmpling time for the aerosols was
24 h. After collection, each filter was extractedhw20 mL Milli-Q water for 45 min
in an ultrasonic bath. The extraction efficiencytlit method is higher than 98% for
all compounds of interest (Kouvarakis et al., 2004ffer extraction, samples were

stored at -20C for further analysis.

3.2.2 Analytical methods
A) Nitrogen isotopic composition in NQ

The 8'°N in NO; were determined with the denitrifier method (Signearal.,
2001; Casciotti et al., 2002) which is based onisleéopic analysis of nitrous oxide
(N2O) produced by denitrifyingPseudomonastrains. The details and the advantages
of the method have already been discussed in Qhapihe NO that was the final
product of the denitrification procedure was coried and purified on a Gas Bench

(Thermo Finnigan Gas Bench Il) and the isotopic position was determined using
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an isotope ratio mass spectrometer (Delta Pluscaffrated with ultra high purity
N, gas againsi™N in air as standard (Mariotti, 1984).

To avoid concentration-dependent fractionation atéfe sample size was
adjusted to achieve a final amount of 20 nmkD. For each sample, duplicate
measurements were performed, and an internatioN@skstandard (IAEA-N335*°N
of 4.7%. versus air By was analysed with each batch of samples. Thedatdn
deviation on the IAEA-N@was below 0.2 %o (n = 5) faN.

B ) Atmosperic nutrients

The analysis of the main atmospheric anions, inopdGO;, was carried out
by lon Chromatography using a Dionex AS4A-SC columitithn ASRS-1 suppressor in
autosuppression mode of operation. The reprodityimf the measurements was
better than 2 % and the detection limit was QuBBof NOs'.
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3. 3. Results

The EMS is characterized by the existence of twdl-aistinguished
meteorological seasons equally distributed withim year: the dry season (from May
to September) and the wet season (from Octobemtd)AEach season has typical
circulation patterns: the dry season is mainly abt@rized by winds of North/North-
East direction (Central and Eastern Europe and @alk which from July to
September correspond to 90 % of the wind occurenBairing the wet season
(October to April) the prevalence of N/NW sectolass pronounced and especially
during March/April and October/November, winds frothe North/North-West
South/South-West (North Africa) and West sectorar{ne influence) are roughly
equally distributed. The seasonality is reflectedhie amount, the mode of deposition

and the isotopic composition of N@eposited on Crete.

3.3.1. N@ concentrations and isotopic composition in rain wadr

The concentrations and deposition of ;NGn Crete (Finokalia and Heraklion)
from April 2006 up to September 2007 ranged froft6.157uM of NOs™ (Fig. 3.1a)
and from 0.02 to 2.45 mmolffain event (median value: 0.41mmof/main event),
respectively. Very few single rain events were rded during spring and summer
which means that the available data are mainlytierautumn and winter periods.
Per event N@ fluxes in the rain water samples are in good agesg with those
reported by Kouvarakis et al. (2001) which rangesnf 0.01 to 1.16 mmol/firain

event (median 0.18 mmolfiain event).
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Fig.3.1.a. Monthly average nitrate levels i\ collected at two locations on the island of
Crete (Heraklion and Finokalia).
The mears™N of NO; in rainwater ranged from -5.7 %o (April 06) to -3
(November 06) (Fig. 3.1b).
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Fig.3.1.b The 1**N in wet deposition samplesllected at two locations on the island
of Crete (Heraklion and Finokalia).

Interestingly, thes'*N values between Heraklion (n=24) and Finokalial&)=

were not statistically different, despite the diffiece in anthropogenic influence
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between these two locations-t¢st a = 0.05). This suggests that the isotopic
composition of N@ in rain on Crete is mainly influenced by long-rartgensport
phenomena rather than by local sources. Althougtal lanfluence is of minor
importance, it may explain the slightly enrichedues observed at Heraklion during
March 2007. More specifically, the rain events tbeturred on different days at the
two sampling locations during this month (March 2Pe@eflect the local rather than
regional precipitation forcing.

Table 4 compares tHe°N-NOjs in rainfrom Crete with those reported from
other locations (Freyer, 1991; Hastings et al.,3}00h general, the data from Crete

agree with the range 6#°N values of atmospheric NQeported in the literature.

Region
Jilich/ Ahrensburg/ Deuselbach/ Le Pretoria/ Bermuda/
S Germany Germany German Conquet/ South UK Crete/
eason (moderately  (moderately (rural) Y France Africa (mixed Greece
polluted) polluted) (coastal) (polluted) influence)
Spring -3.8£1.7 -2.7£ 3.0 2.2+ 2.7 5.4+ 2.3 -5+5.2 warm -4.4+1.0
season
Summer  -55+0.8  -4.3%25 -45+25 65437 -49+30  -2.1+15 -5.4
Autumn -0.5£ 0.6 -3.1+3.9 -3.1£3.2 -3.6£2.2 -3.3t5.1 Cold -3.7£1.2
season
. -5.9+ 3.3
Winter 0.3x04 -0.1+£14 -0.1+1.4 -1.7£1.0 0.3+3.6 -3.7+11.1

Table 4. Comparison of averageN-NO; values per mil in rain on Crete with those
reported in the literature for Europe and Southoaf(Freyer,1991) and Bermuda (Hastings et
al., 2003).

3.3.2. Isotopic composition in bulk deposition

Bulk deposition of$'>N-NOs is displayed in Fig. 3.2. The horizontal error
bars indicate the duration of the collection perindJulian dates. Figure 3.2 also
shows the rainfall (h) in millimeters and the esrste of the two seasons: the dry
season (from May to September) and the wet sedsam October to April). The
majority of rainfall occurs during the wet seasaiereas during the dry season the

rain events are scarce. All samples had negaffé-NO; that ranged from -5.0 %o
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to -1.3 %o, with a clear minimum during the sprinmgdasummer seasons that contrasts
with enricheds®N-NOs™ in autumn and winter (Fig. 3.2). Up to now, noadand**N
in bulk deposition samples exist in the literataceit is not possible to compare the

obtained data with data from other regions of tioérav
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Fig. 3.2.Temporal variation (in Julian date) of nitr&eN values and rainfall height (h)
during the period April 2006-September 2007, abkatia.

3.4. Discussion
3.4.1. Factors controlling isotopic composition invet and dry deposition

The 8"°N-NO3" in wet and bulk deposition on Crete was always %o ®ver
the sampling period from January to December 2BQ6the isotopic composition of

the two modes of deposition differed during the wed dry seasons (Fig. 3.3).
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Fig.3.3.Monthly nitrate5'°N values in both bulk and wet deposition sample€ate. The
data from the two sampling locations (Heraklion &itbkalia) have been combined.

During the rainy season (October to April), thesano statistically significant
difference in8"°N between rain and bulk samplestdst, a = 0.05 This is in
agreement with the dominant role of rain as thennparameter controlling the fate of
NOjs in the atmosphere.

The similarity of3*N in rain and bulk deposition disappears during dhe
period (from May to September). At that time, bukposition continues to be
depleted &°N: -2.2 to -5.0 %o) and the few rain events (1 imeand May and 2 in
September) that occurred during the dry period waoee °N-depleted than dry
deposition §*°N: -5.4 to -5.6 %o).

In the following sections, th&°N measured in the bulk deposition during the
dry period (after removing the cases with the ments) will be referred to as dry

deposition and its sources will be examined below.
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3.4.2. Isotope fingerprints and sources of dry depited material

Dry deposition of N@ is mediated by two compounds: aerosol (i.e
particulate) and gaseous BiCthe latter mainly in the form of nitric acid (HNCe.g
Kouvarakis et al., 2001).

Table 5 report$™*N for both gaseous and particulate Neported by Freyer

(1991) and compares these values with the obtalnedeposition data of this thesis.

Region

Julich/ Julich/ Crete Crete
5"°N (NO3) (%)

Season Germany Germany 3"°N | 5"°N (NO3) (%o)
s N . in coarse-mode N
07N (NO3) (%o0) (HNO3) (%0) aerosols in dry deposition
Spring 5.5+ 2.7 -2.2+0.5 -4.2+1.3
(n=4)
Summer 3.7£0.9 -3.0£15 -3.4+1.9 -3.2+ 0.6
(n=6) (n=11)
Autumn 6.8+2.9 -26+1.1 -1.7£ 0.7
(n=3)
Winter 9.2+ 2.0 -2.7£1.0 -2.0£0.2
(n=3)

Table 5. Nitrate 3'°N mean values (including standard deviation) in dgposition and
aerosol samples collected in Crete and comparistinthe results reported in the literature
(Germany; Freyer, 1991).

In Freyer's data concerning Germany (Freyer, 1989NQ; had negativé'N
throughout the year without any significant seaboeaiation, wherea$'>N-NOs
was always positive. In contrast the dry deposititata from Crete in 2006 had
consistently negativé™N, something very important since the collected dampre
combined by aerosol NOand gaseous HNQ(Table 5). Kouvarakis et al. (2001)
reported equal levels of gaseous HNMd aerosol N©on Crete over the course of a
year. It is difficult to reconcile the consistentiggatived™N of dry deposition on
Crete with the isotopic composition of N@nd nitric acid obtained in Germany. The
solution may lie in the different speciation of aspheric reactive nitrogen
compounds in the two areas.

The formation of HN@ involves anthropogenic sources because it is fdrme
from the reaction of N@with OH-radicals (Seinfeld and Pandis, 1997). Fr€$691)
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reported that the negati¥é®N values measured for HN@see Table 5) can indeed be
reasonably estimated assuming a simple kinetiofgofractionation that may occur
during the reaction of NOwith OH-radicals. Kouvarakis et al. (2001) obsense
clear seasonality in the concentrations of HNOthe atmosphere over Crete, with the
highest concentrations during the dry period. Thasthors attributed the HNO
behaviour to the seasonality in OH-radicals assediaith an HN@accumulation in
the atmosphere due to the absence of rain. Becdnesanechanism of HNO
formation is common, th&'"°N values of HNQ@ obtained in Germany may be applied
to the data from Crete.

This is not the case for particulate N@hat exists, as already mentioned, in
three forms. Specifically, when NNOsis formed, it is present as fine mode particles
and has low deposition velocities. Measurementipaed in several locations in the
EMS (Kouvarakis et al., 2001; Danalatos et al.,5t1%ocak et al., 2004) found no
NH4NOs;during the dry period (May to September). The raador the absence were,
as already mentioned, the high temperatures andhighe concentrations of SCas
well as the decreased supply of ammonia from regisources or from Eastern
Europe compared to the more intensive agricultuaetices in Western Europe. As a
result, the isotopic signature of particulate atpmasic NQ  established by Freyer
(1991) is unlikely to be characteristic for the EMiBe to the difference in the
particulate nitrate species.

Analysis of particulate N© collected during this work, as well as in several
locations in the EMS (Kogak et al., 2004, 2007; kKou et al., 2008), indicate that
the main types of particulate NOformed in the atmosphere over the EMS are
NaNG;, and Ca(N@), formed under the reactions that were describeQhapter 1.
The prevalence of these species is the reason kéhyngjority of particulate N
(more than 90 % of N§) is associated with coarse-mode particles whicre lmuch
higher deposition velocities (up to a factor of H@mpared to fine-mode particles
(Koulouri et al., 2008).

This is illustrated by thé™N of nitrate extracted from the six samples of
coarse-mode aerosol deposition taken in the sune2006 using the VI collector
(Table 5) which have an isotopic signature notificantly different (-test a = 0.05
from that of NQ'in dry deposition collected at the same time. Iditaah, the isotopic

signature of coarse-mode NQs very similar to that of HN®in Germany (Freyer,
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1991; Table 5). The depleted valuessbN-NO5 on Crete during the dry period are a
strong indication for the formation of NaN@nd Ca(N@), from the N depleted
precursor HNG.

As already discussed, the Eastern compared to #sém basin of the EMS
presents different atmospheric patterns in term®IidiNO; (Sellegri et al., 2001;
Querol et al., 2004). As a result of the positiweN values of NHNO; (6'°N > 0%o)
(Freyer, 1991) and because of the lower depositeacity compared to the other
nitrate species, there is a difference in the damtispeciation of reactive nitrogen in
the atmosphere of the two basins, something thatcaase the west-to-east gradient

in 8*°N of atmospheric N inputs to surface water masééseoMediterranean Sea.

3.5. Implications for the N-cycle in the Eastern Mditerranean Sea

NOs in both wet and dry deposition samples obtainethfCrete has &N
of -3.1%0 on flux-weighted annual average. In additiN: P ratio in deposition
samples was of the order of 160 (Mihalopoulos, Wtiphed data), significantly
higher than the seawater ratio. Because atmosptiepiosition contributes > 50 % of
biologically available reactive N to the EMS (Kraghal., 2004), the depleted isotope
signature of atmospheric input must be taken ictmant in explaining the depleted
N-isotopic composition of the nitrate pool in tllisean basin and in other oligotrophic
regions (Baker et al., 2007; Knapp et al., 2008a).

As already discussed the most widespread explan&diothe unusually high
N: P ratio in the deep water of the EMS, is thehhigtes of nitrogen fixation
(Béthoux and Copin-Montegut, 1986; Gruber and Samto, 1997; Pantoja et al.,
2002; Ribera d’Alcala et al., 2003). One of thenpipal arguments in support of the
postulated high contribution by diazotrophig fikation in the EMS (e.g., Mahaffey et
al., 2005) is the depleted®N of dissolved nitrate in the deep water massés@.1
%0 in the EMS, Pantoja et al., (2002)) compared 4 %o in the Atlantic Ocean;
(Brandes and Devol, 2002).

Based on recent literature, there are only threasurement-based estimates
of N,-fixation rates in the EMS, and the results of tiasurements are contradictory.
Rees et al., (2006) determined very high ratestogen fixation (129 nmoles N'L

d™!) during a single set of measurements carriedrotlié centre of the Cyprus Eddy.
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These rates were 128-240 % of the maximum ratesyrdeted in the NE Atlantic
Ocean (Voss et al., 2004). If this were to be #eemver the entire EMS, the amount
of N, fixed would be 1420 * 10moles N/y for the entire EMS, or 780 % of the kota
reactive N exported to the Western Mediterraneam t8eugh the Straits of Sicily
(Krom et al., 2004). In contrast, a series gffMation measurements carried out by
Berman-Franck et al., (2007) on the coast of Isi@ehd rates ~ 1 nmole N'Ld” in
winter and 0 nmole Nt d* in summer. Ibello et al. (2010) have found sintjldow
values on a transect carried out across the EM&inAifjthis were to be the case over
the entire area of the EMS, these low rates woakllt in a calculated fixed N
production of < 10 * 1®moles Ny, or around 5 % of the total N exporte@tgh the
Straits of Sicily (Krom et al., 2004). Clearly, tltbrect evidence for significant
diazotrophic N fixation in the EMS is at present ambiguous.

An indirect approach to assessing the contributibnewly fixed N is based
on the nitrogen isotopic composition of particulate#ogen and nitrate and has been
used in support of and to quantify Kxation in the EMS (Pantoja et al., 2002; Sachs
and Repeta, 1999). Based on data available attiim&t Pantoja et al., (2002)
estimated relative contributions of N from fixation (assumed as havingd&N of
-2.6 %o) and deep-water nitrate (assumed as haviiig\aNOs™ of 2.4 %) needed to
explain an observed™N of -2 %o of algal biomass found in their samplesnf the
EMS. These authors concluded that up to 90 % ofméased N in the EMS derives
from Ny-fixation. Using this simple approach, but using firesent measured values
for atmospheric input, it is calculated that aralgiomass in the EMS with&>N of
-2 %0 may equally well derive from 80 % atmospheniput (at the -3.1 %o found in
the results of this thesis) and 20 % thermoclineate (at the 2.5 %o given by Pantoja
et al., 2002) without the need for a contributiconi N,-fixation.

In a second study, Sachs and Repeta (1999) alsbinfsemation on thé™>N
of particles and 08*°N-NOs (which they had determined to be 0.7 %o in two Sasp
from the EMS deep water mass), as well as assungpba the isotope signature of
external N inputs to the EMS to calculate that 86% of the nitrate pool in the EMS
originates from N fixation. Their isotope balance equation of therfo

Stix * X + Sother * (1-X) = Snitrate
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included thes™N of fixed nitrogen §;ix, assumed as -2.6 %éhirate (at 0.7%o0), and the
weightedd™N of all external nitrogen source®e), which Sachs and Repeta (1999)
varied between 1%o. and 4%o.

The 8omer parameter can be constrained with the presentatathed™N of
atmospheric deposition (Table 6), and using theemealistic value of 2.5 %o for the
dnitrate Of Pantoja et al., (2002), the required contributod N, fixation in the estimate

of Sachs and Repeta (1999) vanishes.

Mass.n O N (%) weighted &N (%)  weighted

(@) 8"°N (%o) (b) 5 °N (%o)
Sources (10 ? Mole/a) 198 0.46 1.53
Inflow Sicily 16 5 0.40 5 0.40
Inflow A_dnat|c/Po 20 5 051 8 081
River
Inflow Black Sea 8 5 0.20 8 0.32
Inflow Nile River 15 5 0.38 8 0.61
Inflow other rivers 28 5 0.71 8 1.13
Aémos'o.he”c 111 3.1 -1.74 3.1 -1.74
eposition

Table 6.5'N of external inputs to the EMS based on the budfjirom et al., (2004) and ti&°N of

the atmospheric input (thesis results) and surfeater in the Western Mediterranean Sea (Pantoja et
al., 2002). For lack of data, ti&N of nitrate from rivers and inflow from the BlaSea vary from 5%o
(case a) to 8 %o (case b). In either caseptfe of external nitrate sources is more depleted thitiate

in the deep-water nitrate pool (2.5+ 0.1%0; Pantjal., 2002).

Table 6 shows the Krom et al., (2004) estimatgare$ent-day nitrogen inputs
into the EMS, and estimations of théit’N signatures. The resulting/°N of all
external inputs is calculated by summing the redativeight (contribution to total
inputs; in 18 Molesly) of each individual source; Nvith its specific isotope
compositions™N;:

D 6N, *inputN
> inputN

Well constrained in the calculation of annual stesite 5" NOsinpusis the

8N O inputs =

8N of atmospheric deposition (-3.1 %o obtained valukssss well constrained (but
corroborated by data from surface waters of thetemedMediterranean Sed&antoja
et al., 2002) is thé*NOs of inflow to the EMS at Sicily at 5 %o. Due to thack of
data, there is an assumption th8NO; of nitrate inputs by rivers (Po, Nile and other

rivers) is either 5 %o (case a) or 8 %o (case b)sTange o8"°NOsis typical for rivers
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draining industrialised catchments in North Ameiacal Europe, and for groundwater
in Egypt (Aly et al., 1982; Mayer et al., 2002; dohsen et al., 2008§°NO; of
nitrate from the Black Sea inflow also varies betwes %0 and 8 %.. With these
assumptions, calculateﬂlg’NOginlouts (Z0othery IS between 0.5 %o (case a) and
1.5%0 (case b) and in both cases, the combined inputsare depleted than the EMS
deep-water nitrate pool, requiring no input from fiXation in the Sachs and Repeta
(1999) isotope balance mentioned above. This lon shows that the presence of
isotopically light particles and nitrate in the deeaters of the EMS cannot be used as
definitive evidence for extensive nitrogen fixationthe basin, but may reflect the
dominance of atmospheric deposition in externatogén inputs. However, the
similarity between the measuré®®N estimate for atmospheric deposition of NO
(-3.1 %0) and the inferred isotope value of nitratiginating from N-fixation (-2.6%o)
will always result in ambiguous conclusions in ¢g@ mixing calculations.

Assuming that Bifixation is not a relevant contributor to the ¢ mixture
in nitrate in the EMS, can the l10#*°N-NO; of the deep-water nitrate pool be
explained by atmospheric inputs alone? This requhiat atmospheric input (or rather
that part transferred into the deep water of theSEdWer the last decades) was and is
large enough to impact the deep nitrate pool. B phesent evaluatiohere is a
benefit from the relatively simple water mass dation pattern of the EMS. As
described in Chapter 1, the Modified Atlantic Wa(BtAW) flows in through the
Strait of Sicily at the surface, sinks in the Eastpart of the EMS and feeds the
Levantine Intermediate Water (LIW). This is a higimperature, high salinity water
mass at depths between 200 and 500 m that cosstifue return flow of the general
circulation when leaving the EMS as a westwardenirat depth in the Sicily Strait.
Below this surface circulation cell (>500 m) is thastern Mediterranean Deep Water
(EMDW; Wist, 1961; Malanotte-Rizzolli and Bergan@sd989) of interest here.
The volume of EMDW below 500 m (not including Adraand Aegean sub-basins)
is of the order of 1.7 *18 m® and the average N@oncentration is 4.6 mmol T
(MEDAR, 2002; Schlitzer, 2008). The nitrate inventof deep water is thus of the
order of 7600*18 Moles, today having an averag€NO; of 2.5+ 0.1 %o (Pantoja et
al., 2002).

The process that would transfer external N-inpsrt‘sw(\logmputsor Sothery tO

EMDW is remineralisation of particles produced Ilsgiailation of nitrate in surface
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water. For reasons of simplicity, there is an aggion that nitrate in the surface layer
is quantitatively assimilated over the course gkar, so that the particles produced
from nitrate in the surface have the same isotopmposition a§15NO3m|outs

The mass flux of N to EMDW from mineralisation adrpicles can be roughly
calculated from published estimates of export pctidan. Using oxygen data at the
Straits of Sicily, Béthoux (1989) estimated the @xpproduction in the EMS as
approximately 1.6*1% mol C/a, which translates to an N-export flux @f0210°
Mole/a at a C: N molar ratio of 106: 16 of sinkimgterial. Most of that export flux is
mineralised in the LIW interval and is exported $acily: Krom et al., (2004)
quantified the loss at Sicily at a minimum of 14@*Mole/a (range 153-227*£0
Mole/a; Ribera d’Alcala et al., 2003), and losssaliment deposition and sediment
denitrification of N to 37*18 Mole/a. From the difference between export fluxl an
sinks, the amount of N-export production that im@nalised in EMDW should be
approximately 61*1® mol/a, or roughly 25% of export flux. The residentme
(t =7600/61) of the deep-water nitrate of the EMDWHha present estimation is thus
125 years, which agrees with the 100-130 yeardeaske time estimated from oxygen
and tritium contents of EMDW (Roether et al., 19B6gther and Schlitzer, 1991).

To gauge the leverage tHdfNO; from remineralized particles has 81NO;
of EMDW, there is an assumption that the deep teitmol had &'°NO; of 5 %o
before significant atmospheric inputs, and thatrtteess of nitrate remained stable at
7600*10 Moles. Although the assumed®NO; conforms to the global average of
oceanic waters > 2000 m (Sigman et al.,, 2000)haukl be pointed out that this
choice is somewhat arbitrary, because EMDW is ononected to global ocean deep
water, and in consequence its pre-indus&talO; may have been different (Brandes
and Devol, 2002).

Under these assumptions, it has been calculatédppaoximately 40-60 % of
EMS deepwater nitrate must have been replaced hgrret nitrate having
815N03mputsof between 0.5%0 and 1.5%. (Table 6) over the coofdbe last decades,
to arrive at the 2.5 %o observed today. At fluxesparable to those of today, the
time required to depress the deepNO; to the observed 2.5%o from an initial 5 %o
would be in the order of 60-70 years, but wouldsherter, if the originab*>NOj; of

the deep nitrate pool was initially lower.
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With little variation, the average mass of atmosghi®O, deposition over the
EMS area since 1980 is estimated to be around DI0Mole/a (EMEP;
http://www.emep.int/index.html). Considering thahissions in Europe quadrupled
from 1950 to 1980 (van Aardenne et al., 2001; Fkernet al., 2003) and have
remained high since then, and that river nitragsl$oincreased in step (Vollenweider
et al., 1996), it can be said that a significantipa of the extant EMDW nitrate pool
derives from™N-depleted external N-inputs instead offixation. If external inputs
continue at current rates and N-isotope composifDW §>NO; should converge

with 815N03mputsand thus should become progressively depleted.
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Chapter 4. The isotopic ratios of nitrate, dissolved and pargulate
nitrogen in the Eastern Mediterranean Sea (EMS)An attempt to provide a
comprehensive data set 8N in N-pools of the water column and to explain

the processes causing the unusual isotopic ratidke deep water of EMS

4.1 Overview

As already mentioned, the currently Eastern Mediteean Sea (EMS) is a
highly oligotrophic oceanic environment (Antoineadt, 1995; Béthoux, 1989). The
primary production presents, approximately, haltle values observed in the mid-
ocean gyres such as the Sargasso Sea or the NrBPeafic (Krom et al., 2003).
This low productivity is caused by the anti-estoarcirculation in the EMS which
was extensively described in Chapter 1. The Lemantntermediate Water (LIW)
which is fed by the flows of sinking water masskeat toriginate from the Atlantic
Ocean, is characterized by a high temperature alndtg pattern at depths from 200-
500 m. Below the surface circulation, at a depth >f500m, the Eastern
Mediterranean Deep Water (EMDW{Malannote-Rizzolli and Bergamasco, 1989:
Wist, 1961) gains sufficient density after winteoling (Lascaratos et al, 1999).

The loss of nutrients while the LIW is exportedotigh the Sicily Straits,
causes the deep waters of the EMS to be nutrigrietdel relative to the deep water in
other parts of the global ocean: nitrate conceptratin EMDW are 4-6uM
compared to &M in deep water of the adjacent Western Mediteman®gea, and 20
uM at similar depths in the Atlantic Ocean. The EMISo presents unusually high
nitrate: phosphate ratio (28: 1) in the deep wdknom et al.,, 1991) and it is
described as a phosphate-starved system (Krom, &08)5). As a result, the primary
production during the winter phytoplankton bloonimsited by phosphate rather than
by nitrate (Krom et al., 1991). In winter, the ppbates in the surface water is highly
depleted while an excess of nitrates remains (KaesisHerut, 2001). However, soon
after the seasonal thermocline develops in sphoth nitrate and phosphate become
depleted in the photic zone (Kress and Herut, 200dgm et al., 2005) and
phytoplankton productivity becomes N- and P- coiah (Thingstad et al., 2005;
Zohary, 2005).

3 EMDW is formed when LIW entrains into surface watef the two northern sub-basins of the EMS
(Aegean or Adriatic Sea)
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As already discussed, the main theme of the prelssertation is the isotopic
signature of nitrogen in the region of EMS. Besitlesdescription about the depleted
isotopic atmospheric input given in Chapter 3, d&gal isotopic values have been also
recorded in deep-water nitrate, suspended mattersarface sediments in the EMS
(Struck et al., 2001; Pantoja et al., 2002; CobddkX et al., 2006). The levels of
8'°N are unusually low compared to the relative vahieserved in other open-ocean

environments.

Some possible explanations have been suggestédefse low levels o3'°N.
The incomplete uptake of nitrates by phytoplankiauld result in products (such as
particulate nitrogen or dissolved organic nitrogeepleted in°N, while unprocessed
residual nitrate would be enriched itN. Together, residue and products have the
original nitrate signature, and establishing tleéape fingerprints of all compartments

Is a tool to quantify individual processes in theytle (Altabet, 1988).

The second possible reason, extensively discugse@Ghapters 1 and 3,
concerns the biological nitrogen fixation. Nitrogemtion can reasonably explain the
low 5'°N levels and the high N: P ratios in the EMS (Samfts Repeta, 1999; Pantoja
et al., 2002), because the newly fixed nitrogersagopically depleted. According to
Minagawa and Wada (1986) and Montoya et al., (2002) isotopic nitrogen values
for the newly fixed nitrogen may range from -2 t&&and can explain the observed
values reported in previous studies (Pantoja et2&l02). However, observational
evidence for Mfixation in the EMS is ambiguous (Rees et al.,@erman- Frank
et al., 2007; Ibello et al., 2010). So far the ainoput of the diazotrophic nitrogen
fixation process estimates ranges from 0 (Bermamfret al., 2007; Krom et al.,
2004) to 120*18 mol/a (Béthoux and Copin-Montegut, 1986). Theneation made
by Béthoux and Copin-Montegut (1986), correspomdsvd thirds (2/3) of the total
nitrate exported through the Straits of Sicily.

The third possible reason for the [08°N levels in the EMS is the
atmospheric NQinput. A detailed measurement of the level8'3N of nitrates in the
region of EMS, was presented in Chapter 3. As pdinbut the atmospheric
deposition of NQ at present dominates the external nitrogen infputghermore, the
regional atmospheric loads have noticeably incetaseer the last decades
(Kouvarakis et al., 2001; Fagerli et al., 2007) a&hnel input of new nitrate from the
atmosphere to the surface water mass of the EM&pilg can account for almost
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60% of reactive N inputs. The atmospheric ;N&burce is strongly depleted in dry
and wet deposition and, as pointed out in Chaptéa8 an annual average 3fN-
NO; around -3.1 %o. Still, what it is interesting isathihed™N signature of Mfixation
and of atmospheric inputs presents similarly lowwes. But while the fixed N has to
be oxidised to nitrate in the mixed layer, atmosghROy is a direct input of nitrate
that is known also to have a high®?0-NO; (Kendall, 1998; Sigman et al., 2009:
Wankel et al., 2009).

In oligotrophic environments nitrate can be regate®l from particulate
nitrogen and possibly from dissolved organic nigmogvia ammonia and nitrite
oxidation (Bronk, 2002; Knapp et al., 2008), instez being available as a large
source (thermocline nitrate) that can be providgdhe mixed layer in the oceans.
Thus, the regenerated nutrients from particulatdissolved organic nitrogen can be
particularly important in the oligotrophic regiorf the Eastern Mediterranean Sea
(Diaz and Raimbault, 2000), since the contributiorthe primary production can be
significant (Yool et al., 2007).

The applied method used for the needs of thedloesicerning the analysis of
8N in the atmospheric as well as the marine sampisired from the EMS, was
discussed in Chapter 2. The denitrifier method mepbby Sigman et al., (2001) and
Casciotti et al., (2002) can simultaneously detaenthe3™*N as well as thé'®0; of
NOs. The ability to measur&®0 is essential especially in nitrogen cycles thaoine
internal oceanic sources and sinks (Casciotti.e2808). The determination &t°0-
NOs in parallel with*>N-NOs in the mixed layer can provide answers concerttieg
nitrates in the mixed layer. With the in parallabbysis 0f5*°0-NOz; and3**N-NOs it
can be seen whether the deep winter mixing orhiéosources besides thermocline

nitrate, contribute to the nitrates of the mixager.

Nitrification as a process can provide a chargstterisotopic signature on the
8'%0-NO; and5'°N-NO; of the regenerated nitrate (Casciotti et al., 200@nkel et
al., 2006) and can be used to quantify the cortiohwof regenerated nitrate (Sigman
et al., 2009). The dissolved total reduced nitrogaich is composed of DON+Nf
can be a key component in the recycling of readivia the EMS (Thingstad et al.,
2005), and its isotopic composition must refledivacparticipation in the N-cycle
(Knapp et al., 2005).
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The present Chapter shows the nitrogen and oxigggape ratios of nitrate
(8'°N-NO;, 8*0-NO), dissolved total reduced nitrogen and of paréiIN in
suspended particles'{Nsyus) obtained from filtration from the mixed-layer addep-
water pools in the region of EMS. Furthermore apraach has been made to present
the mass fluxes and tl&é°N data of sinking particles intercepted by sedintemps.
The results obtained from the marine environmenhefEMS will be able to provide
a comprehensive data set3oiN in several N-pools of the water column, and galgsi
help explain the processes which cause the unisatabic ratios in the deep water.
Furthermore, together with the atmospheric reshswere reported and discussed in
Chapter 3, there will be an attempt to test if timeisually low levels 06N are a
consequence of incomplete nitrate utilisation | ¢lphotic zone due to the P-limited
phytoplankton blooms, or if internal N-recycling ekternal inputs (N fixation or

NOy inputs respectively) are a significant source ofed-layer nitrate.

4.2 Materials and Methods

The marine samples were obtained during an etipedf the R/V METEOR in
the EMS. The cruise was conducted in January/Fsb2@97 and as shown in Fig. 2.2
(Chapter 2), it consisted of 17 stations (see T&ble data appendix). Water samples
were taken with a rosette sampler equipped witleabigd 911 CTD; an aliquot of the
bottom water at the sediment-water interface waso dabken from multicorer
deployments. Water samples were immediately fdtereough pre-combusted, rinsed
GF/C filters and transferred into PE bottles foorskbased analyses of nutrient
concentrations, total dissolved nitrogen (TDN) eoint and N-isotopic signature
(3°TDN), and 8"°N/5'%0 of nitrate §°N-NO; and §*%0-NQs). Samples for nitrate
isotope analysis were frozen on board ship foh&ranalysis onshore, samples for TDN
analysis were oxidised immediately after filtration the ship with persulfate and then
stored frozen in brown glass bottles until furthealysis in the shore-based laboratory
(Schlarbaum et al., 2010). Samples for nutrientyaera were poisoned with 3.5 %
mercury chloride solution and stored at room temipee. Nutrient and TDN
concentrations were analysed immediately afteretkgedition using a Bran+Luebbe
Autoanalyzer 2 with standard colorimetric techngj(@rasshoff et al., 1999).
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Large water samples (10-50 L) were filtered tigtopre-combusted GF/F filters
for analyses of total nitrogen concentrations ispsnded solids (particulate nitrogen
PNsus), as well as foB™™N of PNysp (6™°Nsus). Filters were frozen on board but were
lyophilised and weighed before any further analystbe laboratory.

During the cruise, a mooring system MID-03 (Med#&nean lerapetra Deep) was
deployed in the lerapetra Deep off Crete (34°28\6326°11.58' E, bottom depth 3620
m) (Fig. 2.2; Chapter 2), with the sampling covgrine period 30.01.07 — 03.09.07. The
system consisted of one sediment trap McLane PARFMARK 7G-21 at 1508 m
water depth (MID-03 Shallow) and one Kiel Sedimérgp K/MT 234 at 2689 m water
depth (MID-03 Deep). The cups were filled witheied (GF/F, combusted) sea water
from the respective depths. In addition, 35'gNaCl and 3.3 g £ HgCh were added in
order to avoid diffusion and bacterial decompositioiring the deployment. The particle
flux was sampled at intervals of 12 days. Subsedoetnap recovery, trapped materials
were sieved into > 1 and < 1 mm fractions, thesaetple material was filtered onto pre-
weighed nucleopore filters and dried at 40°C. Tiyewkights of the < 1 mm fraction are
used for calculating the total fluxes, and theefitake was homogenised with an agate
mortar prior to analysis. The same site has seemiiitent sediment trap deployments at
2700 m water depth in 1999 (30 January to 13 AA8I99) and in 2001/2002 (5
November 2001 to 1 April, 2002) (Warnken, 2003)¢ dhe data from these earlier

deployments are used to complement data obtaiogdthre latest trapping period.

4.2.1. Analytical methods

A) Nitrogen (8*°N) and oxygen §'°0) analysis in nitrate (NOy) and total reduced

dissolved nitrogen §*°N-TDN)

The samples for determinations3diN-NO; ands**0-NO; and&'°N-TDN were
thawed in the shore-based laboratory, and nitsai®pic composition was determined
with the denitrifier method (Sigman et al., 200BsC€iotti et al., 2002). The untreated
filtered water samples or persulfate-digested TDdn@es, were injected into a
suspension dPseudomonas aureofaciefts combined analysis &°N ands*°0, or P.
chlororaphis for §'°N analysis of TDN only. The resulting.® gas was flushed by

purging the sample vials with helium, concentraged purified on a GasBench I
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(ThermoFinnigan), and analyzed on a Delta Plus XRissm spectrometer
(ThermoFinnigan), as described in the analysis@Btmospheric samples.

For each sample, replicate measurements wererped, and an international
standard (IAEA-N3) was measured with each batgaofples. The standard values were
4.7 %o fors™N and 25.6 %o for IAEA-N3 referenced to Standard M&zean WatefO
(Bohlke et al., 2003; Lehmann et al., 2003; Sigmaal.et2005). The contribution of
nitrite (NO) was below < 1%. and thus the effect®fO values is negligible (Casciotti
and Mcilvin, 2007). Therefore NQvas not considered in the calculations. The standa
deviation for IAEA-N3 was better than 0.2 %o (n =f8) 5'°NOs and better than 0.4 %o
for 5'%0-NO;. As in the case of the atmospheric samples, potasstrate (KNQ) was
used as an alternative internal standard, besi@d®\EA-N3. The standard deviation for
the internal standard was within the same spetiitdor both'°N ands'®0 as IAEA-
N3. The duplicate analyses suggest an overall geesiandard deviation f6t°N-NO; of
0.2%0 and fors*®0-NO; of 0.3%.. The standard deviations of duplicate ys&s ofs*°O-
NOs increased to 0.5 %o in samples with low nitratecemrrations in the mixed layer and
upper thermocline.

For calculations of th&"N of total reduced nitrogen mass balance calcuistio
were made using the measured concentrations afenand TRN, an&"*N-TDN values
of the oxidised sample, the reagent blank an@'thé&NOs of the original (not oxidised)

sample (Knapp et al, 2005):

8TRN = §">N-TDN * ¢(TDN)/c(TRN) — [6"°N-NO3 * ¢(NO3) + §"*Ngjank *
c(Blank)])/c(TRN)

The pH of the digested samples of TRN analysis wa6.0 so no pH
adjustment was necessary (Schlarbaum et al., 2¥i€ljl of the persulfate digestion
procedure has been tested with different standandsthe oxidation efficiency was
between 98-105 % (Schlarbaum et al., 2010). A astaadard (in solid form analysed
by combustion in an elemental analyser) was usedjdality control ind*°N-TRN
measurements3t°™N of solid was 0.5 + 0.2%:5™°N after persulfate digestion and
conversion to BO by the denitrifyer method was 0.4 £ 0.2%.). Beeaws$ low
concentrations and error propagation, the caladilatandard deviation of°TRN

analyses ranged from 0.2 to 2.0%0 with a mean vafu@.9 %., and the calculated
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mean standard deviation for TRN concentration was [IM. The mean standard
deviation for8"N-TRN (0.9 %o) was calculated with standard deviagiof actual
measurements & °N-NO; and5*>N-TDN (after digestion), which were in part better
than the 0.2 %o estimated as the overall standasdatien for the 8°N-NO;
measurements. It must be noted & RN was not corrected for any contribution
from ammonium. The only published data on ammonitom the EMS found values
in the range of 40-80 nM with no major trend witkpth (Krom et al., 2005). In the
same profiles the DON concentration was ~ 2Ml in deeper water, similar to the
values measured in this study. It is thus likettmost of the isotopic signal is due to
DON.

B ) 8N analysis of particulate nitrogen in suspended sals (PNysp

Total particulate nitrogen concentrations in susigel solids (PNsp and in
sinking material captured by the sediment trap (SRMre analysed after high-
temperature flash combustion in a Carlo Erba NA@&lemental analyzer at 1100°C
(Rixen et al., 2000)3"N values were determined using a Finnigan MAT 252 g
iIsotope mass spectrometer coupled to an elememafjzer. Pure tank Ncalibrated
against the reference standards International Atdinergy Agency (IAEA)-N-1 and
IAEA-N-2 was used as a working standard. The withim standard-deviation was
found to be < 0.2 %o based on a set of replicatesorements of six sediment

samples.

4.3 Results

4.3.1 Concentrations of nitrogen compounds

The sampling campaign in the EMS took place intev when the water
column at most stations was well mixed with a thechme situated at depths of
around 100 nf to 250 m° water depth (see Table C.1. data appendix). Figeree

profiles (Fig. 4.1) showed elevated fluorescencencdlibrated chlorophyll

* Refers to Stations HO7 to H12 in the northerndanBasin, in the following abbreviated as NIS,
maximum water depth 1688 m, and station SkO1 imtitthern Aegean Sea; see Fig. 2.2 in Chapter 2).
® Refers to Stations in the deep lonian Basin, ketrapand Herodotus Basin, termed as pelagic station
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concentrations) in the surface mixed layer typafathe winter phytoplankton bloom
observed in the EMS (Krom et al., 2003). Concemnaversus depth plots of nitrate,
phosphate, TRN and Rl for all stations showed that the thermocline incalses
coincided with the nitracline. Based on the craerof nitrate concentrations, samples
were grouped as: above the nitracline, in the clitre, and below the nitracline

(deep-water samples) for each station set (Tablafle C.2. data appendix).
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Fig.4.1. Profiles of fluorescence (a), nitrate (b) and plmage (c) concentrations in the upper 400 m at
2 stations representative of NIS (HO7) and pelatations (Her03) show stratification between the 80
and 230 m water depth and indicate the biologicatllive mixed layer. An ongoing phytoplankton
bloom in the northern lonian Sea (at station H@73ustained by nitrate and phosphate provided from
ongoing regional thermocline deepening, whered®sat&ler03 illustrates the mature and thick mixed

layer with very low nutrient concentrations at ggdasites.

Nitrate concentrations were low but measurabkhénmixed layers of both the
NIS and the pelagic stations, (Fig. 4.2a; Tablel'ahle C.2. data appendix) while
phosphate concentrations were below the effecteation limit of the nutrient
procedures being used (estimated to BB (Li et al., 2008). TRN concentrations
varied around averages of 1uBl in the mixed layer of NIS and pelagic stationsg a
3.3uM in the northern Aegean station (Fig. 4.2b; Tahjldable C.2. data appendix).
Suspended PN concentrations in the mixed layeneoNIS were on average Qubnol
N L™ (0.4umol N L in the mixed layer of the pelagic stations, arflOmol N L*
in the northern Aegean) (Fig. 4.2c; Table 7; Tabl2. data appendix).
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Table 7.1. Average concentrations and isotopic compition/northern lonian Sea stations

Nitrate Phosphate TRN PN ?:5(1;13- 6%0-NO® | B8TRN 51PN
(umol L (umol 'Y | (umolLY) | (umol LY (%) (%o0) (%) (%)
mixed layer above nitracline
Average 0.48 0.02 1.6 0.5 5.6 10.7 -0.2 2.2
Sd 0.32 0.01 0.8 0.1 2.7 7.1 1.8 11
N 24 24 24 3 11 7 2 3
Range 0.06-0.97 0.01-0.04 0.6-3.5 0.4-0.6 1.09.9 1-235 -1.1-1.5 1.0-3.1
in nitracline
Average 3.55 0.1 15 21 51 29
Sd 0.95 0.04 0.7 0.8 25 3.3
no data no data
N 14 14 14 13 10 7
Range 1.75-4.45 0.03-0.14 0.6-3.2 1.3-3.8 2.8-95 -2.4-6.6
below nitracline to total depth
Average 4.49 0.16 1.4 0.2 2 3.2 24 7.9
sd 0.47 0.02 0.7 0.0 0.3 0.7 35 0.6
n 25 25 25 3 24 11 8 3
Range 3.53-5.09 0.11-0.19 0.6-3.2 0.1-0.2 115 342 -1.4-7.7 7.3-84
Table 7.2. Average concentrations and isotopic compition/pelagic stations
Mixed layer above nitracline
Average 0.24 0.02 1.6 0.40 2.3 5.2 1.1 1.1
sd 0.26 0.01 1.1 0.10 3.4 0.0 11 0.5
n 57 57 56 24 3 2 2 23
Range 0.03-0.93 0.01-0.04 0.8-5.4 0.2-0.5 0.16.3 2 5. 5.2 0.1-24
in nitracline
Average 3.45 0.12 1.6 0.2 1.6 5.0 3.4 7
sd 1.44 0.06 1.6 0.1 0.5 14 35 0.7
n 21 20 20 10 20 13 9 10
Range 0.93-5.53 0.02-0.21 0.6-7.0 0.1-0.3 0.6-3.3 8-72 0.6-12.2 6.0-8.1
Below nitracline to total depth
Average 4.77 0.18 1.3 0.1 2.2 3.8 6.7 7.2
sd 0.45 0.02 0.7 0.1 0.3 0.8 35 0.8
n 52 52 52 21 a7 14 33 20
Range 3.76-5.98 0.13-0.22 0.5-3.6 0.0-0.4 1.32.9 455 1.1-14.4 5.2-8.5
Table 7.3. Average concentrations and isotopic compition/North Aegean station
mixed layer above nitracline
Average 0.33 0.02 3.3 0.5 4.1 -0.6 1.9
sd 0.31 0.01 0.3 0.0 2.6 no data n/a 0.3
n 4 4 4 2 2 1 2
range 0.07-0.67 0.02-0.03 3.1-3.6 0.5-0.6 2.2-5.9 n/a 1.7-21
in nitracline
average 2.27 0.1 3.6 0.2 2.0 4.4 2.8 7.7
sd 0.9 0.05 1.8 n/a 0.4 2.3 0.8 n/a
n 5 5 5 1 5.0 4.0 5.0 1
range 1.28-3.53 0.05-0.17 2.2-6.6 n/a 1.6-2.5 Z7-7  2.2-4.0 n/a
below nitracline to total depth
average 4.7 0.23 3.6 0.1 2.3 3.6 8.1
sd 0.11 0.01 0.8 0.0 0.1 no data 1.3 0.3
n 3 3 3 2 3 3 2
range 4.61-4.82 0.22-0.24 2.7-4.2 0.1 2.2-24 2.1-45 7.8-8.3

Table 7. Average concentrations and isotopic composition @iew samples from above, in and below the
nitracline during the Meteor expedition 71-3 in tB&S: Northern lonian Sea (NIS; 6 stations, Table.)7
pelagic stations (10 stations, Table 7.2.) andheort Aegean Sea (1 station Table 7.3.) Tables C.2., and
C.3. in the data appendix provide analyticalylad tata used in this Chapter.
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The intermediate water mass had average nit@teentrations around 3.5
umol L* and average phosphate concentrations betweerafdL0.12umol L. The
mean N: P ratio in the intermediate water was atod8® TRN concentrations were
around 1.5umol N L* in intermediate waters at NIS and pelagic statiamsl 3.6
umol N L' in the Aegean station (see Table C.3. data appendhe TRN
concentrations in the intermediate waters in thamts, showed a large scattering due
to measurement uncertainties at the low conceotrdgivels measured. Suspended PN
(not determined in the intermediate waters of N&iens) averaged Omol N L at
both pelagic stations and the single northern Aegdation (see Table C.3. data
appendix).

Concentrations of most dissolved and particuledestituents in samples
below the nitracline to total depth were more umfahan in the biologically active
surface (Fig. 4.2): Average nitrate (4.5 to 4r8ol L™) and phosphate (0.16 to 0.23
umol L) concentrations over all stations resulted in eerage N: P ratio of > 27,
similar to previous measurements across the EM8s&and Herut, 2001). Average
TRN concentrations varied around Lu®i0l N L in the deep water of the NIS and
the pelagic stations, but were elevated (avera§eudiol N L) in the northern
Aegean. Average suspended PN concentration wasvt@bumol N L in all the
water samples below the nitracline to total depth.

The two sediment traps deployed over 216 days ffr@ebruary to September
2007 at station lerapetra (SE of Crete, see Figj. @hapter 2) monitored a total
sinking particulate N (SPN) flux in the shallowpréat 1500 m) of 5.7 mmol N
(or 26.3 umol N it d%) over that period, while the deep trap (at 2700cnidected
1.4 mmol N nf (6.5 pmol N nif d*) of SPN over the sanperiod. Earlier sediment
trap deployments at the MID location (Warken, 2008ported similar N fluxes in the
deep traps (MID-01, February to April 1999, 4.5 irhb m? d*; and MID-02,
November 2001 to March 2002, 6.0 umol N aii'); unfortunately, sampling in the
shallower trap failed during those deployments.

4.3.2 Isotopic composition of nitrogen compounds

At all stations, the isotopic composition of agen-bearing species differed
not only between the mixed layer and the interntedsad deep water masses (Fig.
4.3; Table C.3. data appendix), but also amongstaets.

48



‘'suonels |e o) yidap 1arem
Isurebe panoid (p) Nd papuadsns jo . .gpue (9) NYL-N.;2 (d) EON-O,; 2 (8) EON-N,,#0 uonisodwod didolos| ¢ “Bi4

dsns

00, -
(°%) “"°Nd-Ng1Q (°%) NYL-Ng1Q (°%) “ON-Og1Q (°%) “ON-Ns1Q
Gl Q_F | ,m m m,h | o,h m A,u gZ 02 SL 0! S 0 0! 8 9 14 Z 0
| | I | | O | | | |
- 8 ? - 000¥
|
| M Q |
- - 000€
Los  —O—
zooyy —e—
£04OH —O—
| L0JoH —@— i
Lo @
90H ©
SOH —©
i POH —@— - 0002
SOH —e—
ZWH —®
JOH —®—
I IH —m— i
LH —E—
0IH —B—
60H —®
i S0H B - 0001
I0H B
l\.\l\\d‘
i . - - 0

[w] ydag

49



Mixed-layer nitrate had averagé®N-NOs of 5.6%o, 2.3%o0, and 4.1%. at NIS, pelagic,
and northern Aegean stations, respectively. #®-NO; was 10.7%. at NIS stations,
and 5.2%. at pelagic stations; no sample yieldectl@ahle value in the northern
Aegean.5'°N of suspended PN in the mixed layer was lI6#Ns,sp average of all
stations = 1.3+0.7%0), and TRN in the surface ldpserage3™TRN of all stations =
0.0+1.1%0) wasoughly similar to thé"Ng,sp

The average isotopic composition of nitrate imgkes from the nitracline was
similar in all stations5'°NO; averaged 1.6 and 2.1 %o in samples below the mixed
layers of the pelagic and NIS stations, respectjvahd 2.0 %o in the thick nitracline
in the northern Aegeard*®0-NO; of samples from the nitracline had averages of
5.1%0 (NIS stations), 5.0 %o (pelagic stations), ahd%o in the northern Aegean
nitracline. Values 08™N-TRN and&™Ns,spwere higher in the thermocline samples
than in the mixed layer (Table 7; Table C.3. dajaeadix).

In deep waters3™>N-NO; averaged between 2.0 %o and 2.3 %o in the three
stations sets, an$t’0-NO; had an average between 3.2 %o (NIS stations) ahé&a3.
for pelagic sites, respectively. These deep watkres were not statistically different.
Suspended matter in deep waters at all stationgighd™Ns,spaverages of 7.2 %o to
8.1 %o, while3™N-TRN measurements averaged between 2.4 %o and 6.7 %abver
sites. Part of the high variability is attributexlthe measurement artefacts at the low
concentrations that were encountered. Samplesey deater below the nitracline at
pelagic sites, where a relatively large sample ppa$ measured, had an average
8°N-TRN of 6.7+ 3.5 %o (Table 7; Table C.3. data apjen

The8™N of sinking material §°N-SNP) collected by the two sediment traps
during the deployment in 2007 (MID-03) differed mificantly from the 8N of
suspended matter collected by filtration in deepewand was essentially the same as
815Nsuspfound in the mixed layer during the expeditioneTpper trap had an average
8°N-SPN of 0.9+ 0.8 %o within the 216-day samplingiper(1.0 %o flux weighted),
whereas the lower trap averad}éN-SPN was 0.8+ 1.0 %o. This is lower compared to
the 8"°N-SPN of the 1999 deployment (MID-08°N-SPN = 2.2+ 0.4 %o), but is in
agreement with data from trap MID-02 (deploymer@2@002) that collected sinking
particles with a meaf™N-SPN of 1.2+ 0.6 %o (Warnken, 2003). Together thee

deployments cover a period from November to Octodoed thus the biologically

50



active season for which the bulk of particle trarspf the mixed layer is expected to
occur. In a composite annual cycle constructed fatinthree deployments at 2700 m
water depth (Figure 4.4), SPN- flux peaks in Makghereas the highest values of the
8'°>N-SPN (1.8 %o) were obtained in November and Decembegeneral, seasonality
in 5'°N-SPN is limited and varies around an annual awerdd..1 %o with low values

from April to May (0.3-0.5 %0) and higher valuesd21.8 %o) later in the year from
June to December.
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Fig.4.4. Composite seasonal diagram of sinking PN fluxesidees) and'® of sinking PN (circles)
and their standard deviations at 2600 m water daplérapetra station. Fluxes (squares, blackdim

s.d. in red) an8™SPN (circle, grey line, s.d. in blue) for three ldgment periods (MID-1: 01/30/1999
to 04/13/1999), MID-2: 11/05/2001 to 04/01/2002 antD-3: 01/30/2007 to 09/05/2007) at 2700 m
water depth have been assembled in a surrogatalacyuale.

4.4 Discussion

Table 8 is a compilation of inventories a#tdN of different water masses in
the EMS and in different compartments of reactiveb&sed on the present data,
according to which the mass-weighted and deptlgiateds™®N of the EMS is 2.8%o.

The calculation of the inventories (given in gigd) are based on water volumes
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for the EMS without Adriatic and Aegean sub-basamsl weight5™°N values by
average concentrations found during the 2007 METE®Dlse (M71-3). Judging
from that value, the inventory of reactive N in tB®S is fundamentally different
from the inventories of other oceans or regionakimeasystems studied so far,
because the overall level N is clearly lower than elsewhere.

In this section measurements reported in this shesi the individual
compartments of N in the EMS will be compared witkvious data, as well as with
from data other areas. Furthermore the possibloreafor the unusudiN depletion

will be discussed and tested against the isotopazace.

Interval Mass Interval Mass Interval Mass Interval Sum wei 5hted
Interval . weighted weighted weighted reactive 0N
volume nitrate 1% suspended 1% TRN 1% :

(m) (km?) (Gmol) O°N- PN (Gmol) O°N- (Gmol) O°N- N reactive
NO3(%o) PNsusp(%o) TNR(%0)  (Gmol) N (%o)
0-200 306200 357 2.4 112 1.6 876 1.1 1345 1.5
200-500 365300 1411 1.8 59 6.4 700 6.2 2171 3.3
> 500 1719000 7949 2.2 249 7.2 3510 52 11709 3.2
all 2390500 9717 2.1 421 5.6 5086 4.6 15224 3.0

Table 8. Estimation of reactive N-inventories of the EMS different depth intervals and mass-
weighted 3N of different components (nitrate, particulateragien PN and total reduced nitrogen,
TRN; data in Tables C.1.-C.3. in the data appendike last column gives the integrated and mass-
weighted3"*N values over all components of reactive N for eathrval. The last line shows the
integrated inventories and tA&N values of the entire water column.

4.4.1 Isotopic composition of reactive nitrogen irsub-nitracline and deep water

masses

The starting point of this discussion is the isatapomposition of the large
reactive nitrogen in the deep-water pool and thattd@nterval below the nitracline
and in the deep-water pool, which integrates tb&ogsc signal over all internal and
external nitrate sources over the deep-water resedéme of 50-80 years (Roether et
al., 1996). Differing from the pool in surface watethis deep nitrate pool is
isotopically homogeneous in the EMS and the disonssloes not differentiate
between different station settings. There are tlpe®vious data sets of widely
differing 5*°N-NOj3 in deep and intermediate water masses. InitiSiichs and Repeta
(1999) determined th&"°N-NOj3 to -0.7+ 0.1 %o in two samples of deep water (depth

not given) from the EMS, analysed by the ammonifusion method (Sigman et al.,
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1997). Some years later Struck et al. (2001), aisimg the ammonia diffusion
method, gave a mean of 7.3+ 2.8 %o in six samplesatérs from between 200 and
400 m water depth. Finally Pantoja et al., (2008ing the denitrifier method,
presented six data points below 500 m in the EM® tie authors gave tie>NO;
value (2.5% 0.1 %o) for only four samples.

The data presented in this Chapter confirm &a4-NO; of nitrate in the deep
water of the EMS (below 500 m) is indeed lower £223 %o; n = 68) compared to
the narrow range of 4.7 to 5.4 %o for global ocearpdwater nitrate (Sigman et al.,
2009). Furthermore, this dataset shows that niiratee LIW water mass from the
base of nitracline to 500 m is even mome-depleted (1.8+ 0.4 %o; n = 29). The deep
water nitrate in the Western Mediterranean Seaal3a3N-NO; of 3.0 + 0.1 %o below
1500 m water depth (Pantoja et al., 2002), whilehe adjacent NE subtropical
Atlantic Ocean, th&*°N-NOs is around 5 %o in waters > 800 m depth (Bourboneais
al., 2009). In Chapter 3, the residence time opdeater nitrate in the EMS has been
estimated to be 125 years. The pool is not dirdotked to deep waters outside the
EMS which is fed mainly by mineralisation/nitrifitan of particles sinking from the
mixed layer and by preformed nitrate downwelled iyrdeep-water formation
without subsequent modification by denitrificatidrhe main nitrate sink is the LIW
water mass that exports nitrate to the Western tdednean Sea at depths between
150 and 500 m. As already described in Chaptehd,external sources are-N
fixation and atmospheric NGince, as pointed out in Chapter 3, the runofivars is
considered to be an important source in the EMS.

The comparatively small size of the deep-wateratetipool in the EMS, its
relatively short residence time compared to thaotbfer oceans, the [0w*°N of
external nitrate sources and the lack of mid-walenmitrification, are the principal
parameters, which, in conjunction, decrease theativevel of6*°N. As mentioned in
Chapter 3, depleted inputs imply that over a regidetime (~ 125 years) the deep
water 8°N-NO3 should decrease to approach #/& of inputs. The only data of
8®NO; available (also determined by the denitrifier methand with the same
internal standard deviation of the method) to gaypgssible systematic time-
dependent changes are those four samples tak&@®thid the EMS by Pantoja et al.,
(2002). These data had an average of 2.5+ 0.1 %b800 m depth. AverageN-

NOs in the present samples taken from below 500 mmasdpth eight years later is
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2.2 +0.3 % (n = 68). While the difference in igpic ratio between the two datasets
is in good accord with a gradual decreasé’af-NOs over time, the amount of the

change is not large enough to confirm the hyposhdésowever, it must be noted that
the interval-integrated and mass-weigh&tN of reactive N in the EMS (Table 7)

has a gradient from lighter to heavier values waépth, and that the surface layer,
which has a much lower residence time than deeprwan the order of years), is

within the3™N range of estimated external N inputs.

The EMS deep-water (> 500 m) nitrate pool is evemenunusual in that it has
higher 8'%0 (3.7+ 0.9 %o, n=25) than other deep-water poolghia world ocean
(Sigman et al., 2009)Available data for thé*®0 of deep nitrate from a variety of
other deep oceanic environments are reported, lhadedower (1.8 to 2.8 %o, except
in the water depth interval from 300 to 1500 mhe Eastern tropical Pacific with a
880 of 7.0 %o) than the EMS deep nitrate pool. Oneiptes reported value for the
8'%0-NO; of deep water in the Western Mediterranean Segn{&i et al., 2009) was
2.6 %o for the depth range of 1500 m to the seafland 3.1+ 0.1 %o for a composite
value of in parallel measurements of four samplesgeiep water.

A probable reason for high&t0-NO; in EMS deep water than in other deep
ocean pools may be that the EMS is a concentra@sim where evaporation exceeds
precipitation and river runoff (E/P+R ratio of lirPwinter and 1.83 in summer) (Gat
et al., 1996). The averagé®0 in water samples deeper than 500 m is 1.43+ %018
and 1.44+ 0.16 %o in the 0-500 m depth range (Pid889), and thus is around 1.4%o
heavier than in other ocean basins (LeGrande aruni@ 2006). Based on
experiments, Granger et al., (2004) suggested ritgfication does not involve
dissolved @ for the required electron transfer to oxidise ;AHo NO, and
subsequently to N (Sigman et al., 2009) The authors argue that it is very likely
that the3*®0-NO; is inherited from thé'?0 of ambient water with a positive offset of
approximately 2 %o. This offset observed in deepengabf the global ocean is thought
to result in part from nitrification (in low latitles with essentially complete nitrate
assimilation in surface waters) while a small pesishift in3'%0, and added positive
shift from admixture of preformed nitrate with edted 5'°0-NO; due to partial
assimilation in high latitudes (Sigman et al., 200%n analogous situation may be in
play in the Eastern Mediterranean: deep water foomain the northern basins

(Aegean and Adriatic Seas), where surface watetscand sinks during winter
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months, exports preformed antD enriched nitrate (from partial assimilation) from
the sea surface to the deep eastern Mediterraneanwdhere it mixes with nitrate
from nitrification.

The concentrations of TRN (predominantly DON) in &§Mieep and sub-
nitracline intermediate waters are also very lownpared with other environments
(Berman and Bronk, 2003) and match the low PN catnagons (Table 7; Table C.3.
data appendix). So far, no data exist®™N-TRN from deep waters of the global
ocean, buB™N-TRN in the deep (> 500 m) EMS is clearly high&O¢ 3.7 %o, n=
39) than in EMS surface waters. It is also higihantin the subtropical (3.9+ 0.4 %o)
and equatorial NW Atlantic (4.1 0.6 %0), and thdtsapical NE Atlantic (2.6+ 0.4
%0). They are however in the range of values regoftem shallower depths of the
subtropical North Pacific (5.4 0.8 %0) (Knapp et, #005; Meador et al., 2007;
Bourbonnais et al., 2009).

This **N-enriched TRN in EMS deep water coexists with looncentrations
of even more™N enriched suspended PN, whereas the data frorsettiienent trap
suggest that tha"N of sinking material from the mixed layer is lowas the entire
year, differing from other observations (Altabe®88; Gaye-Haake et al., 2005) and
apparently not enriched N, during its passage through the water column.tBerte
was a significant decrease in the flux measuretlifigrent water depths, with the flux
of particulate sinking N in the upper sediment thaing 5.7 mmol N A over the
period of 216 days, decreasing to 1.4 mmol K ah 2700 m water depth (second
trap). This implies a loss of 75% of particulate fNx to disintegration and
remineralisation over an 1100 m water column. Bsedooth the concentrations of
suspended PN and TRN in ambient water are low agswdecrease with depth, most
of the loss can be attributed to ammonification amthe rapid nitrification to nitrate.
In consequence, both TRN and suspended PN in datgy are very likely enriched
residues of mineralisation, from which some lighgerduct originated. Because at the
same time all meso-zooplankton size classes in B&p waters (Koppelmann et al.,
2009) and surface sediments (Struck et al., 200lDe0EMS are also enriched over
the sinking PN flux, the product with l08¢°N is likely to be nitrate.
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4.4.2. Nitrate in the surface layer: Testing the mael of incomplete nitrate

utilisation

The intermediate water nitrate pool provides ik of nitrate available for
assimilation in the euphotic zone of the EMS. Thgtgplankton bloom takes place over
the winter period (October-March), and nutriente amixed into the surface layer.
Nutrients are removed from the mixed layer untibélthe phosphate has been taken up
and excess nitrate remains together with biomadsT&N produced; sinking particles
leave the mixed layer across the pycnocline.

At all stations sampled during the M71-3 cruiseréhwas excess nitrate
remaining in the surface mixed layer. The averag@ate remaining in the euphotic
zone was between 0.24 and 048, and the actual amount of residual nitrate varied
accordingly to location and stage of thermoclineletion. These concentrations are
similar to those found previously for the averageter residual nitrate across the
Southern Levantine basin (0.6£0/8M) (Kress and Herut, 2001). In contrast,
phosphate was entirely depleted in most surfacengamples, with all values being
below the detection limit for dissolved phosphatesamples from the EMS that have
been preserved by freezing prior to analysis (1) (Krom et al., 2005).

If the concept of the incomplete nitrate utilisatics correct, and no other
sources are involved, then the residual nitratdvegoisotopically from the nitrate
provided by mixing (Mariotti et al., 1981). The tial mixed-layer nitrate pool in a
closed system is progressively assimilated andilitbecome enriched if°N (and
%0) in the course of assimilation in analogy to fRayleigh distillation process
(Mariotti et al., 1981):

8" "NOgresidual = 5" NOginitiar + % x f xIn( f)

wheref = [NO3] esiqua[NOs]iniiar, @and*s expresses the fractionation factor fier mil)
between product and substrate. The rang8akported in the literature is large and
though it differs for different primary producersin -16 to 6 %o (York et al., 2007),
it is commonly assumed to be -5 %o.. Available fialild experimental data suggest
equal separation factorSe and ‘% for nitrate assimilation (Casciotti et al., 2002;
Granger et al., 2004; Lehmann et al., 2005).

Simplifying the mixed layer to closed systems asohg the Rayleigh closed-
system approach as described above, it is assumedtial nitrate concentration in
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the mixed layer of approximately half the concemtrabelow the thermocline and at
the nitrate isotope signature of water below therrttocline before the onset of
phytoplankton assimilation. The initial nitrate centration would be 1.@mol L*
and is similar in value to previous estimates tog amount of nitrate mixed into
surface waters in the EMS (Krom et al., 2003). Ragleigh model predicts that by
the time that 73 % of the initial nitrate in theSNimixed layer is assimilated into PN,
SPN and TRN (such as is the case in the averaddepouer all stations there), the
residual nitrate would have &°N-NOj3 of 8.6 %o, which is significantly higher than
the 5.6 %o found in the samples. Surface layer t@tncentrations at the pelagic
stations were only 15 % of the assumed initialatétrand should haveda®N-NO; of
11.5 %o, whereas in this study it is found to be .3 The low3'N-NO; of nitrate
remaining in the mixed layers in both cases suggastadditional source of nitrate
with a low8™N-NOs;,

4.4.3 Constraints from differences i*>NO and $*NO;

At all stations (NIS and pelagic), a second anakee indicator for a deviation
from simple enrichment due to assimilation of thectme nitrate is the differential
behaviour of$*°N-NO; and§'°0-NO; of residual nitrate in the mixed layer. This is
illustrated in Figs. 4.3a and b, where #80-NOjsin surface samples is significantly
higher than the correspondiBd’N-NOs. Although this could be an effect of unequal
separation factors foB'°>N-NO; and §'°0-NO; it nevertheless runs counter to
available evidence from culture studies and fidddesvations (Casciotti et al., 2002;
Granger et al., 2004; Lehmann et al., 2005). I§ iki accepted, the two isotopes of
nitrate should evolve in parallel, if only one ai source were assimilated. In the
present cased™N-NO3 and §'°0-NO; in mixed layer samples should plot a 1:1
enrichment line originating from the composition oitrate at the base of the
thermocline. Any deviation from 1:1 line originagiirom the nitrate source may be
expressed as a nitrate isotope anomdlyb,18) (Sigman et al., 2005):

A(15,18):(SlSNmeasured‘6lSNsource) '315/318 X (SlSOmeasured'SlSOsource)
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Figure 4.5 presents a depth plotAgiL5,18) for different station sets over the
top 500 m and is calculated by using the aveige-NO; and3*20-NO; of EMS

deep water a8 *Nsourceandd ®Osource respectively.
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Fig.4.5.Depth plot 0ofA(15,18) of nitrate for different station setsie tupper 500 m of the
water column.

The data points presented are scarce in thaexdiepleted mixed layers, but
suggest an averagg15,18) of EMS mixed layer nitrate of around -3 %nd both
station sets suggest a decrease towards the $aeesurhe negative values imply that
nitrate in the surface layer is not solely a residfian initial pool or nitrate provided
by cross-thermocline transport; in this cag&5,18) should be 0%o becaudEBNsource
and&*®0soucewould evolve in parallel.

This deviation indicates an additional sourcehviitwer §*°N-NO;s (or higher

8'8%0-N0O;) than the residual thermocline nitrate, and suiggeither nitrate generation
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via nitrification while nitrate in the mixed layé being assimilated, or external input
of nitrate with a different isotopic makeup thae thermocline nitrate (Sigman et al.,
2005). These alternatives are discussed below.
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5. Nitrification of fixed N or recycled N

Nitrification in the presence of nitrate assirhda, via ammonification of
particulate N and/or DON, is the standard mecharmiansing a negativ&(15,18) in
euphotic zones. In the few oligotrophic environnsestudied so far, observed
negativeA(15,18) values have been attributed to nitrificatad comparatively light
PN produced from fixation and possibly DON (Bourbais et al., 2009; Casciotti et
al., 2008; Knapp et al., 2008a). In these casesstitopic composition of (in this case
“new”) nitrate is set by th&"N of fixed N (~ -1%o0) on the one hand, and by &%
of ambient seawater with a positive offset of 2 %,that nitrate deriving from NN
fixation is added to the mixed-layer nitrate podthaa 8*°N-NOs of ~ -1%. ands*°O-
NO; of ~ 2%o (Bourbonnais et al., 2009). In the EMShwits highers*?0 of seawater,
it is expected that the recycled nitrate has'®-NO; equivalent t03'>SPN and a
8°0-NO; of ~ 3.4%o.

Partitioning of ammonium released from PN to eitmitrification or
ammonium uptake has also been shown to cause a cdngl5,18) values, because
both processes have differént (Sigman et al., 2005; Wankel et al., 2006). Negati
A(15,18) values in residual nitrate may ensue, lsxaitrate returned from PN
mineralisation via ammonium oxidation is relativehore depleted if°N than the
residual nitrate pool, whereas &80 is pegged to ambient water. Because on the
other hand ammonium uptake has a lower preference™N than nitrification
(Cifuentes et al., 1989; Casciotti et al., 2003gniicant ratios of ammonium
assimilation versus nitrification will cause biormasnd thus PN, to be relatively
enriched over the recycled nitrate. Since no intoawas found for enriched SPN or
PN in the mixed layers, and the sediment trap datgmgest that SPN is on annual
average even more depletediN than thermocline nitrate in the EMS, it is betdv
that assimilation of mineralised ammonium is urijkéo play a major role as a
substrate for phytoplankton growth in the EMS miXagler, and as a cause for
negativeA(15,18). But the isotopic data do not completelle rout assimilation of
remineralized ammonium: if relatively little nitichtion takes place, particulate N
may be remineralized and ammonium completely reakged without involving

isotope fractionation.
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6. Input of atmospheric NOx

Besides the internal source of nitrate, a secanudce that potentially causes
negativeA(15,18) values in the mixed layer of the EMS, namamospheric inputs
of NOy, must exist. Two previous studies (Knapp et @08&; Bourbonnais et al.,
2009) acknowledge (though they dismiss) the pdgyilthat the negative\(15,18)
observed in mixed layer nitrate of the oligotrapBiargasso Sea and subtropical NE
Atlantic Ocean indicates atmospheric Ni@puts, which have very hight*0-NO; at
low 8'°N-NO; (Kendall, 1998). Such an input, if it is not imniegely assimilated due
to phosphate limitation, would introduce nitratethwiow 8*°N-NO;z and highs*®O-
NOgsinto the surface mixed layer of the EMS. Therevislence suggesting that NO
inputs play a relatively larger role in the EMS nthelsewhere: modelled average
annual total N@inputs in wet and dry deposition to the EMS siwefaange between
200 and 400 mg N tha’. Reduced N deposition is lower (200 - 20 mg K ), and
both inputs have a pronounced N-S gradient, wittuced N having a steeper land-
sea gradient. An estimated 14-29 mmol ,N@? a' of industrial origin is thus
supplied annually to the basin, along with a smalttribution of reduced N.

In Chapter 3 it was shown that the atmosphericosiépn on the island of
Crete in the winter months of 2006/2007 had a m&aN-NO; of -2.0 %.. Further
analysis of the samples revealed a higlfO-NO;: thirteen samples of dry
atmospheric deposition (no rain events recordedlected on the island of Crete
during June-September 2007 had an aveft@-NO; of 67.5+ 4.2 %.. Although
these data do not cover the time of predominandéiydeposition in winter, the values
are within the range reported from other environta€Kendall, 1998) and from the
nearby northern Red Sea (Wankel et al., 2009).€[l6éIN values of water-soluble
nitrate in aerosol samples ranged from —6.9 to %b.2nd5'®0 was found to range
from 65.1 to 84. 9%. with the highe3t’O values occurring in the winter. That nitrate
was deposited from air masses deriving from the ildednean Sea and western
Europe (Wankel et al., 2009). Thus, although onll0<% of nitrate remaining in the
mixed layer of the EMS might have originated frome tatmospheric source over a
period of four months, the effects on averaf®©-NO; andA(15,18) values are quite
important due to the small amount of nitrate in thiged layer of the EMS and the
high 8'%0-NO; of atmospheric inputs. Other authors (Knapp et a008a;
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Bourbonnais et al., 2009) have speculated thatitnete isotope anomaly observed in
other oligotrophic ocean mixed layers may be caumsethe input of NQ. Of all of
these, the Eastern Mediterranean surface mixed layarguably the most sensitive
place in the world ocean to register that inpute Titrate pool in the Eastern
Mediterranean is very small and the system is pateplimited. Most other upper
ocean waters receiving a sizeable,Nigput (Duce et al., 2008) are N-limited, so that
any nitrate entering the surface ocean there shoellothmediately assimilated. This
assimilation (and subsequent recycling to nitrateuld eradicate thé*®0 signal
diagnostic of atmospheric N@nd would make it impossible to trace.

The isotopic signatures of internal (recycling) adernal (N fixation and
NO,) inputs together with an estimate of N export fean be used in a conceptual
steady-state mass and isotope balance model torexgple effects of externally and
internally supplied N onmA(15,18). The model is the same as that used in the
subtropical SE Atlantic (Bourbonnais et al., 2009).

Figure 4.6 is a conceptual diagram of sourcegssamd transformations in the
N-cycle of the eastern Mediterranean Sea to ilhtistthe rationale and the modelling
approach: the nitrate pool in surface water is lbgdexternal (N@, N, fixed, and
nitrate from cross-thermocline mixingku) and internal (mineralisation and
nitrification of PN in the surface mixed layer) so@s. The nitrate sink for the surface
layer is assimilation into particulate N producedtfi TRN/DON as a by-product)
and export of sinking particulate nitrogen acréesthermocline.

The nitrate below the thermocline is a mixture atanding stock of nitrate in
deep/intermediate water and an addition from theenaiisation of sinking particulate
nitrogen. In the present interpretation, the ddfere between deep-water suspended
matter and TRN on the one hand and sinking PN dnaten on the other hand may
arise, when small particles shed from the sinkiny Bre a substrate for
ammonification, and partition inttN-depleted ammonia that is completely oxidised
to nitrate and small residual small particles (smsied PN) enriched itPN. A by-
product of this suspended particulate nitrate m&@yRN/DON that is also enriched in
>N as compared to the sinking material. Nitrificatiof ammonia liberated from
sinking PN or from fixed M water adds nitrate with &°0 (marked in blue in Fig.
4.6) approximately 2 %o higher than ambient seawatir the case of the EMS, this

nitrate is expected to haves20-NO; of 3.4 %o.
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Fig.4.6.Conceptual diagram of the processes that detertn@t@°N ands'®0 of nitrate inthe surface
and intermediate water masses of the eastern Meditan Sea; this diagram is also a
schematic illustration of the model used to cal@mu#g15,18) of nitrate under assumptions of
different sources as explained in the text.

It is pointed out that nitrate added from the matisation of fixed N or from
sinking PN produced from assimilation of thermoelimtrate both acquire the same
880 after nitrification (through exchange with amhigmter), but the two N-sources
have different5™®N, and both these additions cause negative exaisrsioA(15,18):
Because this term expresses the deviation in tlaé idatopes of nitrate from the
isotopic composition of nitrate provided by therthecline flux ku and enriched in
parallel during assimilation with a 1:1 slopa(15,18) would remain 0%o., regardless
of the extent of nitrate assimilatedkif only were the source of nitrate in the surface.
The other possible source of nitrate (Ni@m the atmosphere) has a higifO of
65%o at a lowd™N of -2 %o. If not assimilated immediately, this aspheric input
lowers thed'N-NO; while raising thes'®0-NO; of the surface nitrate pool, and

would also cause a negatix€l5,18) though for a different reason.
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The model for the calculation af(15,18) (Bourbonnais et al., 2009), was
adapted to conditions in the Eastern Mediterrarteea. The appropriate boundary
conditions were chosen for the thermocline nitrigt#opic composition (Table 7;
Table C.3. data appendix), th&#°0 of seawater, and the observed N-export
production of 56 mmol per year. This productionfileed; added inputs from N
fixation or NQ, reduceku by the equivalent amount. If nitrification of partlate N
occurs in the surface layer, this requires thatam®unt of nitrate assimilated in the
surface layer is higher by the amount nitrifiedtaintain the export flux, but it does
not affectku. All N sources have a specifi¢®N signature, and the nitrate mixture in
the surface layer integrates these isotopic cartdhs. That pool of nitrate is
assimilated into the biomass, and the residuahteitpool in the surface layer is
isotopically enriched during phytoplankton assimniia with equal fractionation
factors™s = % = - 5 %o: at any stage of assimilation, &1&N of sinking PN is 5 %o
more depleted than the residual nitrate pool, wiie3*%0 signal of the assimilated
nitrate is lost. In the model, recycled nitraterffication) inherits the*°N of sinking
PN (that has or does not have a contribution fropfikation) and thed*®0 of
seawater (with an offset of +2 %o).

An hypothetical calculation oA(15,18) was conducted for a range of input
conditions from 0-40 mmol N from Nixation and 0-40 mmol N of recycled nitrate,
both of which acquire &°0-NO; of 3.4 %.. Nitrate input from Nfixation needs to
be 40 mmol rif a* (> 70% of the 56 mmol tha* PN export flux) to create a
A(15,18) of around —2 %o; input of 40 mmol“na® of recycled nitrate yielded a
A(15,18) of —3.6 %o, which is close to the roughly%adobserved. For an assumed
unassimilated NQ input of only 5 mmol rif, which is well within the known
atmospheric NQflux to the Eastern Mediterranean, the model dates aA(15,18)
of —5.8 %o. This is due to the somewhat lovierN and grossly highe8®0 as
compared to thermocline nitrate.

These calculations suggest a number of possibldications of external and
internal sources that can theoretically resulhim titrate isotope anomaly observed in
the mixed layer. They are inconclusive becauseA{ti&,18), which is well suited to
diagnose nitrate sources in other areas of th@totighic surface ocean, is somewhat
blunt in the EMS due to the similarities in isotwmiomposition of all external and

internal sources. However, the preferred interpigiaof the data is that they
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represent a mixture of regenerated nitrate ang iNQut, because both are known to
be inputs to the mixed layer in the necessary ntadges and isotopic ranges to fully
describe the changes observed.

The input from N fixation is considered to be unlikely for the tiroé the
M71-3 cruise, because a) the cruise was conduatedtbe winter period and b),N
fixation measurements were very low even when perad in the summer of 2007
(June) across the region of EMS (Ibello et al.,®0There is ample evidence that
primary production in the EMS is supported by regated nutrients that are
entrained into a microbial loop operating in suefagaters (Zohary and Robarts,
1998; Thingstad et al., 2005). Nutrient budgetséra d’ Alcala et al., 2003) and
experimental work (Thingstad and Rassoulzadegaf;IB&ngstad et al., 2005) both
imply that surface productivity is to a significaextent supported by regenerated
nitrate. In addition, recent genetic investigatiagygest that ammonia-oxidizing
Archaeain mesopelagic waters of the Eastern basin mag laagentral role in the
nitrification of ammonium liberated from particidaN (De Corte et al., 2009). The
data presented in the Chapter 4 underline the itapoe of recycled nitrate, but also
stress that atmospheric N@puts to the basin must be taken into accoumhass-

based and isotope-based budgets of the N-cycheirdstern Mediterranean Sea.
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Chapter 5. Conclusions and outlook

5.1 Conclusions

In this thesis different perspectives of the nigogycle in the atmospheric
and marine environment of the Eastern Mediterrar®ea (EMS) were examined,
using stable isotopes as an additional tool tosgsseurces, sinks and processing of
reactive nitrogen or nitrate. It has been showrt thitogen isotope ratios, and,
possibly even more so, oxygen isotopes of nitratejld shed light on nutrient
processing in this oligotrophic environment.

To quantify the role of atmospheric NQdeposition in the N-cycle in the
eastern Mediterranean, N@nd its">N/*N ratio, §*°N-NOs), samples of dry and wet
deposition from April 2006 to September 2007 weralgsed, in the island of Crete.
Both dry and wet deposition samples showed comtigteegative values (< 0 %o) of
8°N-NOs, implying a*®N-depleted atmospheric source. T#H&N-NO; values in wet
deposition were in agreement with data reportedtimer regions (Freyer, 1991;
Hastings et al., 2003). Interestingly the I&WN-NO; values in both dry and wet
deposition can be attributed to the formatiorn*df- depleted NaN@and Ca(NQ).,
as well as in the presence of HNtat was reported in this study to have depleted
8N values in dry deposition samples. The differeimcéhe dominant aerosol NO
speciation in the Mediterranean atmosphere shaddltrin the west-to-east gradient
in 8N values of atmospheric NOinputs presented in the Mediterranean Sea.
Indeed, in addition to NaN&and Ca(NG), thatshow deplete@™N values, NHNO;
formation which has relatively enrichéd®N values, has been reported only for the
Western Mediterranean atmosphere, while no formaifdhe compound has been, so
far, reported to occur in the Eastern basin.

The presence of isotopically depleted N@as compared to deep ocean
nitrate) in the intermediate and deep waters oBRS cannot alone be used to prove
the importance of Nfixed nitrogen in creating the unusually I&’N-NOzin EMS
deep water. Based on the data shown in Chaptére3atmospheric input dominates
the 5'°NO; of N-inputs to surface waters in the EMS. This acef water signal is

communicated to the deep water mass in the EMS$aiticle flux, and the impact
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over the last decades is likely to have been largrigh to depress™N of the EMS
deep nitrate pool.

In order to explain the processes causing the whisatopic ratios in the deep
water of EMS and to reveal the importance of primgda comprehensive data set of
8N in N-pools of the water column, a research cuisiag the R/V METEOR was
conducted during January/February 2007. The arsabfsine samples collected from
17 stations during the cruise, showed that thd fmial of reactive nitrogen (nitrate,
dissolved total reduced nitrogen, particulate gigm) in the EMS has depleted values
of N compared to the global ocean. In particular, It 8*°N of nitrate, which
represents the largest N-pool, must be to a lax¢enedue to the isolation and the
anti-estuarine circulation of the EMS (extensivegscribed in Chapter 1). The anti-
estuarine circulation prevents the communicationhef EMS with the global deep-
water nitrate pool that is very homogeneous andemsd'°N-NO; and §'%0-NO;
values around 5 %0 and 2 %o, respectively (Sigmain, @09).

As discussed in Chapter 4, the low level 30N in the EMS reflects the
dominance of an isotopically depleted N-sourcegesiprocesses that enritiN (e.g
denitrification) are lacking in action in the EMBhe data presented in this study were
collected over the winter period, which coincidehva typical winter bloom at one
set of stations in the northern lonian basin anthwain (unusually early) mature
thermocline at maximum depth in the remaining pelagt of stations. Although they
provide only a snapshot of a seasonal cycle imihxed layer, the data from the two
situations (depending thermocline and mature thelime) in that cycle permit an
initial assessment of different nitrate sourcethtomixed layer.

The low levels of3"N in NO;, TRN and PN cannot result only from the
partial N uptake caused by the extant P-limitedtgblankton bloom. A source of
isotopically distinct nitrate, which may be interifeecycled nitrates) or external {N
fixation or NQ input) is also required. Possible ranges for itrate isotope anomaly
A(15,18) in the mixed layer calculated in Chaptebyla simple model, pointed
towards nitrification and/or a realistic contribtarii of atmospheric nitrate with
characteristically lows*N-NO; and §'%0-NO; as an important source of additional
nitrate.

Clearly, as already suggested by Hastings et 2003) and Knapp et al.
(2005) for the Sargasso Sea, the input of atmospN&d;s” cannot be neglected when
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investigating the present-day N-cycle in the oligphic EMS. It is known that EMS
receives a significant supply of anthropogenic \N@at together with known
recycling processes can adequately describe thepsalistribution. These patterns
could also be caused by extensivefiXation, but that would require very high rates
of diazotrophy in winter when, even in summer, véow levels of fixation are
measured in the region. Furthermore this wouldrbeanflict with the knowledge
provided in Chapter 3 on the amount and isotopropmasition of anthropogenic NO
input in the EMS.

5.2 Outlook

While it was possible to answer many of the questieelated to the nitrogen
cycling in the EMS, theconclusions outlined above have posed a numbereof
questions.

One important sub-basin of the EMS is the Aegeaa 8kich lies to the
northeast of the Eastern Mediterranean and is dakdb on its north and west coasts
by the Greek mainland, to the east by the coaStuokey and to the south by the
island of Crete (Velaoras and Lascaratos, 2005)s keparated by the Cyclades
plateau into two sub-cells, the North Aegean (N#e9 and the South Aegean
(S.Aegean), each with significantly different hygraphic characteristics.
Specifically, the water-column structure of theA¢gean is influenced by the input of
less saline waters from the Black Sea (BSW) thrabglDardanelles Straits and from
fresh water discharges from rivers which are latate mainland Greece. These
features create an interesting structure which seenmave a significant role in the
productivity status of the area (Ignatiades et241Q2).

An important aspect concerning the Aegean Seaeisdhtribution of the area
to the total deep water circulation of EMS. As Hmen shown, bottom-arrested
currents represent a significant mechanism for gkport of dense water masses
produced by oceanic convection, the process whats and maintains the abyssal
circulation of the world ocean (Rubino et al., 2D03ntil the eighties, the Adriatic
Sea was historically considered to be the sourdbefEastern Mediterranean Deep
and Bottom Waters (EMDW). Data obtained from th&7.9Schlitzer et al., 1991)
and 1995 (Roether et al., 1996) METEOR cruises aledethat the thermohaline

circulation in the Eastern Mediterranean had bdenmly changedThis change is
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referred to as the Eastern Mediterranean Tran$levil) and was attributed to the
dramatic climatic change that took place in thet&asMediterranean Sea in the
nineties. During the EMT the cold and relativelgdh Adriatic Deep Water was
replaced substantially by waters of high densitar(mer and saltier) formed in the
Aegean, outflowing from the straits of the Cretart And replacing mainly bottom
layers of the lonian Sea (Klein et al., 1999). Distlenses from the Aegean Sea were
identified at depths between 700 and 1100 m resulfiiom changes in either the
circulation or the large-scale water budget (Raettteal., 1996). Zervakis et al.
(2000) suggested that the reduced Black Sea ouifitovthe North Aegean could
facilitate dense water formation during the infloerof cold atmospheric fronts in the
winter.

The change in the deep water had extensive conseegiefor the entire
circulation of the eastern Mediterranean Sea. Gaseltr was the uplifting of the
residing water column by as much as about 500 nghndppeared to be strongest in
the lonian Basin (Lascaratos et al., 1999). With tiplifting a rise of the nutricline
over large parts of the Eastern Mediterranean pthdeas shallow as 150 m has been
observed (Klein et al., 1999).

The disruption observed in the circulation of tHd¥Edue to the EMT brings
to the surface two important issues that can bsidered as future aspects for debate.
The first deals with the nutrient cycling in the BMand has to be more
comprehensively discussed and presented as a fuutleok. This may be
particularly relevant to the biogeochemical cycliofj3*°N when considering the
nutrient data obtained from the METEOR 71-3 cruiseducted in the EMS in 2007,
in comparison with the nutrient data from METEORr(ise that took place in 1987.
The samples in both cruises were also analysedresadured by applying the same
methods as described in this thesis. In this daseuld be interesting to see if there
has been a change in nutrient ratios since thaldimg on the idea that N presents a
trend to increase in the EMS. The idea of providingoverview concerning nutrient
ratios also arose from the hypothesis that thesghtoto have changed if the
atmosphere delivered more N than P over the lasidiss. Furthermore the nutrient
data from the two METEOR campaigns can also prester important variables for
the region of EMS.

69



The second important issue deals with the deeprviatmation procedure
and more specifically the contribution of the deeater mass to thé'*N of the
region. The Eastern Mediterranean Transient causgibrtant changes in the
structure of the water column; the data obtainethfthe region concerning tké&N-
NOs in deep water have to be enhanced with new infaomahat will come from
future cruises in order to reveal the magnitudéhefcontribution to the isotopic ratio
of nitrogen in the basin. With this in mind, theeadof having an extensive mass-
isotope budget for the entire Mediterranean mayfdasible. This budget can be
conducted taking into account the contribution lué data that were collected and
presented in this thesis together with other stthat have been conducted and/or
will be conducted in the region. A full mass-isaddpudget will be also an important

step for a modelling approach of N-cycling in tHd&
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Figure Captions

Fig. 1.1.Generalized diagram of a biogeochemical cycleiwiétosystems
Fig. 1.2.Biochemical cycle of nitrogen

Fig. 1.3. Depiction of NQ cycling pathways leading to the formation of aetos
HNO;3 (or NO3). Solid lines, represent reactions that occurrduday time, while
dashed lines correspond to the reactions perforatedight (after Wankel et al.,
2009).

Fig. 2.1.Location of the sampling sites:a) Heraklion stat) Finokalia station

Fig. 2.2.Sampling stations as conducted during the R/V bteteuise 71-3 in the
EMS (Jaunary-February/2007)

Fig. 2.3. Biogeochemical nitrogen cycle sustained by proétey. The Roman
numerals give the formal oxidation state of thegpal nitrogen species of the cycle.
The equation beneath the scheme presents theicatmin pathway that is mediated.

Fig. 3.1.a. Monthly average nitrate levels wM collected at two locations on Crete

Island (Heraklion and Finokalia)

Fig. 3.1.b. The 8*°N in wet deposition samplemllected at two locations on Crete

Island (Heraklion and Finokalia)

Fig. 3.2.Temporal variation (in Julian date) of nitréeN values and rainfall height
(h) during the period April 2006-September 200 iabkalia.

Fig. 3.3. Monthly nitrate5'°N values in both bulk and wet deposition samples on
Crete. The data from the two sampling locationsrélkiion and Finokalia) have been
combined.

Fig. 4.1. Profiles of fluorescence (a), nitrate (b) and gihage (c) concentrations in
the upper 400 m at 2 stations representative of(N[¥) and pelagic stations (Her03)
show stratification between the 80 and 230 m watepth and indicate the
biologically active mixed layer. An ongoing phytapkton bloom in the northern
lonian Sea (at station HO7) is sustained by niteatd phosphate provided from
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ongoing regional thermocline deepening, whereaoatiler03 illustrates the mature
and thick mixed layer with very low nutrient cont@tions at pelagic sites.

Fig. 4.2. Concentrations of nitrate (a), TRN (b) and patttaiN in total suspended
solids (c) plotted against water depth for allietzs.

Fig. 4.3.Isotopic compositios™N-NO; (a), 5'°0-NO; (b), 5*°N-TRN (c), ands™ of
suspended PN (d) plotted against water depth Fatations.

Fig. 4.4. Composite seasonal diagram of sinking PN fluxemigses) and™ of
sinking PN (circles) and their standard deviatiah2600 m water depth at lerapetra
station. Fluxes (squares, black line and s.d. i) amd3'°>SPN (circle, grey line, s.d.
in blue) for three deployment periods (MID-1: 0X/B#09 to 04/13/1999), MID-2:
11/05/2001 to 04/01/2002 and MID-3: 01/30/2007 €308/2007) at 2700 m water
depth have been assembled in a surrogate annuel cyc

Fig. 4.5.Depth plot 0fA(15,18) of nitrate for different station sets e tupper 500 m

of the water column.

Fig. 4.6. Conceptual diagram of the processes that deterthim&"°N and§*°0 of
nitrate in the surface and intermediate water nsagkthe eastern Mediterranean Sea,
this diagram also is a schematic illustration & thodel used to calculatg15,18) of
nitrate under assumptions of different sourcesxptamed in the text.
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Table Captions

Table 1.0; values for different compounds

Table 2. Median concentrations of nitrate and phosphateater masses below 300m
depth (Schlitzer, 2004).

Table 3. Sampling protocol for the wet and dry depositiaming the period 2006-
2007.

Table 4. Comparison of averag&>N-NO; values in rain on Crete with those
reported in the literature for Europe and Southicafr(Freyer,1991) and Bermuda
(Hastings et al., 2003).

Table 5. Nitrate 8°N mean values (including standard deviation) in deposition
and aerosol samples collected in Crete and congpewgth the results reported in the
literature (Germany; Freyer 1991).

Table 6.5"N of external inputs to the EMS based on the budfjrom et al. (2004)
and the3™N of the atmospheric input (thesis results) anfeserwater in the Western
Mediterranean Sea (Pantoja et al., 2002). For &fcttata, the3*®N of nitrate from
rivers and inflow from the Black Sea vary from 5%&ase a) to 8%o. (case b). In either
case, thes>N of external nitrate sources is more depleted thignate in the deep-
water nitrate pool (2.5+£0.1%o; Pantoja et al., 2002)

Table 7. Average concentrations and isotopic composition @aewsamples from
above, in and below the nitracline during the Metegpedition 71-3 in the EMS:
Northern lonian Sea (NIS; 6 stations, Table 7de)agic stations (10 stations, Table
7.2.) and northern Aegean Sea (1 station Tablg. 7.8bles C.1., C.2., and C.3. in the
data appendix provide analyticaly all the data usedhapter 4.

Table 8. Estimation of reactive N-inventories of the EMSdifferent depth intervals
and mass-weightedf°N of different components (nitrate, particulataagien PN and
total reduced nitrogen, TRN; Table C.1. data app@ndhe last column is the
integrated and mass-weightéd®N over all components of reactive N for each
interval, the last line are the integrated inveie®rand3'N of the entire water
column.
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List of abbreviations

ASW = Atlantic Surface Water

DIN = Dissolved Inorganic Nitrogen
DON = Dissolved Organic Nitrogen
0 = isotope ratio

¢ = isotope fractionation factor

EMDW = Eastern Mediterranean Deep Water

EMS = Eastern Mediterranean Sea
LDW = Levantine Deep Water

LIW = Levantine Intermediate Water
MAW = Modified Atlantic Water

MID = Mediterranean lerapetra Deep
MUC = MultiCore

NIS = Northern lonian Sea

PN = Particulate Nitrogen

SPN = Sinking Particulate Nitrogen
TDN = Total Dissolved Nitrogen
TRN = Total dissolved Reduced Nitrogen
TOC = Total Organic Carbon
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Data Appendix

The basic data used in the Chapters of this thadjsted in the following appendix.

A. Data from the Finokalia atmospheric station (2840'E, 35°20’N)

Table A.1. Sampling dates, nitrate concentrations, fluxes, and nitrogen isotope values from dry
deposition samples collected in the atmospheric station of Finokalia (Crete). The duration of sampling
lasted over than a year (April 2006- September 2007). The collection of the samples performed on a flat
surface covered by glass beads, situated 3 m above the ground.

. H 15

Months Sampling period Code (p'\rl‘r:tcr)ﬁ_e'l) (mg? tme -fzhggs-l) naitra’:Ie
(%0)

April 2006 14.04.2006  05.05.2006 D-46 104.02 11.20 -3.63
May 05.05.2006  15.05.2006 D-47 225.35 20.97 -3.36
May 15.05.2006  29.05.2006 D-48 233.98 16.66 -5.08
June 29.05.2006  13.06.2006 D-49 211.59 14.38 -4.13
June 16.06.2006  26.06.2006 D-51 350.86 23.32 -4.17
July 26.06.2006  10.07.2006 D-52 268.69 19.14 -3.88
July 10.07.2006  28.07.2006 D-53 343.31 19.44 -2.55
August 28.07.2006  23.08.2006 D-54 472.38 18.12 -2.24
August 23.08.2006  04.09.2006 D-55 215.79 18.53 -2.19
September 04.09.2006  22.09.2006 D-56 572.77 31.38 -1.66
September 22.09.2006 02.10.2006 D-57 400.00 41.21 -1.94
October 13.10.2006  20.10.2006 D-59 20.66 6.87 -2.87
October 20.10.2006  02.11.2006 D-60 10.50 1.88 -3.27
November 02.11.2006 06.11.2006 D-61 44.05 25.38 -1.65
November 06.11.2006 17.11.2006 D-62 84.94 10.69 -2.36
November 17.11.2006 27.11.2006 D-63 79.98 14.36 -3.21
December 27.11.2006 12.12.2006 D-64 240.06 18.44 -2.62
December 12.12.2006 21.12.2006 D-65 88.52 8.72 -2.19
December 21.12.2006  09.01.2007 D-66 230.92 12.12 -1.29
January 2007 09.01.2007 19.01.2007 D-67 N.A N.A -2.10
January 19.01.2007 05.02.2007 D-68 147.89 18.51 -2.12
February 05.02.2007 12.02.2007 D-69 39.47 12.87 -4.04
February 12.02.2007 27.02.2007 D-70 91.44 14.18 -4.63
March 27.02.2007 19.03.2007 D-72 242.19 28.17 -4.46
March 19.03.2007  30.03.2007 D-73 269.18 44.46 -2.71
April 30.03.2007 18.04.2007 D-74 138.51 7.27 -4.70
April 18.04.2007  30.04.2007 D-75 422.85 67.15 -5.43
May 30.04.2007 21.05.2007 D-76 78.44 3.48 -5.56
May 21.05.2007 29.05.2007 D-77 135.80 26.33 -4.94
June 29.05.2007 13.06.2007 D-78 261.67 40.97 -3.18
June 13.06.2007  29.06.2007 D-79 384.74 25.31 -2.96
July 29.06.2007 19.07.2007 D-80 300.77 15.00 -3.70
July 19.07.2007 31.07.2007 D-81 886.79 74.50 -2.73
August 31.07.2007 30.08.2007 D-82 765.97 26.87 -3.07
September 30.08.2007 13.09.2007 D-83 300.18 18.29 -1.51
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Table A.2. Sampling dates, nitrate concentrations, fluxes, and oxygen isotope values from dry
deposition samples collected in the atmospheric station of Finokalia.

H H 18
Months Sampling period Code (pmgla Itfl) (’;I:g?tni .lelgéils.l) n?tra?e
(%o)
April 2006 14.04.2006  05.05.2006 D-46 104.02 11.20 69.92
May 05.05.2006 15.05.2006 D-47 225.35 20.97 66.06
May 15.05.2006  29.05.2006 D-48 233.98 16.66 68.31
June 29.05.2006 13.06.2006 D-49 211.59 14.38 68.77
June 16.06.2006  26.06.2006 D-51 350.86 23.32 66.96
July 26.06.2006 10.07.2006 D-52 268.69 19.14 64.82
July 10.07.2006  28.07.2006 D-53 343.31 19.44 64.84
August 28.07.2006  23.08.2006 D-54 472.38 18.12 67.64
August 23.08.2006 04.09.2006 D-55 215.79 18.53 67.05
September 04.09.2006 22.09.2006 D-56 572.77 31.38 57.02
September 22.09.2006 02.10.2006 D-57 400.00 41.21
October 13.10.2006  20.10.2006 D-59 20.66 6.87
October 20.10.2006  02.11.2006 D-60 10.50 1.88
November 02.11.2006 06.11.2006 D-61 44.05 25.38
November 06.11.2006 17.11.2006 D-62 84.94 10.69
November 17.11.2006 27.11.2006 D-63 79.98 14.36
December 27.11.2006 12.12.2006 D-64 240.06 18.44
December 12.12.2006 21.12.2006 D-65 88.52 8.72
December 21.12.2006 09.01.2007 D-66 230.92 12.12
January 2007 09.01.2007  19.01.2007 D-67 n.a n.a
January 19.01.2007 05.02.2007 D-68 147.89 18.51
February 05.02.2007 12.02.2007 D-69 39.47 12.87
February 12.02.2007  27.02.2007 D-70 91.44 14.18
March 27.02.2007  19.03.2007 D-72 242.19 28.17
March 19.03.2007 30.03.2007 D-73 269.18 44.46 73.98
April 30.03.2007 18.04.2007 D-74 138.51 7.27 73.21
April 18.04.2007  30.04.2007 D-75 422.85 67.15
May 30.04.2007 21.05.2007 D-76 78.44 3.48
May 21.05.2007  29.05.2007 D-77 135.80 26.33 69.19
June 29.05.2007 13.06.2007 D-78 261.67 40.97
June 13.06.2007  29.06.2007 D-79 384.74 25.31 70.47
July 29.06.2007 19.07.2007 D-80 300.77 15.00
July 19.07.2007 31.07.2007 D-81 886.79 74.50
August 31.07.2007  30.08.2007 D-82 765.97 26.87
September 30.08.2007 13.09.2007 D-83 300.18 18.29
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Table A.3. Sampling dates, nitrate concentrations, fluxes, and nitrogen isotope values from aerosols
collected from June 2007 to July 2007, in the atmospheric station of Finokalia. The samples were collected
in Teflon filters (Millipore, Fluoropore membrane filters) using a virtual impactor, modified to collect
particles with diameter less than 1.3 um (PM1.3) and particles with diameters between 1.3 and 10 um

(PM1.3-10).
. Nitrate Nitrate fluxes 15
Months Sampling Dates Code 1 -3 1 &°N-
(umol L ™) (mgrcm “day ™) nitrate (%o)

June 2007  22.06.2007  23.06.2007 C-03 6.03 11.76 -2.68
June 23.06.2007  24.06.2007 C-04 12.60 25.10 -2.36
June 29.06.2007  30.06.2007 C-10 30.81 23.06 -2.03
July 02.07.2007  03.07.2007 C-13 32.65 22.77 -5.89

July 10.07.2007  11.07.2007 Cc-21 12.84 13.15 -1.63

July 14.07.2007  15.07.2007 C-25 36.23 25.9 -5.84

Table A.4. Sampling dates, nitrate concentrations, fluxes, precipitation height (H) and nitrogen isotope values
from rainwater single events collected in the atmospheric station of Finokalia, from April 2006 to September
2007. The collection of the rain samples was done in PolvTetraFluoroEthvlene (PTFE) vials.

Nitrate

Months Sampling period Code '?g?nr;t (pl\rlrzt(r)ﬁ_e_l) (rﬂ;?en? -2 n?tlr}é

event 1) (%)

April 2006 14.04.2006  05.05.2006 D-45 24.66 16.21 24.79 -5.63
June 10.06.2006  16.06.2006 D-50 1.25 112.09 8.69 -5.38
October 13.10.2006  20.10.2006 R-35-36 41.01 14.11 35.88 -4.56
October 20.10.2006  02.11.2006 R-037 37.88 23.32 54.78 -4.15
November 02.11.2006  06.11.2006 R-038 5.63 51.00 17.80 -2.44
November 06.11.2006  13.11.2006 R-039 1.43 156.73 13.89 -1.49
November 13.11.2006  17.11.2006 R-040 3.84 43.26 10.31 -3.26
November 17.11.2006  27.11.2006 R-041 1.79 94.75 10.50 -2.44
December 28.11.2006  08.12.2006 R-042 1.25 132.78 10.30 -2.74
Fegéggfy 05.02.2007  12.02.2007 R-043 12.69 28.83 62.60 -5.12
February 12.02.2007  27.02.2007 R-044 23.05 67.86 154.12 -5.07
March 27.02.2007  07.03.2007 2%2564- 35.02 24.08 6.67 -3.70
March 07.03.2007  17.04.2007 ng;+ 36.63 90.62 65.26 -3.80
May 21.05.2007  29.05.2007 R-049 4.47 57.97 37.25 -3.93
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B. Data from Heraklion station situated in the Uniwversity Campus in Crete
(25°4'E, 35°18'N)

Table B.1. Sampling dates, nitrate concentration and fluxes, precipitation height (H) and nitrogen isotope
values from rainwater single events collected in the atmospheric station of Heraklion (University Campus),
from April 2006 to September 2007.

Nitrat I;:itrate 5N
Months Sampling period Code H (mm) (pn:(r)?l_e.l) (mlcj;);eni 2 nitrate
event 'l) (%o0)

Ser’ztg&ber 21.09.2006  25.09.2006  RH 55 5.05 39.72 12.45 -5.07
September 25.09.2006  29.09.2006  RH 56 0.57 43.46 1.52 -4.49
October 06.10.2006 09.10.2006 RH 57 2.05 49.15 6.23 -2.90
October 09.10.2006  11.10.2006  RH 58 18.53 18.67 21.45 1.86
October 11.10.2006  13.10.2006  RH 59 17.57 30.76 33.51 -2.98
October 13.10.2006  16.10.2006  RH 60 10.23 42.99 27.26 -5.73
October 16.10.2006  17.10.2006  RH 61 14.44 22.43 20.09 -4.44
October 17.10.2006 18.10.2006 RH 62 46.09 7.92 22.63 -2.77
October 18.10.2006  20.10.2006  RH 63 12.03 26.58 19.83 -5.61
October 31.10.2006 01.11.2006 RH 64 31.29 5.64 10.95 -6.42
November 02.11.2006  06.11.2006  RH 65 19.98 56.19 69.60 0.97
November 07.11.2006  13.11.2006  RH 66 54.88 19.15 65.14 -2.82
November 24.11.2006  28.11.2006  RH 68 8.42 18.74 9.79 -5.41
December 04.12.2006  06.12.2006  RH 69 3.37 31.89 6.66 -4.40
December 22.12.2006 08.01.2007 RH 70 22.38 42.93 59.58 -2.00
January 2007  16.01.2007  05.02.2007  RH 73 27.44 22.02 37.47 -2.74
February 06.02.2007 12.02.2007 RH 74 10.35 26.32 16.89 -4.63
February 15.02.2007  20.02.2007 RH 75 26.96 12.34 20.63 -2.58
February 21.02.2007  26.02.2007 RH 76 44.05 62.40 170.41 -4.91
March 27.02.2007  15.03.2007  RH 77 21.18 63.58 83.49 -5.14
March 21.03.2007  23.03.2007 RH 79 12.03 26.67 19.90 -2.74
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C. Data from the METEOR Cruise (M71-3) conducted in the Eastern

Mediterranean Sea

Table C.1. Sampling locations, physicochemical parameters and oxygen concentrations from the METEOR
cruise (M71-3) conducted in the Eastern Mediterranean Sea during January-February/2007. Samples were
taken in several depths of the water column and from the sediment-water interface deriving from multicorer
deployments (MUC).

Bot. -

Stations Lon (°E) Lat (°N) Dgﬁ;h D(enﬁ;h Tem?(?éz;\ture S&JI Esnu't)y (‘?n)_(]}(;?el_nl)
HO7 17.75 39.17 1866 7.22 14.51 38.48 5.43
HO7 17.75 39.17 1866 22.09 14.52 38.48 5.47
HO7 17.75 39.17 1866 51.97 14.51 38.49 5.44
HO7 17.75 39.17 1866 52.07 14.51 38.49 5.17
HO7 17.75 39.17 1866 102.47 14.43 38.75 5.44
HO7 17.75 39.17 1866 152.58 14.45 38.84 4.59
HO7 17.75 39.17 1866 202.07 14.37 38.87 4.46
HO7 17.75 39.17 1866 298.80 14.10 38.82 4.46
HO7 17.75 39.17 1866 502.03 13.89 38.79 4.47
HO7 17.75 39.17 1866 992.57 13.74 38.75 4.40
HO7 17.75 39.17 1866 1482.03 13.75 38.76 4.61
HO7 17.75 39.17 1866 1634.50 13.76 38.76 4.64

HO7_MUC 17.75 39.17 1866 1866
H12 19.75 38.83 1450 5.70 16.00 38.22 5.31
H12 19.75 38.83 1450 21.28 16.01 38.23 5.28
H12 19.75 38.83 1450 50.85 15.72 38.39 4.81
H12 19.75 38.83 1450 75.64 15.57 38.43 5.30
H12 19.75 38.83 1450 75.66 15.56 38.44 5.29
H12 19.75 38.83 1450 121.25 14.69 38.76 4.66
H12 19.75 38.83 1450 201.17 14.48 38.86 4.47
H12 19.75 38.83 1450 201.29 14.48 38.86 4.49
H12 19.75 38.83 1450 499.68 13.94 38.80 4.38
H12 19.75 38.83 1450 998.13 13.74 38.75 4.24
H12 19.75 38.83 1450 1443.76 13.71 38.76 4.59

H12_MUC 19.75 38.83 1450 1450
H10 19.00 39.92 1008 6.98 15.11 38.40 5.35
H10 19.00 39.92 1008 21.67 14.83 38.38 5.38
H10 19.00 39.92 1008 41.56 14.34 38.32 5.47
H10 19.00 39.92 1008 41.68 14.34 38.32
H10 19.00 39.92 1008 91.91 14.23 38.63 5.03
H10 19.00 39.92 1008 101.53 14.23 38.66 4.97
H10 19.00 39.92 1008 201.23 14.23 38.80 4.48
H10 19.00 39.92 1008 300.51 14.14 38.81 4.47
H10 19.00 39.92 1008 500.53 13.95 38.80 4.41
H10 19.00 39.92 1008 914.47 13.46 38.76 4.91
HO8 18.17 39.42 1360 6.29 14.95 38.45 5.45
HO8 18.17 39.42 1360 21.37 14.95 38.45 5.47
HO8 18.17 39.42 1360 28.93 14.82 38.48 5.34
HO8 18.17 39.42 1360 50.64 14.50 38.53 5.24
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Table C.1. continued

Bot. .

Stations Lon (°E) Lat (°N) Dzerg;h Dfnﬁ;h Temp()fcr:z;lture S&Jl L_ndt)y (Snﬁ%?iql)
HO08 18.17 39.42 1360 101.57 14.52 38.83
HO08 18.17 39.42 1360 119.99 14.47 38.84 4.50
HO08 18.17 39.42 1360 170.16 14.36 38.86 4.46
HO08 18.17 39.42 1360 201.32 14.27 38.85 4.42
HO08 18.17 39.42 1360 500.54 13.88 38.79 4.42
HO08 18.17 39.42 1360 1000.87 13.74 38.75 4.34
HO8 18.17 39.42 1360 1333.56 13.73 38.76 4.72
HO4 16.00 35.92 3750 7.09 16.49 37.98 5.37
HO4 16.00 35.92 3750 21.95 16.48 37.98 5.43
HO4 16.00 35.92 3750 52.34 16.00 38.05 5.28
HO4 16.00 35.92 3750 101.26 15.01 38.61 4.71
HO4 16.00 35.92 3750 179.58 14.52 38.86
HO4 16.00 35.92 3750 201.56 14.40 38.86 4.32
HO4 16.00 35.92 3750 500.26 13.84 38.78 4.31
HO4 16.00 35.92 3750 988.35 13.74 38.75
HO4 16.00 35.92 3750 1478.85 13.78 38.75 4.50
HO4 16.00 35.92 3750 1975.66 13.82 38.75 4.55
HO4 16.00 35.92 3750 2955.99 13.92 38.74 4.54
HO4 16.00 35.92 3750 3677.42 14.03 38.74 4.68

H04_MUC 16.00 35.92 3750 3738
HO3 18.50 35.75 4087 7.97 16.64 38.24 5.31
HO3 18.50 35.75 4087 23.10 16.61 38.28 5.33
HO3 18.50 35.75 4087 43.94 16.54 38.36 5.32
HO3 18.50 35.75 4087 102.12 16.18 38.46 5.23
HO3 18.50 35.75 4087 202.83 15.04 38.83 491
HO3 18.50 35.75 4087 502.34 14.16 38.84 4.25
HO3 18.50 35.75 4087 990.97 13.75 38.75 4.22
HO3 18.50 35.75 4087 1503.23 13.77 38.74
HO3 18.50 35.75 4087 1981.42 13.81 38.74 4.41
HO3 18.50 35.75 4087 2963.19 13.90 38.73 4.44
HO3 18.50 35.75 4087 4005.52 14.10 38.74 4.64
HO5 18.50 37.50 3154 7.04 16.46 38.21 5.28
HO5 18.50 37.50 3154 22.17 16.46 38.21 5.34
HO5 18.50 37.50 3154 59.25 16.33 38.21 5.32
HO05 18.50 37.50 3154 101.65 16.22 38.22 5.28
HO05 18.50 37.50 3154 201.91 14.85 38.74 4.86
HO5 18.50 37.50 3154 237.17 14.80 38.83 4.73
HO5 18.50 37.50 3154 501.57 14.23 38.86 4.35
HO5 18.50 37.50 3154 1001.12 13.78 38.76 4.30
HO5 18.50 37.50 3154 1501.63 13.79 38.75 4.36
HO5 18.50 37.50 3154 1970.42 13.82 38.75 4.44
HO5 18.50 37.50 3154 2952.44 13.91 38.74 4.59
HO5 18.50 37.50 3154 3100.41 13.92 38.75 4.66

HO5_MUC 18.50 37.50 3154 3154
HO06 18.50 38.50 3040 7.31 16.23 38.21 5.35
HO06 18.50 38.50 3040 1291 16.22 38.20 5.36
HO06 18.50 38.50 3040 22.92 16.22 38.20 5.34
HO06 18.50 38.50 3040 52.94 16.23 38.20 5.38
HO06 18.50 38.50 3040 102.27 16.03 38.21 5.22
HO06 18.50 38.50 3040 152.57 15.16 38.66 5.00
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Table C.1. continued

Bot. .

Stations Lon (°E) Lat (°N) Dzerg;h Dfnﬁ;h Temp()fcr:z;lture S&Jl L_ndt)y (Snﬁ%?iql)
HO06 18.50 38.50 3040 202.97 14.81 38.82 4.54
HO06 18.50 38.50 3040 276.29 14.54 38.88 4.51
HO06 18.50 38.50 3040 500
HO06 18.50 38.50 3040 983.89 13.77 38.75 4.46
HO06 18.50 38.50 3040 1483.27 13.79 38.75 4.38
HO06 18.50 38.50 3040 1981.05 13.83 38.75 4.26
HO06 18.50 38.50 3040 2966.31 13.92 38.75 4.58
HO09 18.53 39.67 543 6.06 14.17 38.35 5.44
HO09 18.53 39.67 543 21.10 14.17 38.35 5.46
HO09 18.53 39.67 543 37.78 14.18 38.36 5.48
HO09 18.53 39.67 543 51.18 14.20 38.37 5.48
HO09 18.53 39.67 543 100.81 14.23 38.66 4.86
HO09 18.53 39.67 543 202.03 14.23 38.81 4.49
HO09 18.53 39.67 543 251.89 14.17 38.82 4.48
HO09 18.53 39.67 543 501.10 13.67 38.76 4.37
HO09 18.53 39.67 543 534.03 13.67 38.76 453
H11 19.33 39.28 1035 7.02 16.19 38.22 5.33
H11 19.33 39.28 1035 21.97 16.19 38.22 5.49
H11 19.33 39.28 1035 52.09 16.20 38.22 5.36
H11 19.33 39.28 1035 77.29 15.53 38.39 5.04
H11 19.33 39.28 1035 181.01 14.58 38.86 4.48
H11 19.33 39.28 1035 201.43 14.45 38.85 4.52
H11 19.33 39.28 1035 500.32 13.95 38.80 4.34
H11 19.33 39.28 1035 1030.59 13.54 38.76 4.92

H11_MUC 19.33 39.28 1035 1035
HO02 21.00 35.75 3008 7.23 17.00 38.70 5.18
HO02 21.00 35.75 3008 12.77 17.01 38.70 5.24
HO02 21.00 35.75 3008 22.60 17.00 38.70 5.20
HO02 21.00 35.75 3008 53.01 17.01 38.70 5.25
HO02 21.00 35.75 3008 102.15 17.11 38.73
HO02 21.00 35.75 3008 121.77 16.91 38.70 5.19
HO02 21.00 35.75 3008 201.68 15.23 38.80 5.10
HO02 21.00 35.75 3008 351.38 14.80 38.94 4.62
HO02 21.00 35.75 3008 500.54 14.41 38.90 4.48
HO02 21.00 35.75 3008 1000.26 13.76 38.75 4.15
HO02 21.00 35.75 3008 1499.45 13.79 38.75 4.26
HO02 21.00 35.75 3008 1979.26 13.83 38.75 4.26
HO02 21.00 35.75 3008 2957.72 13.91 38.73 4.39

H02_MUC 21.00 35.75 3008 3008
HO1 23.00 35.75 2117 8.89 16.05 38.57 5.32
HO1 23.00 35.75 2117 23.80 16.05 38.57 5.32
HO1 23.00 35.75 2117 44.56 15.50 38.50 5.40
HO1 23.00 35.75 2117 52.99 15.48 38.50 5.40
HO1 23.00 35.75 2117 103.81 15.70 38.60
HO1 23.00 35.75 2117 122.42 15.02 38.48
HO1 23.00 35.75 2117 204 14.81 38.88
HO1 23.00 35.75 2117 243.27 14.72 38.93 4.61
HO1 23.00 35.75 2117 503.59 14.33 38.91 4.71
HO1 23.00 35.75 2117 1002.07 13.74 38.75 5.33
HO1 23.00 35.75 2117 1499.26 13.81 38.76
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Table C.1. continued

Bot. .
. o o Depth Temperature Salinity Oxygen
Stations Lon (°E) Lat (°N) Dzerg;h (m) (°C) (psu) (umol L -1)
HO1 23.00 35.75 2117 2091.36 13.86 38.76 4.35
HO1_MUC 23.00 35.75 2117 2117
ler01 26.19 34.44 3626 8.32 19.16 39.19 4,98
ler01 26.19 34.44 3626 23.35 19.18 39.19
ler01 26.19 34.44 3626 43.05 19.18 39.19 4,98
ler01 26.19 34.44 3626 52.04 19.18 39.19 4,99
ler01 26.19 34.44 3626 101.70 19.18 39.19 5.02
ler01 26.19 34.44 3626 101.94 19.18 39.18 5.01
ler01 26.19 34.44 3626 149.33 19.17 39.18 5.03
ler01 26.19 34.44 3626 194.87 19.13 39.18 5.05
ler01 26.19 34.44 3626 500.09 15.15 39.01 4.69
ler01 26.19 34.44 3626 999.34 13.81 38.76
ler01 26.19 34.44 3626 1488.97 13.79 38.75 4.18
ler01 26.19 34.44 3626 1978.32 13.93 38.78 4.26
ler01 26.19 34.44 3626 2964.50 14.04 38.77 4.28
ler01 26.19 34.44 3626 3571.22 14.11 38.76 4.25
ler01_MUC 26.19 34.44 3626 3626
Her01 27.74 33.92 2680 7.58 16.75 39.10 5.19
Her01 27.74 33.92 2680 12.11 16.75 39.10
Her01 27.74 33.92 2680 22.40 16.75 39.10 5.16
Her01 27.74 33.92 2680 37.07 16.74 39.10 5.21
Her01 27.74 33.92 2680 52.17 16.61 39.10 5.26
Her01 27.74 33.92 2680 101.94 15.69 39.05 4,75
Her01 27.74 33.92 2680 202.26 15.00 39.00 4.57
Her01 27.74 33.92 2680 251.50 14.66 38.95 4.47
Her01 27.74 33.92 2680 501.93 13.93 38.81 4.07
Her01 27.74 33.92 2680 1000.94 13.69 38.74 4.10
Her01 27.74 33.92 2680 1499.90 13.83 38.76 4.23
Her01 27.74 33.92 2680 1988.78 13.97 38.79 4.26
Her01 27.74 33.92 2680 2453.97 14.04 38.79 4.32
Her01_MUC 27.74 33.92 2680 2680
Her03 29.00 33.67 3090 10.91 17.13 39.11 5.07
Her03 29.00 33.67 3090 26.03 17.15 39.11
Her03 29.00 33.67 3090 26.47 17.15 39.11 5.08
Her03 29.00 33.67 3090 66.20 17.16 39.11 5.12
Her03 29.00 33.67 3090 105.21 17.16 39.11 5.09
Her03 29.00 33.67 3090 205.17 17.13 39.10 5.05
Her03 29.00 33.67 3090 225.15 16.86 39.04 4.92
Her03 29.00 33.67 3090 253.95 16.58 39.03 4.89
Her03 29.00 33.67 3090 504.86 14.49 38.92 4.33
Her03 29.00 33.67 3090 1003.40 13.74 38.75 4.04
Her03 29.00 33.67 3090 1503.02 13.79 38.75 4.16
Her03 29.00 33.67 3090 1972.83 13.93 38.78 4.27
Her03 29.00 33.67 3090 2958.08 14.12 38.79 4.23
Her03 29.00 33.67 3090 3024.26 14.13 38.79 4.18
Her03_MUC 29.00 33.67 3090 3090
Rho02 27.70 35.62 1305 5.00
Rho02 27.70 35.62 1305 22.81 16.15 39.24 5.08
Rho02 27.70 35.62 1305 52.10 16.10 39.23 5.15
Rho02 27.70 35.62 1305 85.44 16.07 39.22 5.06
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Table C.1. continued

Bot. .
. o o Depth Temperature Salinity Oxygen
Stations Lon (°E) Lat (°N) Dzerg;h (m) (°C) (psu) (umol L -1)
Rho02 27.70 35.62 1305 102.23 16.07 39.22 5.01
Rho02 27.70 35.62 1305 180.54 16.08 39.22 5.15
Rho02 27.70 35.62 1305 201.58 16.07 39.22 5.10
Rho02 27.70 35.62 1305 201.59 16.07 39.22 5.09
Rho02 27.70 35.62 1305 499.92 13.97 38.82 4.10
Rho02 27.70 35.62 1305 999.08 13.76 38.76 4.06
Rho02 27.70 35.62 1305 1284.98 13.80 38.76 4.06
Rho02_MUC 27.70 35.62 1305 1305
Sko1 23.80 39.56 1264 1.00
Sko1 23.80 39.56 1264 6.63 13.68 38.14 5.59
Sko1 23.80 39.56 1264 21.63 13.70 38.15 5.61
Sko1 23.80 39.56 1264 44.75 14.99 38.70 5.24
Sko1 23.80 39.56 1264 52.54 14.80 38.72 5.23
Sko1 23.80 39.56 1264 81.12 1491 38.90 5.08
Sko1 23.80 39.56 1264 100.45 14.70 38.90 5.00
Sko1 23.80 39.56 1264 201.24 14.09 38.89 4.95
Sko1 23.80 39.56 1264 351.65 13.80 38.94 5.06
Sko1 23.80 39.56 1264 501.70 13.68 38.98
Sko1 23.80 39.56 1264 1001.34 13.35 39.04 4.38
Sko1 23.80 39.56 1264 1247.40 13.38 39.04 4.39
Sk01_MUC 23.80 39.56 1264 1264
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Table C.2. Sampling locations and nutrient concentrations in several depths and in the sediment-water interface (MUC) from
the METEOR cruise M71-3.

. Depth Nitrate Nitrite Ammonia Phosphate Silicate
Stations  Lon (°E)  Lat (°N) (rrF:) @molLY  (umolLY  (umolL 7Y (pmc?l LY (umol LY
HO7 17.75 39.17 22.09 0.61 0.16 1.17 0.02 1.51
HO7 17.75 39.17 51.97 0.68 0.16 1.20 0.04 1.56
HO7 17.75 39.17 52.07 0.65 0.16 1.22 0.02 1.56
HO7 17.75 39.17 102.47 3.25 0.02 1.18 0.07 2.72
HO7 17.75 39.17 152.58 4.20 0.02 1.31 0.12 3.29
HO7 17.75 39.17 202.07 4.62 0.01 1.25 0.15 3.99
HO7 17.75 39.17 298.80 491 0.01 1.20 0.17 4.52
HO7 17.75 39.17 502.03 4.96 0.01 1.15 0.18 5.55
HO7 17.75 39.17 992.57 4.81 0.00 1.20 0.18 7.43
HO7 17.75 39.17 1482.03 4.29 0.01 1.18 0.15 6.17
HO7 17.75 39.17 1634.50 4.26 0.01 1.17 0.15 6.26
HO7_MUC 17.75 39.17 1866.00 4.15 0.00 1.31 0.15 5.82
H12 19.75 38.83 5.70 0.09 0.00 0.61 0.02 0.98
H12 19.75 38.83 21.28 0.06 0.00 0.63 0.02 1.03
H12 19.75 38.83 50.85 0.06 0.00 0.61 0.01 1.11
H12 19.75 38.83 75.64 0.17 0.01 0.60 0.01 1.12
H12 19.75 38.83 75.66 0.18 0.01 0.70 0.01 1.14
H12 19.75 38.83 121.25 2.75 0.01 0.76 0.04 2.14
H12 19.75 38.83 201.17 4.07 0.00 0.63 0.10 3.29
H12 19.75 38.83 201.29 4.07 0.00 0.61 0.12 3.25
H12 19.75 38.83 499.68 4.99 0.00 0.75 0.19 5.49
H12 19.75 38.83 998.13 4.82 0.00 0.63 0.18 7.75
H12 19.75 38.83 1443.76 4.06 0.00 0.62 0.13 5.85
H12 MUC 19.75 38.83 1450.00 4.12 0.01 1.61 0.17 6.45
H10 19.00 39.92 6.98 0.93 0.13 1.10 0.02 1.71
H10 19.00 39.92 21.67 0.35 0.01 1.13 0.01 1.18

103



Table C.2. continued

. Depth Nitrate Nitrite Ammonia Phosphate Silicate
Stations Lon (°E) Lat (°N) (ng) (umol L ) (umol L %) (umol L ) (pmc?l LY (umol L ™)
H10 19.00 39.92 41.56 0.71 0.15 1.08 0.01 1.81
H10 19.00 39.92 41.68 0.50 0.07 1.14 0.02 1.45
H10 19.00 39.92 91.91 1.75 0.16 1.17 0.06 2.19
H10 19.00 39.92 101.53 1.85 0.10 1.14 0.03 2.20
H10 19.00 39.92 201.23 4.15 0.01 1.13 0.11 3.52
H10 19.00 39.92 300.51 4,52 0.01 1.12 0.15 4.10
H10 19.00 39.92 500.53 4,92 0.01 1.16 0.18 5.21
H10 19.00 39.92 914.47 3.53 0.01 1.16 0.12 4.14
HO8 18.17 39.42 6.29 0.32 0.04 1.22 0.03 1.34
HO8 18.17 39.42 21.37 0.31 0.04 1.17 0.03 1.32
HO8 18.17 39.42 28.93 0.60 0.09 1.17 0.03 1.42
HO8 18.17 39.42 50.64 0.94 0.18 1.15 0.02 1.62
HO8 18.17 39.42 101.57 3.94 0.02 1.18 0.12 3.09
HO8 18.17 39.42 119.99 4.20 0.01 1.18 0.13 3.36
HO8 18.17 39.42 170.16 4,58 0.01 1.18 0.16 3.87
HO8 18.17 39.42 201.32 4.87 0.01 1.15 0.17 4.41
HO8 18.17 39.42 500.54 5.04 0.01 1.15 0.18 5.80
HO8 18.17 39.42 1000.87 4,91 0.01 1.13 0.19 7.18
HO8 18.17 39.42 1333.56 4.17 0.01 1.14 0.15 5.30
HO4 16.00 35.92 7.09 0.10 0.01 1.09 0.02 0.82
HO4 16.00 35.92 21.95 0.15 0.00 1.12 0.02 0.76
HO4 16.00 35.92 52.34 0.17 0.01 1.11 0.02 0.98
H04 16.00 35.92 101.26 2.44 0.02 1.12 0.08 2.00
H04 16.00 35.92 179.58 4,57 0.01 1.13 0.15 3.84
H04 16.00 35.92 201.56 5.42 0.01 1.16 0.17 4,55
H04 16.00 35.92 500.26 5.41 0.00 1.14 0.21 6.65
HO04 16.00 35.92 988.35 4.96 0.00 1.13 0.19 7.74
HO04 16.00 35.92 1478.85 4.62 0.01 1.15 0.17 7.31
HO04 16.00 35.92 1975.66 4.41 0.00 1.09 0.16 7.00
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Table C.2. continued

. Depth Nitrate Nitrite Ammonia Phosphate Silicate
Stations Lon (°E) Lat (°N) (ng) (umol L ) (umol L %) (umol L ) (pmc?l LY (umol L ™)
H04 16.00 35.92 2955.99 4.56 0.00 1.16 0.16 6.97
H04 16.00 35.92 3677.42 4.13 0.00 1.13 0.14 6.64

HO04 _MUC 16.00 35.92 3738.00 4.25 0.03 1.43 0.18 6.36
HO3 18.50 35.75 7.97 0.10 0.00 1.21 0.02 0.81
HO3 18.50 35.75 23.10 0.08 0.00 1.27 0.02 0.86
HO3 18.50 35.75 43.94 0.11 0.00 1.21 0.02 0.87
HO3 18.50 35.75 102.12 0.33 0.03 1.21 0.03 0.92
HO3 18.50 35.75 202.83 2.01 0.01 1.31 0.05 1.55
HO3 18.50 35.75 502.34 5.08 0.00 1.15 0.19 5.59
HO3 18.50 35.75 990.97 5.22 0.01 1.11 0.21 8.11
HO3 18.50 35.75 1503.23 4.60 0.00 1.13 0.18 7.51
HO3 18.50 35.75 1981.42 4.62 0.00 1.12 0.18 7.65
HO3 18.50 35.75 2963.19 4,57 0.00 1.13 0.17 7.56
HO3 18.50 35.75 4005.52 4.09 0.00 1.11 0.14 6.45
HO5 18.50 37.50 7.04 0.06 0.00 1.16 0.01 0.89
HO5 18.50 37.50 22.17 0.06 0.01 1.17 0.01 0.91
HO5 18.50 37.50 59.25 0.06 0.01 1.24 0.01 0.84
HO5 18.50 37.50 101.65 0.13 0.03 1.22 0.01 0.92
HO5 18.50 37.50 201.91 1.84 0.01 1.29 1.57
HO5 18.50 37.50 237.17 2.65 0.01 1.16 0.07 1.99
HO5 18.50 37.50 501.57 4.86 0.01 1.19 0.17 5.17
HO5 18.50 37.50 1001.12 5.02 0.00 1.15 0.19 7.42
HO5 18.50 37.50 1501.63 4.70 0.00 1.11 0.18 7.57
HO5 18.50 37.50 1970.42 4,52 0.00 1.15 0.16 7.33
HO5 18.50 37.50 2952.44 4.17 0.00 1.11 0.14 6.74
HO5 18.50 37.50 3100.41 4.05 0.01 1.13 0.14 6.25

HO5 MUC 18.50 37.50 3154.00 4.07 0.01 1.43 0.13 6.24
HO6 18.50 38.50 7.31 0.07 0.00 1.20 0.03 0.87
HO6 18.50 38.50 12.91 0.08 0.00 1.26 0.02 0.93
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Table C.2. continued

. Depth Nitrate Nitrite Ammonia Phosphate Silicate
Stations Lon (°E) Lat (°N) (ng) (umol L ) (umol L %) (umol L ) (pmc?l LY (umol L ™)
HO6 18.50 38.50 22.92 0.05 0.00 1.22 0.02 0.94
HO6 18.50 38.50 52.94 0.06 0.01 1.25 0.02 0.90
HO6 18.50 38.50 102.27 0.32 0.05 1.34 0.02 0.97
HO6 18.50 38.50 152.57 1.08 0.02 1.34 0.04 1.32
HO6 18.50 38.50 202.97 3.32 0.02 1.41 0.10 2.50
HO6 18.50 38.50 276.29 4.07 0.02 1.36 0.13 3.35

HO6 18.50 38.50 500.00
HO6 18.50 38.50 983.89 5.16 0.03 1.42 0.19 7.85
HO6 18.50 38.50 1483.27 4.70 0.02 1.30 0.17 7.78
HO6 18.50 38.50 1981.05 4,52 0.02 1.36 0.16 7.46
HO6 18.50 38.50 2966.31 4,22 0.02 1.37 0.15 6.58
HO09 18.53 39.67 6.06 0.80 0.24 1.07 0.01 1.86
HO09 18.53 39.67 21.10 0.79 0.24 1.08 0.01 1.87
HO09 18.53 39.67 37.78 0.88 0.24 1.12 0.02 1.91
HO09 18.53 39.67 51.18 0.97 0.24 1.25 0.02 1.93
H09 18.53 39.67 100.81 2.46 0.08 1.08 0.05 2.80
HO9 18.53 39.67 202.03 4.15 0.01 1.09 0.11 3.53
HO9 18.53 39.67 251.89 4.45 0.00 1.09 0.13 3.89
HO9 18.53 39.67 501.10 4,77 0.00 1.11 0.17 7.14
HO09 18.53 39.67 534.03 4,57 0.01 1.14 0.16 6.47
H1l 19.33 39.28 7.02 0.11 0.00 1.22 0.03 0.90
H11l 19.33 39.28 21.97 0.09 0.00 1.12 0.01 0.91
Hi1l 19.33 39.28 52.09 0.10 0.10 1.16 0.02 0.95
Hi1l 19.33 39.28 77.29 0.96 0.05 1.09 0.02 1.38
Hi1l 19.33 39.28 181.01 4.11 0.01 1.16 0.14 3.20
Hi1l 19.33 39.28 201.43 4.38 0.00 1.09 0.13 3.41
Hi1l 19.33 39.28 500.32 5.10 0.00 1.15 0.17 5.56
Hi1l 19.33 39.28 1030.59 3.69 0.01 1.18 0.14 3.89
H11 MUC 19.33 39.28 1035.00 3.61 0.01 1.43 0.12 3.75
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Table C.2. continued

. Depth Nitrate Nitrite Ammonia Phosphate Silicate
Stations Lon (°E) Lat (°N) (ng) (umol L ) (umol L %) (umol L ) (pmc?l LY (umol L ™)
H02 21.00 35.75 7.23 0.07 0.00 0.81 0.02 0.90
H02 21.00 35.75 12.77 0.05 0.00 0.83 0.02 0.89
H02 21.00 35.75 22.60 0.06 0.01 0.84 0.02 0.91
H02 21.00 35.75 53.01 0.06 0.00 0.77 0.02 0.88
H02 21.00 35.75 102.15 0.07 0.00 0.85 0.02 1.08
H02 21.00 35.75 121.77 0.12 0.03 0.78 0.01 0.91
H02 21.00 35.75 201.68 0.93 0.01 0.80 0.02 1.04
H02 21.00 35.75 351.38 3.31 0.00 0.74 0.10 2.95
H02 21.00 35.75 500.54 4.16 0.00 0.72 0.15 4.75
H02 21.00 35.75 1000.26 5.13 0.00 0.84 0.20 8.48
HO2 21.00 35.75 1499.45 4,77 0.00 0.75 0.18 8.48
HO2 21.00 35.75 1979.26 4.61 0.00 0.74 0.17 7.90
HO2 21.00 35.75 2957.72 4,59 0.00 0.69 0.17 7.95

HO02 MUC 21.00 35.75 3008.00 4.67 0.01 1.40 0.16 7.83
HO1 23.00 35.75 8.89 0.07 0.00 0.53 0.03 0.90
HO1 23.00 35.75 23.80 0.22 0.02 0.77 0.03 0.93
HO1 23.00 35.75 44,56 0.09 0.02 0.61 0.02 0.92
HO1 23.00 35.75 52.99 0.15 0.01 0.63 0.02 0.91
HO1 23.00 35.75 103.81 0.06 0.01 0.62 0.02 1.04
HO1 23.00 35.75 122.42 0.39 0.62 0.02 1.01
HO1 23.00 35.75 204.00
HO1 23.00 35.75 243.27 3.90 0.00 0.61 0.11 3.02
HO1 23.00 35.75 503.59 3.77 0.00 0.68 0.13 4.19
HO1 23.00 35.75 1002.07 4.26 0.00 0.68 0.03 1.10
HO1 23.00 35.75 1499.26 5.67 0.00 0.65 0.18 8.61
HO1 23.00 35.75 2091.36 5.38 0.00 0.62 0.17 7.90

HO1 MUC 23.00 35.75 2117.00 4.63 0.01 1.41 0.16 7.81
ler01 26.19 34.44 8.32 0.06 0.02 0.67 0.02 0.84
lerO1 26.19 34.44 23.35 0.06 0.02 0.68 0.02 0.89
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Table C.2. continued

. Depth Nitrate Nitrite Ammonia Phosphate Silicate
Stations Lon (°E) Lat (°N) (ng) (umol L ) (umol L %) (umol L ) (pmc?l LY (umol L ™)
ler01 26.19 34.44 43.05 0.04 0.02 0.69 0.02 0.92
ler01 26.19 34.44 52.04 0.04 0.02 0.67 0.02 0.79
ler01 26.19 34.44 101.70 0.03 0.02 0.59 0.03 0.91
ler01 26.19 34.44 101.94 0.04 0.02 0.65 0.02 0.78
ler01 26.19 34.44 149.33 0.03 0.02 0.64 0.02 0.81
ler01 26.19 34.44 194.87 0.04 0.02 0.64 0.02 0.79
ler01 26.19 34.44 500.09 2.73 0.01 0.65 0.08 2.88
ler01 26.19 34.44 999.34 5.98 0.00 0.54 0.22 8.85
ler01 26.19 34.44 1488.97 5.40 0.00 0.60 0.20 8.96
ler01 26.19 34.44 1978.32 5.33 0.00 0.62 0.20 8.86
ler01 26.19 34.44 2964.50 5.15 0.00 0.78 0.18 8.12
ler01 26.19 34.44 3571.22 5.15 0.00 0.61 0.17 8.06

ler01_MUC 26.19 34.44 3626.00 4.67 0.00 1.38 0.17 8.25
Her01 27.74 33.92 7.58 0.11 0.02 0.90 0.02 0.94
Her01 27.74 33.92 12.11 0.11 0.01 0.75 0.01 0.93
Her01 27.74 33.92 22.40 0.10 0.02 0.76 0.02 0.93
Her01 27.74 33.92 37.07 0.32 0.02 1.06 0.01 0.96
Her01 27.74 33.92 52.17 0.18 0.03 1.00 0.03 0.99
Her01 27.74 33.92 101.94 1.72 0.01 0.78 0.04 1.90
Her01 27.74 33.92 202.26 3.25 0.01 0.80 0.10 3.42
Her01 27.74 33.92 251.50 3.96 0.00 0.71 0.13 4,57
Her01 27.74 33.92 501.93 5.38 0.01 0.70 0.21 7.91
Her01 27.74 33.92 1000.94 5.17 0.00 0.71 0.20 9.47
Her01 27.74 33.92 1499.90 4.84 0.00 0.71 0.19 8.89
Her01 27.74 33.92 1988.78 4.65 0.00 0.69 0.17 8.47
Her01 27.74 33.92 2453.97 4.66 0.00 0.66 0.17 8.50

Her01_MUC 27.74 33.92 2680.00 4.69 0.02 1.29 0.19 8.49
Her03 29.00 33.67 10.91 0.36 0.02 0.69 0.02 0.87
Her03 29.00 33.67 26.03 0.28 0.01 0.63 0.01 0.84
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Table C.2. continued

. Depth Nitrate Nitrite Ammonia Phosphate Silicate
Stations Lon (°E) Lat (°N) (nﬁ) (umol L ) (umol L % (umol L ) (pmc?l LY (umol L ™)
Her03 29.00 33.67 105.21 0.31 0.01 0.65 0.01 0.85
Her03 29.00 33.67 205.17 0.36 0.01 0.58 0.02 0.84
Her03 29.00 33.67 225.15 0.79 0.01 0.89 0.03 0.95
Her03 29.00 33.67 253.95 0.93 0.01 0.68 0.04 1.05
Her03 29.00 33.67 504.86 4.46 0.00 0.65 0.15 5.33
Her03 29.00 33.67 1003.40 5.38 0.00 0.67 0.22 9.23
Her03 29.00 33.67 1503.02 4.92 0.00 0.65 0.19 9.23
Her03 29.00 33.67 1972.83 4.70 0.00 0.67 0.18 8.66
Her03 29.00 33.67 2958.08 4.63 0.00 0.65 0.17 8.48
Her03 29.00 33.67 3024.26 4.62 0.00 0.66 0.17 8.48
Her03_MUC 29.00 33.67 3090.00 4.68 0.00 1.27 0.18 8.52
Rho02 27.70 35.62 5.00
Rho02 27.70 35.62 22.81 0.57 0.05 0.83 0.02 1.49
Rho02 27.70 35.62 52.10 0.64 0.05 0.78 0.02 1.58
Rho02 27.70 35.62 85.44 0.68 0.05 0.83 0.02 1.63
Rho02 27.70 35.62 102.23 0.70 0.05 0.82 0.02 1.61
Rho02 27.70 35.62 180.54 0.69 0.05 0.78 0.03 1.70
Rho02 27.70 35.62 201.58 0.72 0.05 0.78 0.02 1.65
Rho02 27.70 35.62 201.59 0.82 0.05 0.92 0.03 1.71
Rho02 27.70 35.62 499.92 5.52 0.00 0.74 0.21 8.17
Rho02 27.70 35.62 999.08 5.18 0.00 0.74 0.20 9.62
Rho02 27.70 35.62 1284.98 5.08 0.00 0.77 0.20 9.73
Rho02_MUC 27.70 35.62 1305.00 5.18 0.00 1.26 0.21 10.20
Sko1 23.80 39.56 1.00
Sko1 23.80 39.56 6.63 0.08 0.00 0.63 0.02 1.39
Sk01 23.80 39.56 21.63 0.07 0.00 0.65 0.02 1.40
Sk01 23.80 39.56 44,75 0.51 0.04 0.72 0.02 1.61
Sk01 23.80 39.56 52.54 0.67 0.04 0.76 0.03 1.68
Sk01 23.80 39.56 81.12 1.28 0.02 0.70 0.05 1.92
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Table C.2. continued

. Depth Nitrate Nitrite Ammonia Phosphate Silicate
Stations Lon (°E) Lat (°N) (ng) (umol L ) (umol L %) (umol L ) (pmc?l LY (umol L ™)
Sk01 23.80 39.56 100.45 1.54 0.02 0.65 0.06 2.01
Sk01 23.80 39.56 201.24 2.43 0.01 0.77 0.09 2.67
Sko1 23.80 39.56 351.65 2.55 0.01 0.69 0.12 3.38
Sk01 23.80 39.56 501.70 3.54 0.00 0.64 0.17 5.19
Sk01 23.80 39.56 1001.34 4.61 0.00 0.72 0.22 9.15
Sko1 23.80 39.56 1247.40 4.66 0.00 0.72 0.23 9.94

Sk01 _MUC 23.80 39.56 1264.00 4.82 0.00 1.32 0.24 10.25
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Table C.3. Sampling locations and concentrations of the total nitrogen in suspended particles (PNsusp), total reduced nitrogen (TRN) and total carbon (TC), expressed in ymol
L™ and pgr L™ respectively. Table C.3. contains also the isotopic values of nitrogen (3'°N) and oxygen (3'°0) in nitrate, as well as the isotopic values of 3"°N in suspended
particles (3"°N-PNsusp) and in the total reduced nitrogen (3"°N-TRN), from several depths of the column and from the MUC. In the last column, the isotopic values of *C of the
total organic carbon (*C-TOC) in several depths of the water column are presented.

. Depth 5°N-NOs 5°0-NOs PN suspended 5" °N-PNsus TRN 5°N-TRN TC 13
Station LonCE) — Lat(™) ) (%o) (%) (umol L %)  (umolL) %)  (ugrLh OCTOC
HO7 17.75 39.17 7.22
HO7 17.75 39.17 22.09
HO7 17.75 39.17 51.97
HO7 17.75 39.17 52.07 0.99 3.06
HO7 17.75 39.17 102.47 2.06 3.24
HO7 17.75 39.17 152.58 1.67
HO7 17.75 39.17 202.07 1.05 2.33
HO7 17.75 39.17 298.80 1.74 3.47
HO7 17.75 39.17 502.03 1.88 3.29
HO7 17.75 39.17 992.57 2.07
HO7 17.75 39.17 1482.03 2.26
HO7 17.75 39.17 1634.50 2.02
HO7_MUC 17.75 39.17 1866 2.17
H12 19.75 38.83 5.70
H12 19.75 38.83 21.28
H12 19.75 38.83 50.85
H12 19.75 38.83 75.64 1.75 4.36
H12 19.75 38.83 75.66
H12 19.75 38.83 121.25 1.71
H12 19.75 38.83 201.17
H12 19.75 38.83 201.29 1.34
H12 19.75 38.83 499.68 1.94 2.61
H12 19.75 38.83 998.13 2.15
H12 19.75 38.83 1443.76 1.96
H12_MUC 19.75 38.83 1450 2.13
H10 19.00 39.92 6.98

111



Table C.3. continued

. Depth 5°N-NOs 5°0-NO:s PN suspended 5"°N-PNsus TRN 5"°N-TRN TC 13

Station Lon (°E) Lat (°N) (rg) (%) (%) (pmoFI) LY (%) P (umol L% (%) (uar LY 8°C-TOC

H10 19.00 39.92 21.67 8.6 19.28

H10 19.00 39.92 41.56 7.9

H10 19.00 39.92 41.68

H10 19.00 39.92 91.91 3.8 9.45

H10 19.00 39.92 101.53 3.4

H10 19.00 39.92 201.23 1.66 2.82

H10 19.00 39.92 300.51 1.54 2.83

H10 19.00 39.92 500.53 1.63 2.93

H10 19.00 39.92 914.47 2.12

HO8 18.17 39.42 6.29 9.9 21.48 0.56 2.39 2.88 1.50

HO8 18.17 39.42 21.37 3.47

HO8 18.17 39.42 28.93 5.4 0.64 3.09 3.07

HO8 18.17 39.42 50.64 3.93 8.81 3.45 -1.10

HO8 18.17 39.42 101.57 1.75 3.79 2.48 -0.20

HO8 18.17 39.42 119.99 1.6 4.24 1.98 -2.40

HO8 18.17 39.42 170.16 1.87 2.07 -0.30

HO8 18.17 39.42 201.32 1.97 3.86 1.25 -1.30

HO8 18.17 39.42 500.54 2.3 4.44 2.65 -1.40

HO8 18.17 39.42 1000.87 2.33 0.20 8.44 1.13

HO8 18.17 39.42 1333.56 2.03 0.20 7.32 3.24 2.60

HO4 16.00 35.92 7.09 0.22 1.79 4.54 0.94 -24.39

HO4 16.00 35.92 21.95 3.23

HO4 16.00 35.92 52.34 0.22 0.31 3.01 0.84 -23.00

HO4 16.00 35.92 101.26 1.78 2.29 2.30

HO4 16.00 35.92 179.58 1.82 2.55 3.20

HO4 16.00 35.92 201.56 3.26 6.61 0.13 6.10 5.65 3.60 0.47 -24.88

HO4 16.00 35.92 500.26 2.1 5.51 0.08 6.26 1.48 4.50 0.40 -24.52

HO4 16.00 35.92 988.35 2.02 3.68 0.05 5.17 2.10 6.40

HO4 16.00 35.92 1478.85 1.81 4.60 1.42 14.40
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Table C.3. continued

. Depth 5°N-NOs 5°0-NO:s PN suspended 5"°N-PNsus TRN 5"°N-TRN TC 13
Station Lon (°E) Lat (°N) (rg) (%) (%) (pmoFI) LY (%) P (umol L% (%) (uar LY 8°C-TOC

HO4 16.00 35.92 1975.66 2.53 4.39 2.81 11.00

HO4 16.00 35.92 2955.99 2.48 4.05 1.08 11.80

HO4 16.00 35.92 3677.42 2.62 0.13 6.67 1.40 13.70 0.91 -24.78
HO04_MUC 16.00 35.92 3738 2.62 2.52 6.10

HO3 18.50 35.75 7.97 0.32 0.10 4.18

HO3 18.50 35.75 23.10 3.82

HO3 18.50 35.75 43.94 0.38 0.60 2.59

HO3 18.50 35.75 102.12 6.3 3.40 0.81

HO3 18.50 35.75 202.83 1.64 5.06 0.18 7.06 3.02 0.60

HO3 18.50 35.75 502.34 1.86 3.46 0.26 8.13 1.93 1.10

HO3 18.50 35.75 990.97 1.86 2.39 0.39 8.06 1.69 2.30

HO3 18.50 35.75 1503.23 2.53 4.13 2.67 1.90

HO3 18.50 35.75 1981.42 2.26 3.54 2.41 5.40

HO3 18.50 35.75 2963.19 2.03 3.44 2.58 5.20

HO3 18.50 35.75 4005.52 2.34 0.13 7.45 2.99 6.70

HO5 18.50 37.50 7.04 0.37 1.37 1.16 -22.89

HO5 18.50 37.50 22.17

HO5 18.50 37.50 59.25 0.41 1.25 1.10 -24.67

HO5 18.50 37.50 101.65

HO5 18.50 37.50 201.91 1.7 5.44 0.18 6.38 0.58 -24.95

HO5 18.50 37.50 237.17

HO5 18.50 37.50 501.57 1.46 2.82 0.13 7.46 0.62 -24.27

HO5 18.50 37.50 1001.12 0.33 8.10 0.66 -24.33

HO5 18.50 37.50 1501.63

HO5 18.50 37.50 1970.42

HO5 18.50 37.50 2952.44

HO5 18.50 37.50 3100.41 2.15 4.59 0.09 6.70 0.48 -25.34
HO5_MUC 18.50 37.50 3154

HO6 18.50 38.50 7.31 0.40 0.99 0.77 -21.90
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Table C.3. continued

. Depth 5°N-NOs 5°0-NO:s PN suspended 5"°N-PNsus TRN 5"°N-TRN TC 13

Station Lon (°E) Lat (°N) (rg) (%) (%) (pmoFI) LY (%) P (umol L% (%) (uar LY 8°C-TOC

HO6 18.50 38.50 12.91

HO6 18.50 38.50 22.92 0.40 0.66 1.19 -23.68

HO6 18.50 38.50 52.94

HO6 18.50 38.50 102.27

HO6 18.50 38.50 152.57 1.7 7.24

HO6 18.50 38.50 202.97 1.31 0.13 6.03 0.50 -24.42

HO6 18.50 38.50 276.29 1.55 3.82 0.10 7.08

HO6 18.50 38.50 500 0.10 7.08 7.34 -24.98

HO6 18.50 38.50 983.89 2.17 3.12 0.08

HO6 18.50 38.50 1483.27 2.03 3.10

HO6 18.50 38.50 1981.05 2.03 3.37 0.14 6.18 0.27 -24.54

HO6 18.50 38.50 2966.31 2.05 3.61 0.09 7.02 0.45 -25.96

HO9 18.53 39.67 6.06 6 1.49

HO9 18.53 39.67 21.10 5.7 1.29

HO9 18.53 39.67 37.78 6.1 10.55 1.90

HO9 18.53 39.67 51.18 5.3 7.34 1.63

HO9 18.53 39.67 100.81 2.67 9.33 1.66 3.40

HO9 18.53 39.67 202.03 2.03 3.55 1.25 5.50

HO9 18.53 39.67 251.89 1.69 2.92 1.18 6.60

HO9 18.53 39.67 501.10 2.47 3.33 0.85 7.70

HO9 18.53 39.67 534.03 2.05 2.63 1.22 5.90

H11 19.33 39.28 7.02 0.44 1.02 1.93

H11 19.33 39.28 21.97 2.68

H11 19.33 39.28 52.09 1.94

H11 19.33 39.28 77.29 3.34 6.71 0.43 2.38 1.68 -0.90

H11 19.33 39.28 181.01 1.65 6.49 3.20 5.40

H11 19.33 39.28 201.43 1.32 5.54 2.13 2.30

H11 19.33 39.28 500.32 1.78 3.07 3.04 5.00

H11 19.33 39.28 1030.59 2.03 0.12 7.90 2.11 0.70
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Table C.3. continued

. Depth 5°N-NOs 5°0-NO:s PN suspended 5"°N-PNsus TRN 5"°N-TRN TC 13
Station Lon (°E) Lat (°N) (rg) (%) (%) (pmoFI) LY (%) P (umol L% (%) (uar LY 8°C-TOC

H11_MUC 19.33 39.28 1035

HO2 21.00 35.75 7.23 0.40 1.20 2.15 1.17 -21.68

HO2 21.00 35.75 12.77 0.39 1.33 2.29 1.19 -22.59

HO2 21.00 35.75 22.60 2.72

HO2 21.00 35.75 53.01 1.98

HO2 21.00 35.75 102.15 1.36

HO2 21.00 35.75 121.77 1.16

HO2 21.00 35.75 201.68 0.6 5.24 0.22 6.85 1.80 2.40 0.90 -24.58

HO2 21.00 35.75 351.38 1.39 3.97 1.63

HO2 21.00 35.75 500.54 1.3 0.49 7.10

HO2 21.00 35.75 1000.26 1.96 0.84 14.10

HO2 21.00 35.75 1499.45 2.16 0.74 5.50

HO2 21.00 35.75 1979.26 2.17 0.72 7.40

HO2 21.00 35.75 2957.72 2.09 0.13 6.97 0.84 6.20 0.61 -25.51
H02_MUC 21.00 35.75 3008 2.51 1.59 8.60

HO1 23.00 35.75 8.89 0.38 0.70 0.60 -22.24

HO1 23.00 35.75 23.80

HO1 23.00 35.75 44.56 0.43 2.36 0.75 -22.79

HO1 23.00 35.75 52.99

HO1 23.00 35.75 103.81

HO1 23.00 35.75 122.42

HO1 23.00 35.75 204 0.22 6.63 1.11 -24.05

HO1 23.00 35.75 243.27 1.39

HO1 23.00 35.75 503.59 1.64 0.17 7.72 0.97 -24.51

HO1 23.00 35.75 1002.07

HO1 23.00 35.75 1499.26 2.39

HO1 23.00 35.75 2091.36 2.31 0.11 8.10 0.76 -24.96
HO1_MUC 23.00 35.75 2117 2.43

ler01 26.19 34.44 8.32 0.32 0.76 3.44
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Table C.3. continued

. Depth 5°N-NOs 5°0-NO:s PN suspended 5"°N-PNsus TRN 5"°N-TRN TC 13
Station Lon (°E) Lat (°N) (rg) (%) (%) (pmoFI) LY (%) P (umol L% (%) (uar LY 8°C-TOC
ler01 26.19 34.44 23.35 3.56
ler01 26.19 34.44 43.05 4.16
ler01 26.19 34.44 52.04 0.45 1.60 3.86
ler01 26.19 34.44 101.70 3.47
ler01 26.19 34.44 101.94 3.36
ler01 26.19 34.44 149.33 3.47
ler01 26.19 34.44 194.87 0.34 1.33 3.46
ler01 26.19 34.44 500.09 1.22 2.90 1.20
ler01 26.19 34.44 999.34 2.23 0.13 7.37 0.60 3.00
ler01 26.19 34.44 1488.97 2.24 1.90 5.10
ler01 26.19 34.44 1978.32 2.44 1.90 4.20
ler01 26.19 34.44 2964.50 2.23 2.20 4.90
ler01 26.19 34.44 3571.22 2.24 0.14 7.26 1.90 4.70
ler01_MUC 26.19 34.44 3626 2.18 3.10 3.50
Her01 27.74 33.92 7.58 0.31 0.43 0.68 -22.03
Her01 27.74 33.92 12.11
Her01 27.74 33.92 22.40
Her01 27.74 33.92 37.07
Her01 27.74 33.92 52.17 0.36 1.74 0.73 -22.93
Her01 27.74 33.92 101.94 1.6 6.59
Her01 27.74 33.92 202.26 1.58 0.27 7.92 0.73 -24.40
Her01 27.74 33.92 251.50 1.59 3.14
Her01 27.74 33.92 501.93 1.9
Her01 27.74 33.92 1000.94 2.32 0.13 8.49 0.78 -24.47
Her01 27.74 33.92 1499.90 2.51
Her01 27.74 33.92 1988.78 2.12
Her01 27.74 33.92 2453.97 2.21
Her01_MUC 27.74 33.92 2680 2.3
Her03 29.00 33.67 10.91 0.23 1.19 5.40 1.22 -24.33
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Table C.3. continued

. Depth 5°N-NOs 5°0-NO:s PN suspended 5"°N-PNsus TRN 5"°N-TRN TC 13

Station Lon (°E) Lat (°N) (rg) (%) (%) (pmoFI) LY (%) P (umol L% (%) (uar LY 8°C-TOC
Her03 29.00 33.67 26.03 2.98

Her03 29.00 33.67 26.47 0.31 0.45 2.46

Her03 29.00 33.67 66.20 2.27

Her03 29.00 33.67 105.21 2.50

Her03 29.00 33.67 205.17 0.32 0.87 2.35

Her03 29.00 33.67 225.15 2.07

Her03 29.00 33.67 253.95 0.1 5.24 2.21

Her03 29.00 33.67 504.86 1.43 5.74 0.51 3.70

Her03 29.00 33.67 1003.40 2.24 0.11 6.19 0.78 5.00 0.78 -23.84
Her03 29.00 33.67 1503.02 2.35 0.00 1.10

Her03 29.00 33.67 1972.83 2.26 1.00 2.20

Her03 29.00 33.67 2958.08 2.19 1.58 9.10

Her03 29.00 33.67 3024.26 2.17 0.12 7.82 0.97 10.20 0.71 -25.66

Her03_MUC 29.00 33.67 3090 2.29 0.86 7.30

Rho02 27.70 35.62 5.00 0.46 1.04 1.29 -21.19
Rho02 27.70 35.62 22.81 1.64

Rho02 27.70 35.62 52.10 0.53 1.11 1.88 1.70 -23.55
Rho02 27.70 35.62 85.44 1.55

Rho02 27.70 35.62 102.23 1.80

Rho02 27.70 35.62 180.54 1.78

Rho02 27.70 35.62 201.58 0.46 1.62 1.84

Rho02 27.70 35.62 201.59 1.87

Rho02 27.70 35.62 499.92 2.18 5.64 0.30 1.24 -23.79
Rho02 27.70 35.62 999.08 2.94 0.11 7.26 0.10 6.20 0.71 -24.04
Rho02 27.70 35.62 1284.98 2.22 0.14 7.68 0.02 9.90 1.00 -24.81

Rho02_MUC 27.70 35.62 1305 2.82 1.10 7.20

Sko1 23.80 39.56 1.00

Sko1 23.80 39.56 6.63 0.53 2.13 3.62

sko1 23.80 39.56 21.63 3.73
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Table C.3. continued

. Depth 5°N-NOs 5°0-NO:s PN suspended 5"°N-PNsus TRN 5"°N-TRN TC 13
Station Lon (°E) Lat (°N) (nF:) (%) (%) (pmoFI) LY (%) P (umol L% (%) (uar LY 8°C-TOC
Sko1 23.80 39.56 44.75 5.9 0.56 1.72 3.45 -0.60
Sko1 23.80 39.56 52.54 2.2 3.59
Sko1 23.80 39.56 81.12 1.84 7.67 3.80 2.20
Sko1 23.80 39.56 100.45 1.82 4.27 3.14 2.20
sko1 23.80 39.56 201.24 1.56 2.74 3.16 2.90
sko1 23.80 39.56 351.65 2.47 2.74 3.34 4.00
sko1 23.80 39.56 501.70 2.17 0.23 7.71 3.16 2.50
sko1 23.80 39.56 1001.34 2.38 0.15 7.83 3.99 4.50
Sko1 23.80 39.56 1247.40 2.34 0.13 8.28 2.74 2.10
Skol_MUC 23.80 39.56 1264 2.18 4.28 4.10
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