Assessing the role of dissolved organic nitrogen in

different aquatic ecosystems

Dissertation
zur Erlangung des Doktorgrades
der Naturwissenschaften im Department
Geowissenschaften

der Universitat Hamburg

vorgelegt von

Tim Knut Schlarbaum

aus Hamburg

Hamburg

2011






als Dissertation angenommen
vom Department fir Geowissenschaften der Universitat Hamburg

auf Grund der Gutachten von

Prof. Dr. Kay-Christian Emeis
Und

Dr. Alejandro Spitzy

Hamburg, den 15.04.2011

Prof. Dr. Jurgen ORenbrigge

Leiter des Department Geowissenschaften






Fiir meine Familie






Zusammenfassung

Zusammenfassung

Geldster organischer Stickstoff (engl.: dissolvegboic nitrogen, DON) reprasentiert in
Gewassern oft einen der grof3ten Anteile an reaktiickstoff. Allerdings sind die
Bedeutung und die Rolle des DON im aquatischenk&téfkreislauf bisher noch nicht
hinreichend geklart. Bis vor einiger Zeit war diernehmliche Meinung, dass DON ein fur
Organismen ungeeigneter, abbauresistenter Stifstfsei. Dieser Standpunkt hat sich in
den letzten Jahren gedndert und DON ist zunehmertem Fokus gerickt, eine wichtige
Quelle und aktiver Teil in Umsetzungsprozessen veaktivem Stickstoff zu sein.
Untersuchungen der Verteilung stabiler Stickstotpe in DON sowie in
Umsetzungsprozessen, die mit ausgepragten Isotadnhierungen einhergehen, haben

ihren Anteil dazu beigetragen.

In der vorliegenden Arbeit beurteile ich anhand Wonzentrationsmessungen und
anhand der Analytik stabiler Stickstoffisotope mntbiniertem DON und Ammonium, sowie
zusatzlich von partikularem Stickstoff (particulatgrogen, PN) und Nitrat, die Rolle von
DON im Stickstoffkreislauf zweier sehr unterschielér aquatischer Okosysteme. Die Elbe
und das Elbeastuar reprasentieren hierbei ein ghaso Okosystem, charakterisiert durch
einen sehr grol3en Nitratiberschuss, der die Umsgtzean DON durch Phytoplankton und
heterotrophe Organismen unnotig machen sollte. eDiesiden Szenarien werden in den
Kapiteln 3 (Elbeastuar) und 4 (Elbe) betrachtet@agensatz dazu ist das 6stliche Mittelmeer
ein extrem oligotrophes Okosystem, von dem vermuiet, dass DON dort eine quantitativ
signifikante Rolle als Stickstoffspeicher und —d@elinnimmt; Ergebnisse aus diesem System

werden in Kapitel 5 prasentiert.

Im Elbeastuar wurden Proben analysiert, die zuchedenen Jahreszeiten (Oktober
2005, Juni 2006 und Dezember 2006) entlang deg@aiznten von 0 bis 32 genommen
wurden. Die daraus resultierenden Daten zeigers B&N, im Gegensatz zu Nitrat, nicht-
konservatives Mischungsverhalten im Salzgradientdes Astuars aufweist. Im
Zusammenhang mit sich ebenfalls verandernden Isotderhaltnissen ist dies ein Hinweis
auf Umsetzungsprozesse im Astuar und auf die Existen Quellen und Senken fiir DON.
Adsorptions- und Desorptionsprozesse sind verntuttie Ursache fir den signifikanten
Konzentrationsabfall und das Absinken der Isotogerhaltnisse in der astuaren

Tribungsmaximumszone (TMZ) und dem steilen Anstlexser beiden Parameter auf der
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flussabwarts gelegenen Seite der TMZ. Dieses Viasinuster konnte in allen beobachteten
Jahreszeiten nachgewiesen werden. Bei VergleiclieDaten alterer Studien zeigt sich, dass

DON-Frachten im Elbeastuar in den letzten 25 Jabreerandert geblieben sind.

Am Geesthachter Wehr wurden geloste und partikustrekstofffrachten und ihre
Isotopenverhaltnisse in der Tide-freien Elbe Ubezhmals zwei Jahre in monatlicher
Auflésung analysiert (Juni 2005 bis Dezember 20@ig Daten fir Nitrat weisen einen
Jahreszyklus mit zwei Perioden auf, bedingt dusibamal variierende biologische Aktivitat.
Die Daten fur kombiniertes DON und Ammonium zeialmrggch durch einen komplexeren
Zyklus mit vier Perioden pro Jahr aus. Das Auswasclon organischen Dungemitteln aus
den Boden im Elbumland wird als Ursache fur diedavéichung von dem erwarteten
natiirlichen Jahreszyklus angenommen. Die ahnlictienidufe derd>DON- und §*°PN-

Daten weisen dabei auf eine enge Verbindung die=den Stickstoffgruppen hin.

Das Ostliche Mittelmeer ist ein nahrstoffarmes atigphes Okosystem mit im
Vergleich zu anderen Meeren ungewohnlich niedri¢ggtopenverhaltnissen in reaktiven
Stickstoffverbindungen. Im Januar und Februar 20@Irden Proben an verschieden
Stationen des Ostlichen Mittelmeeres genommen wfdlsotopenverhaltnisse in Nitrat,
gesamt geldsten reduzierten Stickstoff (total dissb reduced nitrogen, TRN, d.h.
hauptsachlich DON) und suspendiertem partikulareck8off analysiert. Im Tiefenwasser
war Nitrat starker af’N abgereichert als in anderen vergleichbaren Me@arTRN und PN
an ®N angereichert waren, wird extensive Mineralisatioon PN als Ursache fir die
Isotopenzusammensetzungen des reaktiven StickstoffSiefenwasser angenommen. Das
Isotopenverhaltnis von TRN lasst darauf schliefdass TRN zum einen ein Nebenprodukt
dieser Mineralisation im Tiefenwasser ist, und zanderen in der euphotischen Zone als

Nebenprodukt von Phytoplankton-Assimilation bzwy#blankton-Fral3 entsteht.
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Abstract

Dissolved organic nitrogen (DON) is often one & thrgest pools of reactive nitrogen in
aquatic environments, but the significance and ebIBON in the aquatic nitrogen cycle is still
under debate. Until recently, the prevailing viewswhat DON is a recalcitrant nitrogen pool
unavailable to organisms; this view changed inmegears, and DON is increasingly recognised
as an important pool and active participant in treaaitrogen turnover processes. Part of this
recognition originated from investigations intoldéanitrogen isotope distributions in DON and

transformation processes that are associated istthal isotope fractionation.

In this thesis | used concentration and stableojgotanalyses of combined DON and
ammonium, and in addition of particular nitrogemNYRnd nitrate to assess the role of DON in
the nitrogen cycle of two very different aquatioggstems. The Elbe River and estuary represent
a eutrophic ecosystem with a large nitrate surgitas may make the utilisation of DON by
phytoplankton or heterotrophic organisms unnecgsgase two settings are studied in Chapter 3
(Elbe estuary) and Chapter 4 (Elbe River). TheesadVlediterranean Sea, in contrast, is an
example for a highly oligotrophic ecosystem whei®NDis supposed a play a quantitatively

significant role as an N repository and sourcayltesor this system are presented in Chapter 5.

In the Elbe estuary, measurements were made onesatagen along a salinity gradient
from O to 32 during different seasons (October 2008e 2006, and December 2006). These data
show that in contrast to nitrate DON exhibits nonservatively mixing in the salinity gradient of
the estuary. Combined with changing isotope ratibs is an indicator for transformation
processes and for the existence of sources ansl GirfiBON in the Elbe estuary. Adsorption and
desorption processes are proposed to be the rdasadine significant decrease of DON
concentrations and isotope ratios in the estuanrdity maximum zone (TMZ) and the sharp
increase of these parameters at the salty sideedfMZ, since these patterns could be observed

in all seasons sampled. Compared to older dat&@@i¢ load did not change in the last 25 years.

At the weir of Geesthacht, the dissolved and padie N-loads and their isotopic
composition in the non-tidal part of the Elbe Ris been monitored for more than two years
(June 2005 to December 2007) at monthly resolutibtmate data reveal a two-period annual
cycle due to seasonally varying biological produtj data of combined DON and ammonium a

more complex four-period annual cycle. Elution gfamic fertilizers from soils in the catchment
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of the Elbe River is the likely reason for obserd#terences from expected natural DON and
ammonium cycles. The similarities of the trend$'8DON and&"*PN indicate a close coupling

of these nitrogen pools.

The eastern Mediterranean Sea (EMS) is a nutr@mt-pligotrophic ecosystem with
unusually low isotope ratios in reactive nitrogemls compared to other oceanic environments.
In January and February 2007, samples were takeliffatent stations across the EMS and
analysed in terms of isotope ratios in nitrategltdtssolved reduced nitrogen (TRN, i.e. mainly
DON) and suspended PN. In deep water, nitrate ware epleted if°N than in comparable
oceanic environments. Since PN and TRN wakeenriched, extensive mineralisation of PN
may be the cause of the isotopic makeup of reactitregen in deep water, and isotopic
properties of TRN suggest that it is a by-proddidhese mineralisation processes in deep water,
and generated as a by-product of phytoplanktonrmdasbn or phytoplankton grazing in the
euphotic zone.
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Introduction

1. Introduction

1.1 Dissolved organic nitrogen — general informatio n

The study of marine nutrient cycles is an impor{aent of biogeochemistry. One of the
most important one is the marine nitrogen cyclecesinitrogen is an essential element for all
organisms. This cycle contains both inorganic arghimic compounds of nitrogen, in which
the organic fraction can be separated into dissobrganic nitrogen (DON) and particular
nitrogen.

DON is the nitrogen-bearing part of the dissolvedanic matter (DOM) in aquatic
environments, and it is defined as that part ofditganic nitrogen that can be filtered through
a filter with 0.45 pm pore-size. The contributidnD®ON to total dissolved nitrogen (TDN) in
natural environments varies between 15% and 90%eEbDON concentrations are found in
the deep ocean and high concentrations in rivengyevhighest DON dominance characterise
unpolluted rivers (Wiegner et al., 2006). DON forengotential source of nitrogen, carbon,
and energy (Bronk, 2002), which are essential iganisms. But even though the DON
contribution to most N-pools in marine and frestewagcosystems is relatively high, it has
been considered to be a largely inert pool of logiemeous composition without any relevant
function as a nitrogen source (William and Druffe®87). This point of view changed over
the last years with numerous studies that spetiifidaalt with biological processes in which
DON was involved. Stepanauskas et al. (1999 agun)d that a substantially larger fraction of
DON is assimilated by marine than by freshwatertdramplankton, and Bronk et al. (2007)
investigated the influence of DON on harmful algbdoms in seasons when the inorganic
nitrogen pools are exhausted. Seitzinger and Sand&97) and Seitzinger et al. (2002)
studied the bioavailability of DON and observedt tie proportion of DON that is utilizable
by phytoplankton varies by source and land usepath the catchment.

Compositionally, DON is a heterogeneous mixture bajlogically labile moieties
(turnover times on the order of days to weeks) m@fichctory components which persist for
months to hundreds of years. While the refractoagten dominates quantitatively, the labile
forms are supposed to be relevant nitrogen sodiocdsological systems. The composition of
DON varies, and a considerable part is still unidiea. The main identified compounds are

urea with a proportion of ~ 5% of DON, dissolveddramino acids (DFAA, ~ 6%), dissolved
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combined amino acids (DCAA, ~ 7%), and humic angi¢uacids. The DCAA fraction can
be divided into three categories (Keil and Kirchm&®93). The first category with the lowest
contribution of less than 10% of DCAA includes mios, similar to that freshly extracted
from phytoplankton, with turnover times of hoursd@ys. In eutrophic waters proteins are the
dominant form of DCAA (Billen, 1991). Proteins kimeally similar to abiotically
glycosylated proteins are part of the second cayegbhey account for almost 50% of
DCAA; the turnover time of this category is muclovsér than that of biotically produced
proteins. Nonproteinaceous DCAA belong to the ¢aseégory with an amount of almost 50%
of DCAA. These amino acids are linked to humic wivit compounds (Lytle and Perdue,
1981) or adsorbed on clays or other materials (Hedgnd Hare, 1987). They are
characterized by resistance to standard liquiddiysis and by unknown turnover times.

The fraction of humic and fulvic acids, the mosdiophobic components of DON,
contains organic acids with molecular weights o050 10000 MW, and can also be
separated into three categories. The first categappmpasses humic acids, which are not
soluble at a pH of less than 2. This category s 10% to 20% of DOM. Fulvic acids,
the second category, are hydrophilic acids andalele under natural pH conditions. This is
the biggest fraction of DOM with a contributionedual or more than 50% (Thurman, 1985).
Humins, which are mostly insoluble, but may fronla@ds (Ishiwatari, 1992), form the third
category. In addition, other organic compounds hbeen identified, like nucleic acids,
purines, pyrimidines, pteridines, methylamines anehtine (Antia et al., 1991). However,
these compounds represent only a small fractidn@.

In many studies DON is separated by ultracentrifiogahrough a 1-kDa ultrafilter and
thus is differentiated in two fractions: low molémuweight DON (LMW DON, < 1-kDa) and
high molecular weight DON (HMW DON, >1-kDa). Mostbile DON belongs to LMW
DON, and the recalcitrant part of DON is part of MIMDON (Benner et al., 1992, 1997;
Kerner and Spitzy, 2001).

1.2 DON as part of the nitrogen cycle

The marine nitrogen cycle includes a whole serfggacesses and pathways (Fig. 1.1),
but the role of DON is underrepresented, becauiseniot entirely clear what role DON does
play. The main processes affecting DON are asdimnaof dissolved inorganic nitrogen
(DIN, i.e. nitrate, nitrite and ammonium) by phykapkton, which is in part excreted as DON,

and ammonification as a sink for DON. But by thesdription the role of DON in the marine

2



Introduction

nitrogen cycle is not well represented, since maiffgerent sources (Fig. 1.2) and sinks (Fig.
1.3) of DON do exist.

TV NO;
-+ +IV s
4&\&‘/ ¥ \ o
T+l o« NO; NOj NO; %,
[ : \X
o
™ = N,O <— ()
]
7]
40 <
+ -
4l
4 Catabolism
===l (NHg) —=» ORG N — NH;
Oxidation — |
state Assimilation

Figure 1.1: The marine nitrogen cycle. X and Y representicgtiular intermediates that are not accumulated in

the water column (from Codispoti et al., 2001).

In Fig. 1.2, only the biotic sources of DON aregemgted. Not shown is the terrestrial
input, i.e. DON transport via overland runoff anmdundwater (Valiela et al., 1990; Tobias et
al., 2001) or the atmospheric inputs (Cornell etZ2395). The biotic sources are extracellular
phytoplankton production, bacterial release, reddasm micro- and macrozooplankton, and
viral release (Bronk, 2002).

For the direct DON release from phytoplankton, tdifferent models have been
proposed: the active release (outflow model) amdphssive diffusion model (Fogg, 1966).
Active release includes different processes, sushredease of excess photosynthates
(exudation; Fogg, 1983), release due to osmotiagts (for example at changing salinity in
an estuarine salinity gradient), or release of D@Nesponse to elevations in light (Lomas
and Glibert, 1999). The passive diffusion modeludes permeation of metabolites through
cell membranes due to large concentration gradixisding between intra- and extracellular
pools (Bronk, 2002). Two other processes involviiytoplankton as a source of DON are
lysis due to viral infection (Fuhrmann, 1999; Geol#eal. 1997) and during sloppy feeding of
zooplankton (Dagg, 1974; Lampert, 1978; Bronk, 20880 N,-fixation by Trichodesmium

3
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a cyanobacterium, can be a source of DON, sinde 60% of fixed N is released directly as
DON during growth in natural populations @fichodesmiumin the Atlantic Ocean and
Caribbean Sea (Capone et al., 1994; Glibert andiBr1094).

Macro-
organisms

N

Micro/macro
zooplankton

Fecal pellet Excretion
dissolution

Passive diffusign
= DON
Exoenzymes

Bacteria

Viral-induced
lysis

Viral-induced
lysis

-

Figure 1.2: Conceptual diagram of biotic processes involuedON release in aquatic systems (from Bronk,
2002).

Bacterial release is primarily related to LMW DOWNCh as urea (Berman et al., 1999),
and two mechanisms exist: Active release of examezsyor passive diffusion. Release of
DON through mineralization of organic aggregatedagteria has also been observed (Smith
et al., 1992).

Processes involving micro- and macrozooplanktora @30ON source are release via
sloppy feeding (Dagg, 1974; Lampert, 1978; BronBQ2), via bactivory, when dissolved
intracellular compounds are released due to brake#la (Bronk, 2002), via release of waste
containing DON (excretion; Miller and Glibert, 199&r via diffusion away from or the
dissolution of fecal pellets (Jumars et al., 1989).

Viral release is a DON source because in the 8tedes of a viral infection, when the
cell bursts due to an increase of phage, celldatents are released. Due to this mechanism,

viruses do not only affect the quantity of DON, higo the quality (Fuhrmann, 1999, 2000).
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Other sources of DON include the release from exureof macroorganisms (Tupas and
Koike, 1990), the direct release from macroalgaar(h 1982; Branch and Griffith, 1988), as
well as release from detrital particles via distolu (Carlson, 2002) or the diagenetic release

from sediments (Burdige, 2002).

NH,*

photochemical hv
ammonification

DON \

Phytoplankton

bacterial
ammonification

Bacteria

NH,*

4

Figure 1.3: Conceptual diagram of processes involved in D@NMation in aquatic systems (from Bronk, 2002)

In Fig. 1.3, the main sinks for DON are presentddterotrophic uptake, autotrophic
uptake and abiotic photochemical decomposition 1iBy@002).

Heterotrophic bacteria possess the ability for thiéization of dissolved proteins,
DCAA and DFAA for growth (Carlson, 2002; Veugeragt 2004), but most bacteria can take
up only small organic components (Antia et al., )9%or the utilization of bigger DON
compounds, extracellular hydrolysis of these compgus necessary (Munster and De Haan,
1998).

Two possible mechanisms of DON utilization by axdphs exist: One is bacterial
degradation of DON followed by phytoplankton uptaiehe released nitrogen. The second
is the direct incorporation of DON compounds viafate enzymes (Bronk, 2002). Several
studies dealt with the bacterial DON degradatioer(@an et al., 1991; Antia et al., 1991;
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Palenik and Hensen, 1997). When the process resulie release of ammonium, it is known
as ammonification.

For the direct uptake of DON the presence of agfia€e enzymes like amine oxidases
is necessary to cleave amino groups from aminosaai primary amines (Palenik and
Morel, 1990a, b; 1991). A number of dinoflagellai@ecies have the ability to use organic
nutrients either via cell surface enzymes (Palam# Morel, 1990a, b), or direct assimilation
(Butler et al., 1979; Berg et al., 1997).

A third observed sink of DON is photochemical deposition, which can promote the
release of labile nitrogen components from DOM (&g et al., 1996). This photoproduction
of ammonium, DFAA, DCAA and nitrite has been studpredominantly in fresh or brackish
water environments, but this process is not ubogsgit(Bertilsson et al., 1999). Especially the
aromatic humic substances with their ability toabsUV light are important substrates for

photochemical decomposition (Valiela and Teal, 1&t8venson, 1994).

1.3 DON — Analytical problems and stable isotopes

To study DON and its role in the nitrogen cyclésinecessary to use a suitable method
to measure DON concentrations with high precisi®roiik et al., 2000), but it is difficult to
measure DON directly, since DIN (i.e. ammoniumyatég and nitrite) may interfere with
most analytical methods. So the current methoa idgtermine the concentration of total
dissolved nitrogen (TDN) and to subtract the cobegions of separately measured
ammonium and combined nitrate/nitrite, with theideal being defined as DON (Bronk,
2002).

c(DON) = ¢(TDN) - ¢(NH;) = c¢(NO; / NO; ) (Eq. 1.1)

For the measurement of TDN concentration threeewffit methods are common:
ultraviolet oxidation (Armstrong et al, 1966), hitgmperature oxidation (Sharp, 1973) and
persulfate oxidation (Menzel and Vaccaro, 1964;r8§hB973; Soldrzano and Sharp, 1980). In
a broad community comparison of the three methadspne emerged as clearly superior
(Sharp et al., 2002).

Concentration changes in natural systems are dfteanclusive as indicators for
sources, sinks, and internal turnover, and the ureagent of stable isotope ratios has greatly

increased our ability to identify processes anchduer rates in N cycling. Table 1.1 lists

6
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elements and their isotopes that are often usegasystem studies. Many elements exist in
different isotopes, i.e. they differ in the numloértheir neutrons, but in chemical reactions
they react identically. However, a slight discrimiion against the heavier isotope may occur
in non-equilibrium reactions due to their lower atdéty, since their vibrational frequencies
are lower and thereby their molecular bonds arenger (Kendall, 1998). This slight
discrimination leads to a fractionation of the sabotopes during many biological processes,

so that substrates and products differ slightlghmisotopic ratios.

Element Isotopes Isotope Ratio Primary Reference Standard
(*10°)

Hydrogen 2H/'H 155.76 + 0.1 SMOW (Standard Mean Ocean Water)
Carbon Be'ec 11183.0 + 16 PDB (Pee Dee Belemnite)
Nitrogen SN/N 3676.5 + 8.1 Air
Oxygen 180,160 2005.2 + 0.43 SMOW
Sulphur %g/%2g 45004.2 + 9.3 CDT (Canyon Diabolo Triolit)

Table 1.1: In ecosystem studies commonly used elements lagid s$table isotopes. Listed are the two most
abundant stable isotopes of each element, the spmneling isotope ratio and the international
calibration standards. Today, primary standardseateusted and have been replaced by secondary

standard materials (Hayes, 1983).

The changes of the ratio of the two most abundanibpes of an element compared to a
standard reference material are expressed in tkee metation. In this study, the main focus

lies on nitrogen isotopes, with atmospheric nitrofe as the standard reference material.

ON =| —— 2=
{ 15N/14N5td

' N /14N sample
~1{*1000 (Eq. 1.2)

8'°N of atmospheric nitrogen as the standard referematerial is defined as 0%o.
The degree of a fractionation depends on the iratlprocess and is characterized by the

fractionation factog, which in the case of nitrogen stable isotopaeteimed as

R 15
£:[R:’Ld”°t—lj,with R= 14E (Eq. 1.3)
ubstrate
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In Table 1.2 the main processes of the marine getnocycle and the corresponding

fractionation factors are listed. Hence, differaittogen pools can be characterized by their

own specific isotopic signature due to the diffedgological processes that are involved.

Process Reaction Fractionation Reference
factor € (%o)
Nitrate assimilation NO, — N, -6 to -20 Granger et al., 2004
Ammonium assimilation NH,” — Norg -11to -14 Hoch et al., 1992; Voss et al., 1997
Nitrogen fixation N, — NH,* 0to 3.6 Carpenter et al., 1997; Brandes and Devol, 2002
Ammonification N,, — NHS 0 Kendall, 1998
Denitrification NO, — N, -22 t0 -30 Brandes et al., 1998
Anammox NO, +NH,* — N, n.d.
Nitrification NH,* — NO, -14 to -38 Casciotti et al., 2003
(Ammonium oxidation)
Nitrification NO, — NO, +12.8 Casciotti et al., 2009

(Nitrite oxidation)

Table 1.2: Fractionation factorg for major transformation processes in the mariiteogen cycle.e of

anammox has not been published yet.

Some nitrogen pools and the corresponding isotgigitatures are presented in Fig. 1.4.

Marine nitrate

I

Phytoplankton

Pristine rivers

Manure, sewage

Polluted rivers

Soil, aquifers

Atmospheric NOXx

Fertilizer

Air

-10 -5

0 5 10 15 20 25
3"N [%o] (vs. Air N,)

Figure 1.4: Isotopic signatures &N in different nitrogen sources (values and rarfgms Kendall, 1998)
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The measurement of the isotope raifdN of DON $*°DON) is subject to the same
difficulties that inhibit the direct DON concentiat measurement. Therefore the
determination o8'°DON is also only possible with the workaround oé tetermination of

8'°N of TDN and subsequent calculation using equatidn

5°DON = S TDN*¢(TDN) _[ (6N - NO; * ¢(NGy)) . (8*NH; * o(NH;) . (5Blank* c(Blank)
c(DON) c(DON) c(DON) ¢(DON)

(Eq. 1.4)

Since the method for the determinationd6INH," was not yet available during this
study, and the expected ammonium concentrationlewasthe term in eq. 1.4 concerning
ammonium was neglected and combined DON#+N#as determined throughout the entire

study.
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2. Study areas and thesis outlines

For a better understanding of the role of DON i@ #dguatic nitrogen cycle, this thesis
investigates concentrations adfN of combined DON and ammonium (DON+iH in
chapter 5 termed total reduced dissolved nitrogéi\) in aquatic ecosystems of different
trophic level to identify differences and/or simitees. Relations to other forms of reactive
nitrogen like nitrate and particular nitrogen (PK)eir correlations, anti-correlations or the
absence of these relationships should help to'gld@ mechanisms DON is involved.

2.1 A eutrophic ecosystem using the example of the Elbe River / NW
Europe

A eutrophic ecosystem is characterized by highienttrconcentrations, either from
natural or anthropogenic sources, leading to arease in primary production over pristine
conditions. Many ecological effects can arise freimulating primary production, but some
effects may strongly influence the entire ecosystdmong these are decreased biodiversity
and toxicity effects (Horrigan et al., 2002; Anders1994)

In aquatic ecosystems, the increase in nutrienplguleads to an increase in algal
population growth and biomass produced. On thehamel, nutrient-stimulated algal blooms
limit the sunlight available to bottom-dwelling @mgsms, and on the other hand cause the
oxygen demand of sinking organic matter to risegrofesulting in decreases in the amount of
dissolved oxygen in deeper water. Oxygen is requineall respiring plants and animals and
it is produced in daylight by photosynthesizingaslgUnder eutrophic conditions, dissolved
oxygen in the surface layer increases stronglyndudaylight, but it is also strongly reduced
after dark by the respiring algae and by microoigjas that respire the increasing mass of
dead algae. When dissolved oxygen levels declineypmxic levels, fish and other marine
animals suffocate. As a result, creatures sucishsghrimp, and especially immobile bottom
dwellers die off (Horrigan et al., 2002).

Some algal blooms are toxic to animals and plasdscélled harmful algal blooms), and
the toxic compounds produced may be passed upghriiie food chain, resulting in animal
mortality. When the algae die or are eaten, tloeiins are released which can kill animals and
may also pose a threat to humans (Lawton and Cli&fd,; Martin and Cooke, 1994).

10
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The Elbe River with a length of 1094 km is the settargest river discharging into the
North Sea. The estuary extends over 142 km andseint® the German Bight, the south-
eastern part of the North Sea, at the city of CughaThis part of the Elbe is continuously
dredged and channelled to enable access for largainer ships to the port of Hamburg, one
of the largest container ports in the world. ThealtiElbe estuary is separated from the
upstream river system by the only barrage alongethtgre river, the weir at the city of
Geesthacht at stream kilometre 585. The averagh frmater discharge is 863fs at the Elbe
mouth (Cuxhaven) and 700m?3/s at the weir of Geebkthdhe water residence time in the
estuary ranges from ~ 10 days during mean highnflate (2000 ni/s) and ~ 72 days during
mean low water flow (300 #fs) with ~ 32 days during mean tide level (IKSEQ2D Nearly
25 million people live in the entire catchment acéal48 268 ki (Behrendt et al., 2004).
The Elbe River is the largest source of total dis= nitrogen (TDN) and nitrate of the inner
German Bight (Brockmann and Pfeiffer, 1990), whishthat part of the North Sea most
affected by eutrophication (OSPAR, 2008).

2.2 An oligotrophic ecosystem using the example of the eastern
Mediterranean Sea

An oligotrophic ecosystem is characterized by lawrient concentrations and therefore
only low primary production. Thus, there are onfgadl populations of flora and fauna in
oligotrophic ecosystems due to very low food supply

The eastern Mediterranean Sea is an oligotrophasystem (Antoine et al.,, 1995;
Béthoux, 1989) with relatively fast turn over ratek limiting nutrients and a primary
production level of approximately half the levelebved in the Sargasso Sea or the Northeast
Pacific (Krom et al., 2003). The low productivity due to the special flow conditions in this
basin: Modified Atlantic Water flows in through tisgrait of Sicily at the surface and sinks in
the eastern part of the basin. The high temperatigh salinity Levantine Intermediate
Water at depths between 200 and 500 m is fed Byfltw that leaves the basin as a westward
current through the Sicily Strait. Mineralisatiorogucts sinking out of the mixed layer are
collected and transported by this Levantine Inteliate Water. The deep water below this
circulation cell is depleted in nutrients comparedieep water in all other parts of the global
ocean (Malanotte-Rizzolli and Bergamasco, 1989niKet al., 1991).

Another remarkable feature of the eastern Meditema Sea is th&°N levels of deep-

water nitrate, suspended matter and surface setimescause they are unusually depleted
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compared to values in other oceanic ecosystemsafGwidiz et al., 2006; Pantoja et al.,
2002; Struck et al., 2001). The low interexchang®editerranean Deep Water with other

oceanic water masses increases the impact of @gounrces of reactive nitrogen.

2.3 Thesis outline

This thesis is based on three publications, whiehpaesented in the following chapters.

Chapter 3

Schlarbaum, T., Dahnke, K., and Emeis, K., 2010ndver of combined dissolved organic
nitrogen and ammonium in the Elbe estuary / NW Rardresults of nitrogen isotopes
investigationsMar. Chem119, 91-107

Chapter 4

Schlarbaum, T., Dahnke, K., and Emeis, K., 2018sBived and particulate reactive nitrogen
in the Elbe River / NW Europe: a 2-year N-isotopelg. Biogeoscience Discuss, 7543-
7574, doi:10.5194/bgd-7-7543-2010

Chapter 5

Emeis, K.-C., Mara, P., Schlarbaum, T., Mébius,Dihnke, K., Struck, U., Mihalopoulos,
N., and Krom, M., 2010: N-isotope ratios of nitratissolved organic nitrogen and
particulate nitrogen in the Eastern Mediterraneaa.3n press inJournal of

Geophysical Research — Biogeochemistry
My contribution to chapter 5 was recovery anddiiton of the nutrient samples, digestion and

analysis plus interpretation of the TDN samples] determination of the isotope rati&SN

andd'®0 in nitrate (parts of the data set).
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3. Turnover of combined dissolved organic nitrogen and
ammonium in the Elbe estuary/NW Europe: results of

nitrogen isotope investigations

Abstract

Dissolved organic nitrogen (DON) is often the doamt form of reactive nitrogen
transported from land to sea by rivers, but is m®red to be largely recalcitrant and behaves
conservatively in many estuaries. We measureddheentration and the isotope radoN of
combined DON and ammoniund {DON+NH,") in the Elbe River estuary (SE North Sea,
NW Europe) by a combination of a modified pers@fdigestion and the denitrifier method.
Measurements were made on samples taken alonglingysgradient from 1 to 32 during
different seasons, in order to gauge the effectmtefnal biological processes and external
signatures (such as pollution). Combined DON andhamum concentrations ranged from
20 to 60 pM, ands®DON+NH," from 0 to 11%.. The results show that DON+NH
contributes < 20% to total reactive nitrogen in tiver end-member and rises to 50% in the
outer estuary. By comparison with older data, tii\Doad in the Elbe River did not change
since the 1980°s, when nitrate and phosphate moillwtas maximal. We find evidence that
DON and/or ammonium or reactive components in D@Nboth consumed and produced in
the estuary, indicated by changing isotope ratiak reon-conservative mixing gradients. The
estuarine turbidity maximum zone (TMZ) at salirstie5, which today is a significant source
of nitrate from nitrification, coincides with siditantly decreased DON+Nf concentrations
and &°DON+NH," in all seasons sampled. Whether this is due toectee
absorption/desorption of°N enriched moieties onto particle surfaces, or &ective
heterotrophic assimilation and nitrification is yetclear, and the loss of DON+Hloes not
balance the added nitrate. Because DON#NEbncentrations and”DON+NH," rise
sharply seaward of the TMZ, we consider adsorptiesdrption processes most likely. In the
salinity gradient 5 to 30, DON+NHA behaves conservatively in both concentration and

iIsotopic composition.

Key words Dissolved organic nitrogen, stable isotopes,asgtyparticulate nitrogen
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3.1 Introduction

Dissolved organic nitrogen (DON) is a major (betwd&% and 90%) component of
total dissolved nitrogen (TDN) transported to tleastal ocean by rivers, with highest DON
dominance in unpolluted rivers (Wiegner et al., @00DON has until recently been
considered to be a largely inert pool of heterogaeecomposition that is not a relevant N-
source for estuarine and coastal ecosystems. Téws ig changing: Although only parts of
the heterogeneous DON pool in estuarine environsnagoparently are bioavailable (Bronk et
al., 2007; Seitzinger and Sanders, 1997; Seitziegat., 2002), labile moieties of DON are
now seen as potentially important nitrogen sourtms assimilatory and dissimilatory
biological processes in coastal environments, angbdrticular in those situations, when
dissolved inorganic nitrogen (DIN) is exhaustedofid, 2002). Significantly, there is some
evidence that a decrease in the DIN/DON ratio @fstal waters (due to decreasing ratios in
river loads or to seasonal depletion of DIN) may fagourable to dinoflagellates and
cyanobacteria and may be implicated in the triggeof harmful algal blooms (Bronk et al.,
2007).

Our interest here is to investigate the fate of D@the extended estuarine salinity
gradient of the Elbe River/NW Europe between a-defined riverine (weir at Geesthacht)
and marine end member in the German Bight/soutbeeblorth Sea (Fig. 1). The estuary has
been monitored continuously over the last decaoleshfanges in water quality (ARGE,

2008), and data are available that offer a longrteiew of the estuarine biogeochemistry of
DON. The role of DON may have changed as a re$glolution reduction measures in the
watershed, and since the mid-1980"s, TDN and D&ddoof the river have decreased by 30%
(Radach and Paetsch, 2007). The first objectita@®present study was to investigate
whether the combined concentration of DON and anmumorand the N@/DON+NH," ratio

in this river have changed as well.

Secondly, we present (to our knowledge) a firstesysitic and seasonally resolved data
set on thé®N/*N composition of combined DON and ammonium (exprdsss thé value in
%0 = [(RsampldRstandar)-1]*1000, R = N/*N in DON+NH," and in the international standard
atmospheric dinitrogen) of an estuary, allowing tos better evaluate whether or not
DON+NH;" behaves conservatively in the mixing zone betwaarine and fresh waters than
concentrations alone. This was motivated by thd that decreased DIN loads were
accompanied by significant changes in estuarimateitturnover: The estuary changed from
being a nitrate sink to being a nitrate source (ika&het al., 2008), and the nitrate source was
14
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associated with the estuarine turbidity maximumez@rMZ) that forms at salinities between
0.4 and 2 (Bergemann, 1995). That nitrate increasemost pronounced in June 2006, when
the internal addition doubled the original riverinigrate concentration (Dahnke et al., 2008).
Based on a concomitant decreas®i® of nitrate, the source of the added nitrate wastm
likely nitrification of ammonium: The increase intrate concentrations was not associated
with substantial changes &°N-NOs, but only by a pronounced drop &°0. Because
ammonium levels in the Elbe estuary are too lowdcount for an input of this magnitude, it
was suggested that local nitrification of ammonidenived from the degradation of organic
matter and its subsequent rapid oxidation by darissociated nitrifying bacteria within the
TMZ caused the nitrate peak. This would involvéeitDON or particulate nitrogen (PN) and
should thus be accompanied by changes in concentsaand/or isotopic composition of
DON and PN.

In summary, our objectives here are to 1) tedhéf NG /DON+NH;’ ratio in the Elbe
river changed, and whether this is due to enham®@dl+NH," production, or decreasing
nitrate levels alone over the last decades, 2x&mie concentration and isotopic changes
versus salinity in the estuary for evidence of DOME™ turnover, and in particular turnover
in the TMZ, and 3) to establish whether seasonféréinces in DON+NH4+ turnover are

apparent in the estuary.

3.2 Materials and Methods

Our approach is based on determinations of combiB€&N and ammonium
concentrations and the isotope raxttDON+NH," along the salinity gradient during different
seasons in the Elbe estuary. Mixing diagrams dfisaversus DON+NH' concentrations, or
versus3"™DON+NH,", help to determine whether DON+NHoehaves conservatively in the
estuary or not. The mixing behaviour of dissolvednpounds can be assessed by using a
mixing model for calculating concentrations (Li$8,76):

C, = f*c +(1-f)*c, (Eq. 3.1)

The indexes r and m denote riverine and marine exnations, and f indicates the
fraction of freshwater in each sample calculateanfrsalinity, with 32 as salinity of the
marine end member for German Bight water (f = @inity)/32).
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For isotopic values a calculation of mixing withncentration-weighted isotopic values
is used (Fry, 2002):

s =lfrero+(-f)c,* o) (Eq. 3.2)

Cmix

Conservative mixing leads to linear mixing pathshi@ case of concentrations, whereas
salinity-based isotope mixing diagrams usually slcawilinear mixing behaviours,
reflecting concentration-based weighting of end fnemsotopic contributions.

3.2.1 Study site

55°N

54.5°N

Hamburg

53.5°N|

b
£
o
®
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o
o

Ocean Data View

Ne;herlands‘ “"
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Figure 3.1: Sample stations in the Elbe estuary and locaifquiaces referred to in the text.

The Elbe River is 1094 km long and the second &rgeer discharging into the North
Sea (Fig. 3.1). The tidal estuary extends overKmZrom the weir at the city of Geesthacht
(stream kilometre 585) to the port of Cuxhaven itim® German Bight, the south-eastern part
of the North Sea. The average fresh water discharghe Elbe mouth (Cuxhaven) is 861
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m?/s; nearly 25 million people live in the entire canent area of 148 268 KniThe Elbe
River is the largest source of total dissolvedagiégn (TDN) and nitrate of the inner German
Bight (Brockmann and Pfeiffer, 1990), which is tipairt of the North Sea most affected by
eutrophication (OSPAR, 2008).

The Elbe tidal estuary is continuously dredged @mahnelled to enable access for large
container ships to the port of Hamburg, one ofl#ngest container ports in the world. The
water residence time in the estuary ranges frof dals during mean high water flow (2000
m3/s) and ~ 72 days during mean low water flow (B@IJs) with ~ 32 days during mean tide
level (IKSE, 2005).

3.2.2 Sampling

On three occasions, samples were collected alangalmnity gradients from <5 to >28.
The sampling campaigns were conducted in Octob@s,20une 2006 and December 2006 on
board the R/V Ludwig Prandtl (Table 3.1). Samplesrf the open North Sea were taken on
board of the R/V Gauss and R/V Walther Herwig. ktaber 2005 and June 2006, water was
collected at each station from surface waters 21m), from 5 m depth and from 1 m above
the ground for depth profiles in the Elbe estuayyubing a multiprobe with rosette sampler,

which was also used to measure the salinity in-situ

c(NOy)  c(DON+NH,") &"N-NO; 8"DON+NH,”  &"PN
No. of [uM] [uM] [%o] [%o0] [%0]

Date stations Salinity mean range mean range mean range mean range mean range

Oct. ‘05 13 0.43— 1323+ 221- 350+ 27.0- 116+ 109- 51+ 16— 89+ 73—
275 61.3 1900 7.3 556 0.3 12.1 19 9.0 0.8 9.9

Jun. ‘06 17 0.35- 107.7+ 75— 357+ 19.8— 121+ 94- 59+ 01- 7.0+ 16-
31.3 699 2273 104 576 20 171 22 9.0 3.3 14.2

Dec.‘06 22  052— 1424+ 33.9- 386+ 245- 102+ 80— 84+ 16— 82+ 7.7-
272 653 2317 87 601 07 109 27 113 03 93

Table 3.1: Synopsis of analytical results for sampling caigps in the Elbe estuary from October 2005 to
December 2006.

Since results from the first two campaigns showett toncentrations anil®N were
homogeneous over water depth with constant salimtyDecember 2006 water was only

collected from surface water at different saliriity using the ship’s membrane pump, since
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salinity well reflects the degree of mixing betwewarine and riverine water. Water samples
(200 - 1000 ml, volumes depending on suspendedcpkate matter concentrations; SPM)
were immediately filtered through precombusted GHiErs (4.6 cm diameter, at constant
vacuum) and stored in PE bottles that had beenesloak acid (10% HCI) overnight and

rinsed with deionised water (DIW). Each bottle waxsed with sample water before being
filled. Water samples and filters were frozen ormardoat -18°C until analysis. Before

analyses, filters were dried at 40-50°C and statetfC.

3.2.3 Analytical Methods

Glassware was washed with deionised water (DIV\gked in soap and 10% HCI baths,
and washed again with DIW after each single step. nAn-volumetric glassware was
combusted at 450°C for at least 4 hours. Volumegjiassware and PE-bottles were washed
with DIW, soaked in a 10% HCI bath overnight, washgain with DIW, and dried at 50°C.

Concentration of total dissolved nitrogen (TDN) MW was determined using the
“persulfate oxidation method” (Knapp et al., 200&roleff, 1976; Solérzano and Sharp,
1980) (see below) and yielded concentrations giiM1

3.2.3.1 Nitrate and Nitrite concentrations

Concentrations of nitrate and nitrite were detegdinwith an AutoAnalyzer3
(Bran+Luebbe, Hamburg) using standard colorimetechniques (Grasshoff et al.,, 1999).
Measurements showed that nitrite concentrationéddo@ neglected as they contributed less
than 1% to the total NOpool. For our setup, the detection limit for thembined

determination of nitrate and nitrite is 0.05 pM.

3.2.3.2 I sotopic composition of nitrate

Nitrate 5N (5"°N-NO3) was analysed by the “denitrifier method” (Castiet al.,
2002; Sigman et al., 2001). Nitrate was quantiedgiveduced to nitrous oxide §8) by using
a strain of denitrifier bacteria that lacksON reductase activity. XD was automatically
extracted, purified in a Gasbench Il (ThermoFinnjgand analysed by a Finnigan Delta plus
XP mass spectrometer. The analysis of the sampes ngferenced to injections of@ from

a pure NO gas cylinder and then standardised using annatienally accepted nitrate
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isotopic reference material (IAEA-N3!°N = 4.7%). We also used an in-house potassium
nitrate standard for further validation of our résuwhich we measured with each batch of
samples. The standard deviation for replicate @ealyn = 4) was £ 0.2%. at the high DON

concentrations found here.

3.2.3.3 DON+NH," concentration

Since we were not able to separate DON and ammoriarnindividual isotopic
compositions, we determined a combined signad’dON and&*NH," (6"°DON+NH,"),
and also measured the concentration as a combiale@.vTo determine the DON+NH
concentration and>DON+NH," we used a published method (Knapp et al., 2008h w
small modifications. The first step is the oxidatiof total dissolved nitrogen (TDN, the sum
of nitrate, nitrite, ammonium and DON) to nitratsing the persulfate oxidation method
(Knapp et al., 2005; Koroleff, 1976; Solérzano &fdhrp, 1980).

For the oxidation of TDN to nitrate, 20 ml of thansple was added to a Teflon bottle,
to which 5 ml of a persulfate oxidising reagent @ added. The POR was made up daily
with 3.75 g certified ACS-grade sodium hydroxidea@H) dissolved in 250 ml of deionised
water, followed by 7.5 g certified ACS-grade boaid (HBO3) and 12.5 g certified ACS-
grade potassium persulfate, which was recrystdllibgee times (Grasshoff et al., 1999).
After adding the POR to the sample, Teflon capsewdosed tightly and the Teflon bottles
were placed in a digestion rotor for microwave dige. The samples were treated for 13
min in a MLS 1200 Mega digestion microwave ovenldfeing an application for acid
digestion. To determine the reagent blank, eacthbatt samples included one Teflon bottle
filled with only 5 ml POR. After digestion this Lt was filled with 20 ml deionised water.
Concentration and™N of the POR sample was treated as the reagenk Iiterthe water
samples of the same batch. The reagent blank waysk2 uM.

DON+NH;" concentrations were calculated by subtractingctimeentrations of nitrate
and nitrite from analysed nitrate concentratiopeisulfate digested samples. Reagent blanks
were also subtracted and dilution steps consideyembrrections.

To evaluate the yield of this procedure, we expentad with several standard
materials. Table 3.2 lists common DON standardgc{gé, alanine, urea, 6-amino caproic
acid (ACA), EDTA and 4-aminoantipyrine (AAP) andethdegree of completeness of
oxidation to nitrate using our digestion procedii@:. comparison, other published values are
also listed (Bronk et al., 2000; Knapp et al., 2005
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Compound Standard inDIW? Standard in DIW® Standard in DIW®

Alanine  99.4+4.2 % N/R® N/R

Glycine N/R 102+ 14 % 92.9-98.5 %
Urea 102.6 £+ 1.9 % 100+ 7.5 % 98.7—-105.6 %
ACA 105.3+2.5 % 102+ 6 % N/R

EDTA 100.1 £5.0 % 105 + 0.5 % N/R

AAP 78.3+10.6 % 42 +2.3 % 45-68.1 %

Table 3.2: Results of tests on the oxidation efficienciegpefsulfate digestion for different standard materi
DIW: Deionized water, ACA: 6-amino caproic acid, E® ethylenediamine-tetraacetate, AAP: 4-
aminoantipyrine. Notes: a) Standard in DIW is dswated from a 10, 20, 50, 100, 200, and 400 pM
concentration series of each standard (this stuglygtandard in DIW is as calculated from a 0.6, 2.
5.0, 7.5, and 10.0 uM concentration series of stahdard (Knapp et al., 2005); c) same standarelsser
as under b) reported by Bronk et al. (Bronk et2000). d) N/R= not reported.

Oxidation efficiencies have previously been repbifta concentrations from 0 to 10.0
UM in DIW only. In rivers, we expected higher contations of DON+NH', so we tested
the oxidation efficiencies of the POR for concetiwas of 10, 20, 50, 100, 200 and 400 uM
of each standard in DIW. For most concentratiorgjaiion efficiency was in the range of 98
— 105%, except for the highest concentration of 480 which yielded only 70-90% of the
standards. Because of the molecular structure,atiwial efficiency for AAP was generally
lower (between 73 and 84%, and 68% in the cas@®@{4M solutions).

3.2.3.4 N analysis of TDN

After the persulfate digestiol>N-NOs in oxidised samples and reagent blanks was
determined using the denitrifier method (Cascietttal., 2002; Sigman et al., 2001).

Differing from the published method (Knapp et aD05), the digestion employed here
resulted in a sample pH value of about 6, so tiatddition of HCl was not necessary and a
possible source of contamination was eliminatee Mdlumes of the samples for the bacterial
reduction to NO were adjusted to 20 nmol nitrate to be injected.

As mentioned above, we did not separate DON andamum, so our results for DON-
concentration and°DON included ammonium. However, studies perfornrethe course of
monitoring water quality in the Elbe River (ARGH)®, 2002, 2003, 2004, 2005a, 2005b,
2007a, 2007b) over the last recent eight years sialv ammonium concentrations were
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small during time periods comparable to the perioflsur sampling campaigns (Fig. 3.2).
Appreciable ammonium concentrations (> 5 puM, réiter=> 10% of measured DON+NF)
occurred only in samples from the port of Hambukm 615 — 645) and near Cuxhaven (km
725) seawards of the TMZ. In June 2006, the ARGte letected no ammonium in the entire
estuary (ARGE, 2007b). So in areas with a distimetximum of measured DON+NH
concentration (port of Hamburg and seawards the )IM#& estimate the portion of
ammonium in our data to approximately 20%. In #tlep areas the impact is estimated to be
less than 10%.

12

—24— Jun 1999-2006
—O— Nov 1999-2006

TMZoo
TMZ,

mean NH," conc. [uM]

0 j i |
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Figure 3.2. Mean ammonium concentration in June and Novenbehe Elbe estuary from 1999 to 2006,
measured by the ARGE Elbe (ARGE Elbe, 2001, 2002322004, 2005a, 2005b, 2007a, 2007b)

For calculations of th6'>DON+NH,", mass balance calculations were made using the
measured nitrate concentrations @&ntN of the oxidised sample, the reagent blank and the
original (not oxidised) sample:

1 *
;SDON +NH; = O™TDN c(I'D+N) 3
c(DON + NH;)

(6"°N = NO; * ¢(NOY)) . (6°Blank* c(Blank)
c(DON + NH,) c(DON + NH;)

(Eq. 3.3)
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We tested the combination of persulfate digestiod denitrifier method to measure
S"DON+NH;," by parallel analyses of urea standard solutiordiftérent concentrations. The
8'°N of solid urea was measured by using a Flash E&® Elemental analyzer combined with
a Finnigan Delta plus XP mass spectrometer, yigldins*>N value of 0.5%o * 0.2%o.
Measurements of the urea solutions after preparai® described above vyielded §fF*N
values of 0.4 £ 0.2%0 (n = 21) after blank corregtio

Repeated measurements of replicate water samphesndérated the reproducibility of
our method fors'>DON+NH," analyses. The mean measured standard deviatistT TN
and 5'°N-NOs” was 0.3%o (3 to 4 repetitions). The mean standawation for TDN and
nitrate concentration was 1 puM. Because of errap@gation, the calculated standard
deviation of3™DON+NH," ranged from 0.3 to 2.0%o with a mean value of 0.9% the

calculated mean standard deviation for DON4N&bncentration was 1.7 pM.
3.2.3.5 Particulate nitrogen (PN)

8PN was analysed with a Flash EA 1112 elementalyaericoupled to a Finnigan
Delta plus XP mass spectrometer. Analysed sampére wtandardised using the isotopic
reference materials “High organic sediment standaf&” (Cat.no. B2151, Batch no. 2824,
8'°N = +4.4%o + 0.19%0), “Low Organic Content Soil Stand OAS” (Cat.no. B2153, Batch
no. 2822,3'°N = + 6.7%0 + 0.15%0) and IAEA-N13{°N = + 0.4%o). The standard deviation
for replicate analysis was 0.2%o (n=3).

3.3 Results

The analytical results on samples of all threesasiiare plotted in Figs. 3.3 to 3.10. Because
of poor weather conditions in October 2005 and Ddir 2006, samples were taken only up
to a salinity of 28 at the Elbe mouth near Cuxhawerdune 2006, samples were taken also in
the river plume in the German Bight up to a sajinit 32, representing typical German Bight
coastal water.

Fig. 3.3 plots the measured salinity (a) and ligahsmission data (b) (an uncalibrated
measure of turbidity) in the Elbe River againseain kilometre. Note that the salinity front
moves up and down the estuary, depending on tagdation, and influences the location of
the TMZ, which also is mobile depending ontidal wave and the current speed. On our
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Figure 3.3: Salinity (a) and transmission (b) data in theee#istuary against stream kilometre. Indicated lae t
Port of Hamburg (poH), and the location of the iditp maximum zone in October 2005 and December

2006 (TMZ,p) and in June 2006 (TMY Lines in this and the following figures are bésturves using

the locally weighted Least Squared error method
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sampling campaigns, the salinity front was alwagysated near the town of Glickstadt
(~stream km 675), moving slightly downstream ontyJune 2006. During all sampling
campaigns, the turbidity maximum was situated betwestream km 670 and 700,

corresponding to the salinity range from 0.5 t¢-2(3.3b).

Depth profiles at single stations taken during ¢kmpaigns in October 2005 and June
2006 showed no significant changes in &&\ values of nitrate, TDN, and DON+NH
when salinity profiles were homogeneous. Differenegere small and in the range of
measurement uncertainty. Only when salinity changéid depth due to the mixing of denser
marine water from the German Bight near the bottath buoyant river water in the brackish
water zone (Bergemann, 19959°N of at least one of the analysed parameterss(NO

DON+NH;") was observed to change.

3.3.1 DON+NH," concentrations

Concentrations of DON+NH varied between 20 and 60 uM, with no significant
seasonal differences (Fig. 3.4). Unlike nitrateg(F8.5), the DON+NK concentration
differences between freshwater and saltwater enchbaes are small, and the salinity vs.
DON+NH," plot gives no indication of conservative mixing @ON+NH," in the entire Elbe
estuary from Geesthacht to the German Bight. Onbkabnities higher than 10, DON mixed
nearly conservatively with German Bight water, the slope of the mixing trend is much less
linear than that of nitrate concentrations (compgrgs. 3.4-3.7). We found maximum
DON+NH;" concentrations in the port of Hamburg (35-58 pMsalinities < 1; km 615 to
635) and at salinities >7 seaward of the TMZ (40480 in December and October, 30 uM in
June). In the TMZ between stream km 650 and 700NEXH,;" concentrations fluctuated
around 30 uM.

Upstream of Hamburg, DON+NH concentrations ranged between 30 and 35 uM and
corresponded to the river concentration determilzediward of the weir at Geesthacht
(Schlarbaum, unpublished data). ConcentrationeenGerman Bight waters at salinities >32
were higher in winter (18.3 uM) than in summer (6M).

On average, estuarine DON-+)Hconcentrations in winter (38.6 + 8.7 pM) were

slightly higher than in summer or autumn (35.7 #10M and 35.0 £ 7.3 puM, respectively).
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3.3.2 Isotopic composition of DON+NH,"

The "> DON+NH," ranged from 0.1%. to 11.3%. (Fig. 3.6) and seaswvaghtions were
subtle. The data also suggest that both DON#N#oduction and consumption occurred in
the estuary. The river end memB&rDON+NH," ranged from 2 to 5%, samples from the
North Sea taken at salinities >30 had unifdifPDON+NH," values in summer and winter
situations (range 3 - 4.5%o).

In a statistical evaluation of the entire data &dt data pooled), we sought for
correlations amongst parameters (see also TabléoB&n analysis of data for each season
separately). Thé™N of DIN does not appear to significantly covarytiws>DON+NH,"
(Fig. 3.9), but a weak positive (0.44, n=78) catiein exists between DON-+NH
concentrations and*DON+NH,;* on the one hand, an8”DON+NH," is negatively
correlated with both PN concentrations (-0.47; =& the5*>PN (-0.52; n=49) on the other

hand; all these are significant on the 0.01 level.

Correlation coefficients

(r) in the salinity gradient No. of No. of No. of
(salinity > 0.8) Oct. '05 stations Jun.'06 stations Dec.'06 stations
5""DON+NH,* / §"*PN 0.431 4 -0.475 7 -0.710 20
0""DON+NH,* / 8" NO, -0.367 11 -0.364 20 -0.439 20
3PN / 8"TDN 0.438 4 -0.174 7 -0.336 20
3PN/ §"°NO,; -0.519 4 0.312 7 0.136 20
Correlation coefficients No. of No. of No. of
(r) (all stations) Oct. '05 stations Jun.'06 stations Dec.'06 stations
5""DON+NH,* / §"PN 0.047 12 -0.230 18 -0.710 20
3" DON+NH,* / 8" NO, -0.179 25 -0.228 34 -0.439 20
3PN / 8'TDN -0.245 12 -0.482 18 -0.336 20
3PN/ §"NO,; -0.221 12 -0.278 18 0.136 20

Table 3.3: Correlation coefficients (r) of variables in thalinity gradient >0.8 and for all stations sampled

Significant valuesq = 0.05) are printed in bold numbers.
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3.3.3 Seasonal patterns

In December 2006°DON+NH," in the Elbe estuary was significantly enrichedo(eb
2-5%0) over summer or autumn values (Fig. 3.6). Thasy due to the fact, that ammonium
concentrations were slightly higher in winter tharsummer. In comparison to river waters
over the whole salinity gradient, DON+NHin samples from the North Sea was more
depleted in™N (3 — 4%, compared to 3 — 9%o in October 2005, %.-i@ June 2006 and 5 —
11% in December 2006, respectively), but in the esmamge as in samples from the river
water end member at the weir of Geesthacht atrstiglmmetre 585 (2%. in October 2005,
2.5 — 3% in June 2006). In June 206BDON+NH," was constant between 7 and 8%. in the
salinity interval from 7 to 22. At higher salinit23 — 30)8">DON+NH," was between 6 and
7%o, at lower salinity (1 — 5%’ DON+NH," was 3 — 4%.. In the port of Hamburg (salinity
~0.5), local sources of DON and/or ammonium resuiteelevateds*>N values between 6
and 9%.. Most depleted isotopic values for DON-+Nldharacterized the TMZ during all
seasons, which is also coupled to a pronounced idr@®ON+NH," concentration (Figs. 3.5
and 3.6).

In the salinity range between 5 and 23, no cleafatien from conservative mixing
could be seen for the samples of June and Dece2d0é. In the samples of October 2005 a
large scatter with no clear trend was found. Lowestan 3°DON+NH," values were
measured in October 2005, highest values occurrddecember 2006; in all three seasons
(June 2006 was intermediate) we see a tendenaycteasingg>DON+NH," with increasing
salinity. In June 2006 we found a minimum&TDON+NH," at salinity > 23, approaching

the values measured in offshore waters with vabedsw 5%. (Fig. 3.6).

3.3.4 8"N of particulate nitrogen

The isotopic composition of particulate nitrogenswamarkably uniform and nearly
constant throughout the entire river in both Octd#05 and December 2006 (range&tPN
from 7 to 10%o; Fig. 3.8). The largest range5iiPN was observed in samples from the June
2006 expedition: In the salinity interval from 116, 5PN was ~ 8 to 9%, whereas at higher
salinities,8"°PN values ranged between 8 and 14%.. Values < 5% wemsured in samples
taken in the port of Hamburg, but adjacent sampbssream and downstream of the harbour
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had 8'°PN between 9 and 10%.. We thus assume that PN keieflienced by local
sedimentation and resuspension, or assimilatiodiftérent N sources during the summer
season. It is likely that a large sewage treatrpéanit in the port of Hamburg has an effect
and may also affect N species differently at défgrseasons due to different concentrations
and different isotopic compositions of the sewagaved nitrogen forms.

Besides the lack of seasonal variability, ther® #&sa lack of correlation between the
isotopic composition of DIN, DON+NH and PN. As shown in Table 3.3 and Fig. 3.9, the
correlation coefficients for the data 6f°DON+NH," and 5'°PN indicate a significant
(a=0.05) negative correlation for the winter situati@nd no correlation during the other
seasons. The significant negative correlation intevimay be due to the fact that all samples
at that time were taken in the brackish water irgerin which DON+NH" and PN are more
or less conservatively mixed (at salinities > 10jali accounts for approximately half of the
samples from December 2006). An important reasorthi® lack of correlation between PN
and DON+NH" may be that throughout the estuary, different @sses contribute as sources
or sinks to either of these pools, so that samiptes the port of Hamburg have a completely
different composition than those from the TMZ.

3.3.5 NO3;/DON+NH,ratios

In Fig. 3.10, the ratios of nitrate to DON+NHof our cruises and those of earlier
studies of the Elbe estuary are presented. In @ctdB05, the ratios varied between 3.2 and
6.6 in the low salinity part of the Elbe estuarythra minimum of 3.2 in the port of Hamburg.
With increasing salinity, the ratio decreased th In summer 2006 the ratio ranged between
2.8 and 3.7 in the low salinity areas of the Elbeiary, but with only a slight minimum in the
port of Hamburg. In contrast to the data from OetoP005, the ratio increased rapidly in the
TMZ to 7.9, before decreasing to 0.4 in high sajinvaters of the German Bight. Highest
ratios of 9.5 were determined in December 2006saliaity of 0.52, the ratio then decreased
with increasing salinity to 1.4. Overall, the rati@ange from < 1 to almost 10.

Studies from the 1980’s and 1990’s (Brockmann afedffBr, 1990; Brockmann, 1994;
Kerner and Spitzy, 2001) showed comparable ratig. (3.10). Only in January 1986
Brockmann and Pfeiffer (1990) found very low ratthge to high ammonium concentrations.

In the same study the ratio did not decrease withreasing salinity in April 1987.
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August/September 1997 data (indexed c) are fromn@eand Spitzy, 2001); October 2005 to
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3.3.6 The influence of ammonium on combined DON+NH,"

With the method used here we only were able to ore@°N-NO; and§*°TDN, so
that a combined signal of DON and ammonium is reggbrHowever, we can estimate the
contribution of ammonium from published long-ternomtoring data. Measurements of the
ARGE-Elbe (ARGE, 2001, 2002, 2003, 2004, 2005a5p0Q007a, 2007b) in the years since
1999 show that the mean ammonium concentratioheoéntire estuary is about 3.1 £ 4.1 uM
in June/July and 5.0 £ 4.3 uM in November (Fig.)3Qompared to the data of combined
DON+NH;" concentration in our study, the average sharenwhanium in the combined
values is estimated as about 9% in summer, 14%tuman and 13% in winter, over the entire

estuary.
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Ammonium concentrations in the Elbe estuary showr same characteristics as the
combined DON+NH" concentrations (Figs. 3.2 and 3.4a), but the as®eof ammonium
concentration does not account for the increaskeotombined DON+NH signal in the port

of Hamburg and downstream of the TMZ.

In the port of Hamburg the mean annual ammoniumceotnation increases to a
maximum of 10.3 £ 4.9 uM in June/July and 11.5%3M in November, which corresponds
to an ammonium fraction of 11% in summer and 18%autumn. In winter we did not
measure near the city of Hamburg due to poor weatiaitions.

Downstream of the TMZ the mean ammonium concepinatias a maximum of 5.1 +
3.7 UM in June/July and 6.8 = 3.8 uM in Novembepresenting ammonium contributions of

13% in summer, 16% in autumn and 12% in wintehis area of the Elbe estuary.

3.4 Discussion

Our objectives for this study were to see if DON+Rlidoncentrations have changed
over the past decades and to evaluate if DON#NBI either conservatively mixed, or
affected by non-conservative processes. We alsbediso identify distinct sources or sinks
for DON+NH;" in the Elbe estuary, and whether seasonal diftesim DON+NH" load and
cycling are evident.

3.4.1 The influence of ammonium on combined DON+NH,"

For a rough estimate of the likely influence3d™NH," on the combined™DON+NH,"
signal, we turn to data 6f°NH," generated by other authors.

Ahad et al. (2006) measuredf®NH," in the Tyne and the Tweed estuaries in
northeastern England. Even if these estuaries arehrmsmaller than the Elbe estuary, the
climatic conditions and catchment characteristies ssmilar and especially the data of the
Tyne estuary should represent the conditions irEthe estuary.

In the Tyne estuary, Ahad et al. (2006) measaétrédH," signatures from 7.9 to 11.3%o
in summer and 7.3 to 10.4%o. in winter with an averafj10.2 + 0.9%0 and 9.6 + 1.7%o during

summer and winter, respectively. In the Tweed egfu®NH," values also were slightly
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lower in winter (5.3 to 7.3%o0) than in summer (70810.1%o), with averages of 6.9 £ 0.6%o in
winter and 9.5 + 0.7%o in summer.

Middelburg and Nieuwenhuize (2001) measu@dNH," in two other European
estuaries: the Loire estuary in France and the Esaestuary in England*°NH," values
ranged from -4 to 17%o in the Loire and from 14 8%4 in the river Thames. Mariotti et al.
(1984) studied the isotopic composition of ammoniana nitrate in the Scheldt estuary in
Belgium and the Netherlands and fouwstdNH,* values of 10 to 29%.. In both the Scheldt
estuary and the Thames estuary there were midrsuaaxima of 3*°NH,", which
coincided with a decrease °NOs. This combination was interpreted to be due to
nitrification (Mariotti et al.,1984; Middelburg andieuwenhuize, 2001). The low range of

8'®NH," in the Loire estuary was explained by a lack aémal ammonium supply.

If we take the mean ammonium concentration in thee Eestuary measured by the
ARGE Elbe over the last eight years (ARGE, 2000022003, 2004, 2005a, 2005b, 20074,
2007b) and the averagé®™NH," values from the Tyne and the Tweed estuary (Ahaal.et
2006) for a rough calculation &DON in the Elbe estuary, we see a decreased signal
compared to the combined®DON+NH," (Fig. 3.11), but the decrease of 0.36 + 0.29%o in
summer and 0.21 + 0.79%o. in winter for tH&éNH," data of the Tyne estuary is smaller than
the standard deviation calculated by error propagaif 0.9%. (see Section 3.2.3.4). For the
8'°NH," data of the Tweed estuary, the values are evefiesmaith a decrease of 0.27 +
0.26%0 in summer and an increase of 0.15 = 0.61%dmer.

Even if this is only a rough estimation, the infige of ammonium on the combined
8®DON+NH," in the Elbe estuary is likely small and lies irethange of the standard

deviation of the used method.

3.4.2 Long-term changes in DON loads and ratios

How do combined DON+NH concentrations in 2005/2006 compare to data aaila
from previous studies of DON in the Elbe estuaryy. B.12a presents the combined DON
and ammonium concentrations measured in the Elbsargsbetween Hamburg and the
German Bight in different studies over the lasty2ars; Fig. 3.12b plots the mean DON and
the mean ammonium concentration in the same stuBi@N+NH," concentrations were

between 50 uM and almost 90 uM in samples collectsdmmer and autumn of 1997
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Figure 3.11: Box-and-whisker plots of calculate#®DON values in the Elbe estuary in comparison with
measuredd">DON+NH," values. For the calculation of mean NHconcentrations and isotopic
contribution, we used data from the ARGE Elbe (AREEBe, 2001, 2002, 2003, 2004, 2005a, 2005b,
2007a, 2007b) andf*NH," values of the Tyne estuary (1) and the Tweed gs{@) (Ahad et al. 2006)

(Kerner and Spitzy, 2001), which is twice the concation determined here approximately
10 years later. But in contrast to all other stedieo samples from stations with higher
salinity seawrds the TMZ have been analysed instiney of Kerner and Spitzy (2001).
Earlier data on DON+NH concentrations in the Elbe estuary are from differseasons in
1986 and 1987 (Brockmann and Pfeiffer, 1990), whewch higher ammonium
concentrations than today were found, typicallyhwhiighest values in samples collected in
spring and winter (Fig. 3.12a). That was a time nwAi®N and DIN transports in the Elbe
peaked due to eutrophication (Radach and Paet€ii7).2In April 1992, DON+NH
concentrations reached up to 60 uM (Brockmann, 1$4ce then, the DON+NHfAload of
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the Elbe apparently has not changed systematichily,overall DON+NH" loads have
decreased from > 250 uM to < 50 uM in the peri@infrl986 to 1992. This decrease is due
to decreased ammonium concentrations, because guacdgon of the pure DON
concentrations from these studies shows no sysiemliznge in DON concentrations over
the last twenty years (Fig. 3.12b). The decreasecambined DON and ammonium
concentration also coincides with an intermittét, significant decrease in TDN loads of the
Elbe, accompanied by an even more drastic andn¢psticrease in dissolved N:P ratios
(Radach and Paetsch, 2007) around 1987 due tatheflphosphates in detergents.
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Figure 3.13: Box-and-whisker plots of calculated DIN/DON ratiim the Elbe estuary over the last two decades.

Data sources as in Fig. 3.10.

A compilation of NQ/DON+NH;, ratios along the estuary (Fig. 3.10) also indicaies
systematic changes over the last two decades. ekheed nutrient input to the Elbe estuary
apparently had no effect on this ratio. Howevewyéf look on the DIN/DON ratio (Fig. 3.13,
with calculated values for DON and ammonium in study based on mean ammonium
concentration of the ARGE Elbe data set), a deereasy have occurred in the last ten years
compared to the 1980’s and early 1990’s. This deseenay be due to reduced nutrient input:
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the ammonium concentrations in particular decref®ed > 250 uM in winter months in the
early 1980’s to < 10 uM nowadays (ARGE, 2000). émtcast, DON concentration did not
exhibit any systematic changes over the same temieg(Fig 3.12b).

In April 1992 DON was determined along the entimadijent of the Elbe estuary
(Brockmann, 1994): DON concentrations decreasenin f85 pM DON in the port of
Hamburg to less than 10 pM in the high salinity -emeimber of the German Bight. The
combined DON+Nl" concentration decreased from 60 uM in the portHamburg to
approximately 12 uM in the German Bight. These eot@tions are in the same range as
ours for the estuary, but lower for the saline watkthe German Bight, which showed
seasonal variability in other studies (Brockmannakt 1999). Both previous studies
(Brockmann, 1994; Brockmann and Pfeiffer, 1990) ands found decreasing DON+NH
concentrations in the lower estuary due to dilutisith marine water, consistent with
conservative mixing. As we will discuss below, heee the added information from
8"DON+NH," indicate a turnover of DON+Nfin the estuary.

3.4.3 Seasonality

The seasonal trend in DON+lHconcentrations an&>DON+NH," is subdued and
was only evident in somewhat higher concentratiansl *°N enrichment in winter as
compared to autumn and summer in the Elbe estuaalhweity gradient from 5 to 25. This
seasonal difference (see Table 3.1) is not intteritem the upstream river, where
DON+NH," has a narrow range 6f°DON+NH," in samples < stream kilometre 600 (Fig.
3.6). Likewise, significant seasonal variabilityd’PN was only observed in the TMZ, with
very low values in June 2006 (Fig. 3.8), which w# address in more detail later.

3.4.4 DON turnover in the Elbe estuary

Nitrate and DON+NH" behave differently in the estuary of Elbe Riveitr&te clearly
increased in the lower estuary and mixed consemlgtiat increasing salinity in the years
2006 and 2007 (Figs. 3.5 and 3.7). In contrasis thard to classify the mixing pattern of
DON+NH;" for both mass and isotopic composition. While dlierall pattern downstream of

a salinity of ~10 may be seen as mostly consematjvadients in the upper estuary indicate
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non-conservative behaviour and further pinpoint TMZ of the Elbe estuary as both a sink
and a source for DON+NH

We detected two zones with maximum DON+Nldoncentrations in the Elbe estuary
(Fig. 3.4): one lies in the port of Hamburg, whishbest explained by input from sewage
treatment plants or direct inputs (and high locah®nium concentrations). In the port area,
the ammonium concentration accounts for approxilya2€% of measured DON+NA
concentrations (ARGE, 2007a; ARGE, 2007b) and thuexpected to have an effect on the
5®DON+NH," determined by our method. These assumptions améroed by isotopic
composition, since we also observed an increase’DON+NH," in the port of Hamburg
(Fig. 3.6), which is an indicator for waste watetragen input (McClelland and Valiela,
1998). Another mechanism may be responsible foddwease in PN isotope values and the
according increase #"DON+NH,": Badr et al (2008) found that in summer, reled2®N
from bacterioplankton may account for a significkattion of DON in the Plym estuary in
southwest England, Europe. The most pronouncetlishigotope values of both DON+NH
and PN in the port of Hamburg occurred in June 200& the observed increase of
8"DON+NH," and drop in™PN is in accord with DON turnoved™PN increased again
further down the estuary, which can be assigngmdgressive ammonium uptake and isotope
fractionation (Middelburg and Herman, 2007). Thkeo zone with a distinct maximum in
DON+NH;" concentration was found seaward of the TMZ, atupper limit of brackish

water (Bergemann, 1995).

The role of the turbidity maximum zone

Intriguingly, the landward head of the TMZ consigteg coincided with a distinct
minimum of DON+NH' concentrations an&>DON+NH,", coincident with sharply rising
DIN concentrations and a drop 3°N-NOs of nitrate (Dahnke et al., 2008). Seaward of the
TMZ (from stream km 700), both DON+NHconcentrations and™DON+NH," increased
again.

Main potential sinks for DON are uptake by phytopi®n or heterotrophic bacteria
(Bronk et al., 2007; Veuger et al., 2004), adsorptio particles (Berman and Bronk, 2003),
conversion to ammonium followed by nitrification €kier and Spitzy, 2001), and
photochemical decomposition. Given that the mank sippears to be coupled to the TMZ,
where significant photochemical reactions are @hjikwe regard the latter as an improbable

explanation for the removal of DON. Likewise, a gkl decrease of concentrations and
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isotope values, as we observed it regardless sbseat the head of the TMZ, is difficult to
explain by assimilation, as it is usually selectimefavour of the light isotope. In addition,
nitrate is abundant in the estuarine waters andildhpreclude DON assimilation by
phytoplankton.

While the quantitative role of DON as a nitrogerurse for autotrophs is debated
(Bronk et al., 2007), potential mechanisms of zdiion, such as bacterial ammonification
and subsequent phytoplankton uptake of the releaisedjen (Antia et al., 1991; Berman et
al., 1991), are indicated for many estuarine ggititn a microcosm study on turnover of low-
(LMW-DON) and high-molecular weight DON (HMW-DONhiwaters from the Elbe
estuary, LMW-DON was preferentially removed andiintd over HMW-DON (Kerner and
Spitzy, 2001). However, the concentration changesither DON compartment associated
with this conversion were small, and Kerner andZypj2001) proposed that particulate N is
the source of ammonium that is immediately nitdfia the particle-rich environment of the
Elbe River TMZ. Support came from a correlation wextn the nitrification rate and
particulate matter content observed in their staahyl was explained by the large numbers of
nitrifiers associated with the suspended matteeyT¢onclude that heterotrophic degradation
of PN and chemoautotrophic processes must be itgiynaoupled in the particle-rich
turbidity zone to cover the N-demand for nitrificet on the suspended aggregates.

But why would concentrations arid®DON+NH," increase seaward of the TMZ? A
likely candidate process should remove DON in tireer Elbe estuary and liberate it again at
higher salinity to restore concentrations and igimt@omposition. Such a process may be
abiotic and may be associated with flocculation andption to either detrital particles or
high-molecular weight DOC. This occurs at the hefihany estuarine salinity gradients and
often coincides with the estuarine turbidity maxim(Eisma, 1986; Kranck, 1984), followed
by desorption at higher salinity. The DON+NHoncentration minimum in the Elbe TMZ
coincides with a minimum i6*>DON+NH," in our samples, and both increase rapidly at the
saline tail of the TMZ (Fig. 6). Previously, a maadmsm which involves
adsorption/desorption as a control on DON concéatra in the Delaware Estuary has been
proposed (Mannino and Harvey, 1999). By analogg, possible mechanism for the observed
change in DON+NE concentrations and°DON+NH," may thus be the selective
absorption onto particles in suspension-df- enriched DON moieties, which are removed
from the dissolved fraction. Althougs®PN is constant in the TMZ (where adsorption is
indicated) and in the upper limit of brackish waf@here desorption would take place), this

may be due to the fact that PN and the adsorbed R@Nisotopically similar and the
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adsorbed mass of DON is small compared to the wiadse particles. A release of particle-
bound ammonium with increasing salinity has beamdébin sediments (Seitzinger et al.,
1991), which supports this hypothesis. In additibe, independence of season also argues for
a non-biological source of DON or ammonium in tlase of the Elbe TMZ at its saline tail.
That thes"™DON+NH;" recovered to that of PN at a salinity of 7 to Léier implies that
particle-adsorbed DON may be an important souradisslved organic nitrogen to the water

column in the outer Elbe estuary.

3.5 Summary and Conclusions

Differing from nitrate, DON+NH' does not behave entirely conservatively in thesElb
estuary. The city of Hamburg and its port in theshwater interval (salinity <0.2) are a clear
source of DON and/or ammonium, possibly due to tinfsam direct discharges, local
biogenic sources or sewage treatment plants. Wiikeng appears to be mostly conservative
in the mid- to lower estuary (salinities >10), vee <lear signals of input an active cycling in
the upper part of the estuary at salinities betw2eand 5. The decrease in DON+NH
concentration at the freshwater head of the est@aturbidity maximum zone is best
explained by sorption of DON and/or ammonium ontartiples in the particle rich
environment. Desorption at the salty tail of the ZAMestores concentrations and
"DON+NH," to values seen upstream. Seasonal variations iN4NBi," and PN
concentration and™DON+NH," and §">PN were only small and not significant. To our
knowledge, this is the first dataset on the estearnixing pattern oB>DON+NH," in
seasonal resolution. Even though the interpretasonampered by the lack of data on N-
cycling in the TMZ, the main conclusion is that magnover of DON+NH' takes place in
the TMZ, just as it has been found for the turnaMarmitrate.
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4. Dissolved and particulate reactive nitrogen in the Elbe

River/NW Europe: a 2-year N-isotope study

Abstract

Rivers collect and transport reactive nitrogen ¢@stal seas as nitrate, ammonium,
dissolved organic nitrogen (DON), or particulateagen. DON is an important component of
reactive nitrogen in rivers and is suspected tdrdmurte to coastal eutrophication, but little is
known about seasonality of DON loads and turnovéhiw rivers. We measured the
concentrations and the isotope ratiobl/*N of combined DON+NE (8*°DON+NH,"),
nitrate $*°N-NOs) and particulate nitrogers’®PN) in the non-tidal Elbe River (SE North
Sea, NW Europe) over a period of 2 years (June 200Becember 2007) at monthly
resolution. Combined DON+NH concentrations ranged from 22 to 75 uM and coragris
nearly 23% of total dissolved nitrogen in the ERmer in annual mean; PN and nitrate
concentrations ranged from 11 to 127 uM, and 38®uM, respectively. Combined PN and
DON+NH,;" concentrations were, to a first approximation, ise¢y correlated to nitrate
concentrations3*°DON+NH,*, which varied between from 0.8%. to 11.5%., changed
parallel to8'*PN (range 6 to 10%0), and both were anti-correlated°N-NO; (range 6 to
23%0). Seasonal patterns of DON+NHconcentrations and*>DON+NH," diverge from
those expected from biological DON+Hproduction in the river alone and suggest that the
elution of organic fertilisers significantly affecthe DON+NH" pool in the Elbe River.

Key words Dissolved organic nitrogen, nitrate, stable ipefn river, seasonality, particulate

nitrogen
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4.1 Introduction

Dissolved organic nitrogen (DON) is a major conitdy to total dissolved nitrogen
(TDN, the sum of nitrate, nitrite, ammonium and DQdNscharged from land to the coastal
ocean. Meybeck (1993) estimated that nearly 70 #ehitrogen entering coastal regions via
rivers is in the form of DON, and highest relat®®N contributions characterize TDN loads
of unpolluted rivers (Wiegner et al., 2006). Buthalgh DON comprises a smaller fraction
than nitrate of the total N load in many eutrophmagkers, anthropogenic sources may
significantly increase the natural DON backgrouAdgdah et al., 2009; Howarth, 2004) up
to a point where anthropogenic sources exceed meetarived DON in low-N streams
(Stanley and Maxted, 2008). DON is thought to be imaert pool of heterogeneous
composition that is not a relevant N-source foslirgater and estuarine ecosystems (Williams
and Druffel, 1987), but recent work suggests tlahilé fractions of DON are selectively
turned over in estuaries (Schlarbaum et al., 20M)en discharged to coastal seas, DON
may substitute for dissolved inorganic nitrogen NPlas a substrate for phytoplankton
assimilation. Asubstantially larger fraction of DON is assimilatbg marine than by
freshwater bacterioplankton; the susceptibilityp@®N to mineralization by bacteria appears
to increase with increasing salinity during tram$pmm fresh to marine water (Stepanauskas
et al., 1999a, 1999b). In seasamben the inorganic N pools are exhausted DON may in
particular promote harmful algal blooms (Bronk, 20Bronk et al., 2007).

The lack of knowledge on DON sources and turnoweaiviers, as well as the potential
influence of coastal ecosystems near river disghargas motivated our investigation into
DON dynamics in the Elbe river, possible seasonalft DON discharge into the adjacent
estuary and coastal sea, and use of isotopic itwd&cdor origin, as well as for possible

sources and sinks of DON in the river.

As a sequel to a study on combined DON and ammodimamics in the Elbe estuary
(Schlarbaum et al., 2010), we here present a dgtars concentrations and tHaN/*N
composition of combined DON and ammonium (DON-+RHparticulate nitrogen (PN), and
nitrate (expressed as the value in %o = [RsampidRstandar)-1]¥1000, R = ™N/*N in
DON+NH,", nitrate, or PN, and in the international standaospheric dinitrogen) of the
Elbe River. The first objective of this study isitwestigate the seasonal pattern of combined
DON and ammonium in the river that drains an intgngarmed (70% agriculture) catchment

of 148,268 kr in central Europe, and in which policy measureshsas a ban on organic
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fertilizers from beginning of November to the erfdanuary (DuV, 2009), potentially impose
an external rhythm on possible external DON and amum sources. Secondly, we were
interested in links between the DON and PN poolbkjciv both may be products of
phytoplankton assimilation of the dissolved inoligamitrogen (DIN) load, or - in the case of
DON - may originate from dissimilation of PN withthe river. The data set is of monthly
resolution and permits us to assess seasonal isagatlepending on internal cycling or
external inputs, and turnover of reactive N betwdiéfierent pools.

4.2 Materials and Methods

4.2.1 Study site
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Figure 4.1: Sample station weir of Geesthacht, Northern GagmblW Europe

The Elbe River is 1094 km long and one of the Istgvers in Germany discharging
into the North Sea. The weir at Geesthacht (b @871-1959 AD) at stream kilometre 585 is
the only barrage along the Elbe River and sepawmatisal estuary from the upstream river

system (Fig. 4.1). The average fresh water diseéhatghe weir Geesthacht is 700 m3/s, and

47



Chapter 4

can rise to 4000 m3/s during floods; nearly 25iomllpeople live in the entire catchment area
of 148,268 krh (Behrendt et al., 2004). The Elbe River is thedat nutrient source of the
German Bight (Brockmann and Pfeiffer, 1990), whistseverely affected by eutrophication
(Osparcom, 2008). In 2007, the Elbe discharged B#elctive N (85% nitrate, 15%
DON+NH;" + PN) into the estuary (Arge, 2008).

4.2.2 Sampling

From June 2005 to December 2007, monthly water Esmweere collected at the weir
using a Ruttner sampler. Initially, samples werkected at two different water depths (0.5m
and 3m), which was reduced to only 1 sample frothrti-after initial analyses showed no
significant difference between the two depths. Tiver water was immediately filtered
through precombusted GF/F filters and stored inb@Eles that had been soaked in acid
overnight and rinsed with deionised water (DIW)cE&®ottle was rinsed with sample water
before being filled. Water samples were frozenl&8°€ until analysis. Filters were dried at

60-70°C and stored at 4°C before analyses.

4.2.3 Methods

Glassware was washed with deionised water (DIWked in soap and 10% HCI baths
and washed again with DIW after each single step. nAn-volumetric glassware was
combusted at 450°C for at least 4 hours, volumefiassware and PE-bottles were washed
with DIW, soaked in 10% HCI bath overnight, waslagghin with DIW and dried at 50°C.
Concentration of total dissolved nitrogen (TDN)DHW was determined using the “persulfate
oxidation method” (Solérzano and Sharp, 1980; Keffpl1976; Knapp et al., 2005) (see

below) with a blank of < 1umol/l.

4.2.3.1 Concentrations and 6*°N analysis of Nitrate and Nitrite

Concentrations of nitrate and nitrite were measuveth standard colorimetric
techniqgues (Grasshoff and Anderson, 1999) on aroAndlyzer3 by Bran & Luebbe.
Concentration of nitrite in the water samples wagligible (below 2% of the nitrate
concentration) at a detection limit of 0.05 pdPN-NOs of nitrate was analysed by using the

“denitrifier method” (Sigman et al., 2001; Casdiat al., 2002). Nitrate was quantitatively
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reduced to nitrous oxide () by using a strain of denitrifier bacteria thacks NO
reductase activity. M0 was automatically extracted, purified in a Gasben
(ThermoFinnigan) and analysed on a Finnigan Ddiia P mass spectrometer. The sample
size was adjusted to 20 nmol nitrate in each samphe samples were referenced to
injections of NO from a pure RO gas cylinder and then standardised using amiatienally
accepted nitrate isotopic reference material (IAE2\-5"°N = 4.7%.). We used an internal
potassium nitrate standard for further validatiérowr results, which we measured with each
batch of samples. The standard deviation for rafdi@nalyses (n = 4) was £ 0.2%.. The
method also permits determination®fO-NO; (Sigman et al., 2001; Casciotti et al., 2002;
Dahnke et al., 2008), which is referenced to IAEB-ith a 3'°0-NO; of 22.7%o versus
Vienna Standard Mean Ocean Water (VSMOW) (B6hlkal.e2003). We note that this value
has recently been corrected and is now reporte2bd@%o., but decided to use the formerly
assigned value for a better comparison with previgtudies (Johannsen et al., 2008;
Schlarbaum et al., 2010).

4.2.3.2 Concentration and 6™°N analysis of TDN

To determine the TDN concentration a3fdTDN we used the method of Knapp et al.
(2005), with small modifications as described irhl@daum et al. (2010). In brief, total
dissolved nitrogen is oxidized to nitrate using tphersulfate oxidation method” (Solérzano
and Sharp, 1980; Koroleff, 1976; Knapp et al., 20€®ncentration of TDN was determined
as nitrate after oxidation by the method descréisalve.

For the determination of*°TDN nitrate in oxidised samples and reagent blams
converted to BO using the denitrifier method (Sigman et al., 200a&sciotti et al., 2002) as

described above.

4.2.3.3 Concentration and ¢*°N analysis of combined DON+NH,"

Concentration of combined DON+NHwas calculated by the difference between TDN
and nitrate, because concentration of nitrite vaassistently negligible.

For thes"™DON+NH," mass balance calculations were made using theumeehsitrate
concentrations and°N values of the oxidised sample, the reagent btamkthe unoxidised

sample:
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OJ'°DON + NH; = STDN* ¢(TDN) _[ (6"°N - NO; * ¢(NQY)) , [0*Blank* c(Blank)
" c(DON+NH;) ¢(DON + NH) S(DON+ NH.)

(Eq. 4.1)

The combination of persulfate digestion and ddretri method to measure
8" DON+NH," has been tested by oxidation of urea standardisofuwith a concentration
range of 10 to 400 pM. Th&"N of solid urea was measured by using a Flash EX211
elemental analyzer coupled to a Finnigan Delta plBsmass spectrometer, yielding8N
value of 0.5%0 + 0.2%.. Measurements of the ureatgwla after preparation as above yielded

in 8'°N values of 0.4%. + 0.2%o after blank correction.

Repeated measurements of the same water samplensteated the reproducibility of
the 8°N method for5®DON+NH," analyses. The mean measured standard deviation of
5'TDN andd™®N-NOs was 0.2%o (3 to 4 repetitions). The mean standaxdation for TDN
and nitrate concentration was 1 pM. Because ofr ggropagation, the calculated standard
deviation of6™DON+NH," ranged from 0.1 to 2.8%. with a mean value of 1.2% the
calculated mean standard deviation for combined BIM," concentration was 2.2 uM.

The method does not separate DON and ammonium. ¥awa comparison with
DON concentration, ammonium concentrations were teear below detection limit (< 2.9
HM) except for samples taken during winter seasmialsin June 2007. During winter seasons,
ammonium concentrations occasionally increasedg#tuM (February 2006), equalling 50
% of the combined DON+NAH loads; in June 2007, ammonium accounted for agmiabely
10% of combined DON+NH.

4.2.3.4 Concentration and 6*°N analysis of PN

Particulate nitrogen was sampled by filtering thetew samples through precombusted
(6 hours, 450°C) and tared GF/F filters. Afterréition the filters were dried at 60°C and
stored dark at 4°C until analysed. The weight oftipalate matter on the filters was
determined, and C and N weight % were analysed diygua Flash EA 1112 elemental
analyzer. Thes"®PN was analysed with a Flash EA 1112 elementalyaeslcoupled to a
Finnigan Delta plus XP mass spectrometer. Resuleye wstandardised using the

internationally accepted isotopic reference malefiligh organic sediment standard OAS”
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(Cat.no. B2151, Batch no. 282&°N = + 4.4%. + 0.19%0), “Low Organic Content Soil
Standard OAS” (Cat.no. B2153, Batch no. 2889N = + 6.7%o + 0.15%0) and IAEA-N1

(8N = + 0.4%0). The standard deviation for replicatalgsis was 0.2%. (3 replicates).

4.2.4 Annual and seasonal loads and load-weighted isotopic values

For an estimate of the mass loads of DON#NADN, PN, and nitrate and the average
N-isotope composition of these compounds, we usedialytical data and the discharge

rates of the sampling dates to calculate annudkles:
L=>|3|*c * flow (Eq. 4.2)

The entire time interval J of 12 months for anneadtulations (6 months for seasonal
calculations) was divided in sampling intervals with the duration|,|the concentration; ¢
and the discharge flawThe annual load L is the sum of the single loadthe sampling
intervals J(Hebbel and Steuer, 2006; Johannsen et al., 2008).

For the calculation of the load-weighted annualrage isotope composition, the
isotope values were multiplied with the respectieacentration and weighted with the loads

according to the formulas:

_ ) 0°N;* ¢ * flow,

515Nwm|
> ¢ * flow

(Eq. 4.3)

00, * ¢ * flow
o = z — ' (Eq. 4.4)
v D¢ * flow,

where§*Nym and8*®0,m are the load-weighted annual isotope valéédy; and§°0; are
the measured isotope values of individual sampless the respective concentration, and

flow; the discharge flow.

51



Chapter 4

a) so0 24 4000
—0—815N-NO3' —A—E‘BO—NOS' -0— c(NO,) [l discharge
375 |- 18 [N\ N N R 13000
£
- Q o
— o / @
s z 7\ S
e o) Q o 3
5250 |- o 12 N Ay S e B /y& rrrrrrrrrr I A o S fomoeee — 2000 <
02, $ —
S e) \ !
2 / . % s
: / \ P
(2=
@ 4 /
125 |- 6 A b e e M- - SN et | RS - 1000
o o= \
S ~ ) o<
A H H
oL 0 ’_h JH \H D | | | \H \HH H\ | | l | 0
b) 80 16 — 4000
—O— c(DON+NH,") [ discharge
60 12 3000
= =
=
2 T =
z Z :
z g o}
& 40 Qs 2000 G
a © —_
T "o 3
W
K
20 - 4 1000
oL 0 0
C) 160 - 12 : 4000
—O0—§™5pN -0— c(PN) [ discharge
120 | LT 3000
—_— Q.
= —_ @
= = Q
= Q
E 80F  E B 2000 &
5 e =
3
S
K2
40 |- - ( - 1000
oL 4 HHHHI 1 H 1 | HI HH 1 | HH HHHH Hﬂlﬂ\ﬁ/ﬂ | 1 \H\ HH H H\ Hlﬂ 1 I | 0
C 0 - D Qe 20 0k > D e 20 0 s s > D= 20 - Qq
233333238822233386253828333348233¢8
D W W W W W LW LW WO O © O O O W W O O O © M~ NININININININSKINDNINSNIRNIN® ©
O O O O O O O O O O O O O OO O 0O 0O 0O O 0O 0O 0O oo 0O o o o o o o o o o
date

Figure 4.2: concentration and isotopic values in the ElbeeRat the weir of Geesthacht, June 2005 — December
2007, bars represent the river discharge. Notélifferent scales of the y-axes. a) Nitrate conadiun,
3'°N-NO5 and5'®0-NO; in the Elbe River. Data from 2006 have been phblisin Johannsen et al.
(2008). b) combined DON+NF concentration and">DON+NH,". ¢) PN concentration arid°PN
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4.3 Results

The analytical results from sampling in the perihche 2005 to December 2007 are
plotted in Fig. 4.2. Water discharge for the samplilates were plotted as bars and show an
exceptional spring flood in April 2006. In the fi® months of sampling, we determined only
concentrations andf°N of nitrate and DON+NH; the last two years, measurements included
also8'®0-NOs, and concentrations adlPPN (from July 2006 to December 2007).

4.3.1 Nitrate concentrations and isotopic compositions

Throughout the entire sampling period covered in @aurent study, nitrate displays a
clear seasonal trend in concentrations and isotopisposition.5'>N-NO; and 520-NO5
were both enriched during summer months (maxima 28%b 12%., respectively) and were
both depleted during winter times (minima 6%. and%., respectively) (Fig. 4.2a) and are
anti-correlated (r2 = 0.84, r = - 0.92,< 0.01) (Table 4.1) to nitrate concentrations (n3@.
UM in summer seasons, max. 420 UM in winter sedsé®-NO; and &'%0-NO; varied
almost parallel and are strongly correlated (r2860r = 0.98a < 0.01, Table 4.1) to each
other. A plot of3*20 vs.5"°N shows that the isotope values plot a slope of 0B which is
close to a 1 : 1 slope (Fig. 4.3). Nitrate concian and isotopic composition from January
2006 to December 2006 are also published in Joleanstsal., 2008.

r’\r ¢(NO,)  c(TDN) C(DON+NH,) c(PN) &"N-NO; §“0-NO;  §“TDN §°DON+NH,” §"PN
c(NO,) 0.995 0.462 -0.674 -0.918 -0.897 -0.902 0.369 0.584
c(TDN) 0.991 0.547 -0.656 -0.907 -0.868 -0.898 0.414 0.579
c(DON+NH,") 0.214 0.299 -0.104 -0.359 -0.278 -0.424 0.592 0.193
c(PN) 0.454 0431 0.011 0.745 0.770 0.655 -0.296 -0.375
8""N-NO, 0.843 0.822 0.129 0.555 0.977 0.964 0.287 0.487
5°0-NO;  0.805 0.754 0.077 0.593 0.955 0916 0.380 0.496
§'5TDN 0.813 0.807 0.179 0.429 0.930 0.840 -0.275 -0.552
5'"DON+NH," 0.136 0.171 0.351 0.088 0.082 0.144 0.076 0.726
§'°PN 0.341 0.336 0.037 0.141 0.237 0.246 0.305 0.528

Table 4.1: Correlation coefficients of all measured paramsete the Elbe River at the weir of GeesthachteJun

2005 — December 2007. r2 in bold, underlined cokfits present a level of significance 0.01.
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Figure 4.3: Relationship betwee™N-NO; and §'*0-NO; to examine the fractionation factor rat&/e™,

dashed line represents a 1:1 ratio

4.3.2 DON+NH," concentrations and isotopic compositions

DON+NH;" concentrations also showed a distinct seasonalibncentrations varied
between 22 pM and 76 uN‘*>DON+NH," ranged from 1% in November 2006 to 12%o in
March 2006 (Fig. 4.2b). We found two distinct maaimn both concentration and
8">DON+NH," per year. The first maximum with higher valuesbimth concentration and
5®DON+NH," appeared in winter months (from December to Maritt® second in summer;
minima occurred during spring and autumn seasomsik&J nitrate, $*°DON+NH," and
DON+NH;" concentration are only loosely correlatel £r0.35, r = 0.59¢ < 0.01, Table
4.1).

4.3.3 DON+NH,'/TDN ratios

The DON+NH" contribution to TDN differs through the seasonsthwan annual
average of DON+NK/TDN of 23%. The highest DON+NATDN ratio occurred in August
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2006 (57%), the lowest in March 2006 (8%) (Tabl®)40n average, the DON+NHTDN
ratio in summer is about twice as high as in seasath less biologic activity (33% versus

15% in winter, 18% in spring and 17% in autumn).

¢NO  o(TDN) c(DON*NH,) G(PN) ~ C(DON+NH,) S°N-NO,  8°ONO;  &°TDN  "DON+NH, &°PN

[uM] [uM] [uM] [WM]  ratio [%] [%ho] (o] [%ho] [%ho] [%eo]
summer
halfyear 112 £76 150 +78 38 £9 57 £32 201 +114 165 +41 65 £33 128 £23 48 +17 72 +09
(Apr-Sep)
winter
haffyear 258 £82 303 +91 45 +15 33 £25 151 £36 101 £22 16 £19 05 15 62 £28 85 1.
(Oct-Mar)
winter
Deofep) S48 M6 % 51 206 U729 93 £07 0808 90 07 7409 0f £07
?&';??May) 261 £119 308 125 47 £17 66 £32 180 £103 103 £41 30 £34 03 £24 59 £32 75 £14
summer
84 £28 122 428 3B +7 5533 326 98 180 27 76 £27 13713 49 £16 72 £08

(Jun-Aug)
autumn
Sophoy 1B ES0 05T 23 41130 169 £50 125529 35430 110418 43 £26 79113

|
;Ta“na 774107 218 £113 41412 46 £30 229 £112 136 £46 41 £37 113426 54 £24 78 £12
Max 22 458 75 127 566 25 121 158 5 100
Min 3 75 2 1 79 64 02 65 08 59

Table 4.2: Annual and seasonal mean concentrations and isetpe values of nitrate, TDN, DON+NHand
PN, and annual and seasonal mean DON#N&tio in the Elbe River at the weir of Geesthadote
2005 - December 2007

4.3.4 Particulate nitrogen

Concentrations of PN had no clear seasonal tremi§'aPN fluctuated in a small range
of 6 to 10%o (Fig. 4.2c). In general, higher concativns and lowed™ PN values were
measured in spring and summer seasons (55.0 — |89,67.2 — 7.5%0), while lower
concentrations (20.2 — 41.4 uM) and high&tPN values (7.9 — 9.1%0) were detected in
samples from winter and autumn seasons. PN thussshasimilar seasonal cycle as nitrate,
but varies in a considerably smaller range. In @mttto nitrate, no significant anti-correlation
betweens*>PN and PN concentration was evident (r2 = 0.14; 10=30,a > 0.05, Table 4.1).
8PN is higher than but closely track’DON+NH," (Fig. 4.4), with a correlation of r2 =
0.53 (r = 0.73¢. < 0.01) between these two parameters (Fig. 4.5).
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Figure 4.4: 8*°*DON+NH, and8**PN in the Elbe River at the weir of GeesthachteJ2®06 — December 2007
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Figure 4.5: Relationship betweed DON+NH," and§'*PN in the Elbe River at the weir of Geesthacht,eJun

2006 — December 2007
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4.3.5 Loads and annual isotopic values

The annual loads transported in the Elbe River @isdharged into the downstream
estuary at the weir of Geesthacht are listed inél'dl8. The annual TDN loads were 107 kt in
2006 and 72 kt in 2007. An unusual flood in Aprd0B caused high discharge at high
concentrations, and created the nearly 50 % differein total dissolved nitrogen loads
between the two years. Excluding the anomalougslifitetta, a clear seasonal pattern of higher
loads in winter seasons (October to March) emergethie case of nitrate, the winter load is
more than three times the summer load, and for DM+ the winter load is twice as high.

In contrast, the PN load is relatively constanbtizhout the year.

summer '05 winter '05/'06 summer '06 winter '06/'07 summer'07  winter '07 annual annual
Load (Jun-Sep) (Oct-Mar) (Apr-Sep) (Oct-Mar) (Apr-Sep) (Oct-Dec) load'06 load'07

TDN

[kt 12.02 58.73 63.26 39.59 14.84 52.18 107.11 72.03
'Elkct)]3_ 8.67 50.35 53.55 32.97 10.97 45.44 91.19 59.16
DO[T(:]NH; 3.35 8.38 9.71 6.62 3.87 6.74 15.92 12.87
PN n.d. n.d. 5.27 4.09 5.00 5.01 8.20 10.09

[kt]

Table 4.3: Annual and seasonal loads (in kt) of nitrate, TMMXDN+NH," and PN in the Elbe River at the weir
of Geesthacht, June 2005 — December 2007 (n.dt éetermined)

Table 4.4 lists the results of load-weighted anis@ope values for DON+NH, TDN,
nitrate and PN in addition to seasonal load-weidhsatope values. In the case of nitrate,
8°N-NO; and3®0-NO; values were higher in summeriN-NOs: 11.7%0 — 18.7%0d 20-
NOs: 1.6%0 — 5.6%0) than in winters®N-NOs: 8.8%0 — 9.5%0:5"°0-NO5 0.7%o0 - 1.1%o).
For the particulate load&>PN also showed lower values in summer seasons (4.8%%o)

than in winter seasons (8.2%o — 8.4%o).

summer '05 winter '05/'06 summer '06 winter '06/'07 summer'07  winter '07 annual annual
(Jun-Sep) (Oct-Mar) (Apr-Sep) (Oct-Mar) (Apr-Sep) (Oct-Dec) load'06 load '07

5'°TDN

145 8.6 77 838 12.4 9.1 8.3 9.4

wml
15 .

e 18.7 8.8 8.1 9.3 15.0 9.5 8.6 10.2
wml

18 -

RO n.d. 07 16 1.1 5.6 10 13 18
wml

15 N

5"DON+NH, 5.6 75 5.9 65 5.0 6.3 6.5 6.0
wml

515PN wml n.d. n.d. 48 82 71 8.4 6.0 71

Table 4.4: Load weighted annual and seasonal mean isotdpesvaf nitrate, TDN, DON+NK and PN in the
Elbe River at the weir of Geesthacht, June 200®eehber 2007 (n.d. = not determined)
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Combined DON+NH" showed an opposite trend with lowEPDON+NH," values in
summer (5.0%0 - 5.9%o0) than in winter (6.3%0 — 7.5%), that isotopic differences between
summer and winter seasons were much smaller thiamtfate and PN. Because of the greater
share of nitrate in TDN§'*TDN followed the same trend &5N-NOs with the higher values
in summer seasons (10.3%o0 — 14.5%0) compared to mée@sons (8.6%o — 9.1%o).

4.4 Discussion

Our results show the composition of total nitrogem the isotopic composition of
different reactive N sources in the Elbe River ozdrme period of more than 2 years from
June 2005 to December 2007. In the next sectionwillediscuss the data for nitrate,
combined DON+NH" and PN under the aspects of seasonality and atiole$ between the
measured parameters. We were interested if not lmolggical processes but also external
factors affect seasonal patterns. Furthermore wateslainvestigate the correlations of the
different N pools like nitrate, DON+Nf and PN, since both DON and PN may be products
of phytoplankton assimilation of the nitrate loddON+NH;  may also originate from
dissimilation of PN within the river.

4.4.1 Nitrate

Nitrate concentrations were high in winter seasamd low in summer seasons and the
isotopic composition 08*°N-NO3 and 8%0-NO5’, had maxima during summer seasons and
minima during winter seasons (Fig. 4.2a). The seaswoariability is essentially due to
seasonal changes in biological activity, which esuisotopic fractionation (Kendall, 1998).
The first process is assimilation of nitrate: Pipamkton preferentially incorporates light
isotopes N, *°0) and discriminates slightly against nitrate wiksavy isotopes. At higher
temperatures in summer, increased phytoplanktodygtwvity leads to an enrichment of
heavy isotopes™{N, respectively®0) in the residual nitrate (Johannsen et al., 26@8idall,
1998). A second process potentially raisiBigN-NOs and &%0-NO; is water column
denitrification, which strongly discriminates agstithe heavy isotopes. Available field and
experimental data in seawater suggest equal pefmaitionation factors™e and %

(*°e = (M — 1) * 1000, wheré’k and**k are the rate coefficients of the reactions for the

1“N- and "*N-bearing forms of nitrate, respectivelSe for oxygen) for nitrate assimilation
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(Casciotti et al., 2002; Granger et al., 2004) deditrification (Granger et al., 2004; Sigman
et al., 2003), but little is known about the fraot@tion factors associated with nitrate
assimilation in fresh wateim the case of denitrification® : % ratios of ~0.5-0.6 have been
reported (Bottcher et al., 1990; Lehmann et al32Mengis et al. 1999). However, water
column denitrification is unlikely given the oxygeoncentrations in the study area, so we
expect that coupled enrichment of oxygen and némogotopes will be mainly associated to
assimilation. In Fig. 4.3 we plottef}®N-NO;™ versus3*0-NO; and obtain a slope of 0.81.
This slope represents the ratio of the fractiomafaxtors™>s and*® as describetly Granger

et al. (2004) in their experiments of coupled men and oxygen isotope fractionation
andindicates a major influence of nitrate assimilatibacause both isotopes have almost the
same fractionation factor (Granger et al., 2004)July 2005 Deutsch et al. (2009) measured
a ratio of 1.12 in the Elbe River. In combinatioithnincreased concentrations of chlorophyll
a and particulate organic carbon they demonstrdtatiitrate assimilation by phytoplankton
plays a major role in nitrogen transformation psses in the Elbe River (Deutsch et al.,
2009).

4.4.2 Particulate nitrogen

Because of the relative short sampling period drel lack of seasonality in both
concentration and™PN, it is difficult to establish the role of PN ihe nitrogen cycle in the
Elbe River, which is further complicated by its ér@igeneous composition: PN consists both
of detritus and newly produced phytoplankton, vaitesumably large differencesdrPN.

The higher mean concentrations in spring and sunéte6é uM and 55.0 uM, Table 4.2) are
accompanied by low™PN values (7.5%o in spring, 7.2%o in summer) and e@sing DIN
concentration. This pattern is consistent with Phginating from internal phytoplankton
production (Raabe et al.,, 2004), and fits well withta from July 2005, when a PN
concentration of 61 uM and &°PN value of ~7%. was determined (Deutsch et al. 9200
Assimilation of low8'N ammonium in the beginning of the phytoplanktoadsh in spring
could be the reason for the decreasitt§@N, since ammonium is the preferred N source when
abundant (Hadas et al., 2009). After ammonium fsaasted°N-enriched DON and nitrate
were assimilated, leading to increasiBfPN. Resuspension of particulate matter from
surface sediments should result in an increase oith kroncentration an@'°PN, thus
explaining our observations in summer 2006, wheth B6PN and PN concentration reach a

maximum value.
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The increase iB'°PN and decrease in concentration in autumn andewintlicates
consumption during this period, coupled to resusjenof low-N sedimentary organic matter
due to increased flow rates. This suspended medtebe degraded due to biological activity
in the sediments and have low N content, but hig¥PN values. The similar curve
progression 08PN and3™DON+NH," indicates a relationship between the dissolved and
the particulate matter fraction (Fig. 4.4), mirmriea the correlation coefficient of r2 = 0.58 (
< 0.01) (Fig. 4.5). The lowes™DON+NH," compared ta5*°PN suggest that particulate
matter is, at any time of year, a significant seufor DON and/or ammonium, so DON

and/or ammonium are produced by release of smialbkofractions of PN (see next section).

4.4.3 DON+NH,"

The combined DON+NH load of the Elbe River at the weir of Geesthagpaaently
is fed by both external and internal sources. Thietiz external sources of DON+NH
include terrestrial runoff, such as DON and/or amimm input by surface runoff, tributaries,
groundwater (Valiela et al., 1990; Tobias et &dQP) and from the atmosphere (Cornell et al.,
1995). These external sources are often dominatedisicharge of sewage treatment plants,
and elution of slurry and liquid manure from farnda

During our observation period, we found seasonffer@inces in both DON+NH
concentration and>DON+NH," (Fig. 4.2b). In contrast to nitrate dynamics, #renual
DON+NH;" cycle appears to be more differentiated and caseparated into four seasonal
phases: DON+NH{+ concentrations and*>DON+NH," decreasing in concert (spring), a
coupled increase of both parameters (summer), a@siog DON+NH" concentration and

isotope values in autumn and then another increfdseth in winter.

4.4.3.1 Spring

During spring, decreasing DON+NH concentration may be explained by
heterotrophic and autotrophic uptake of reactiwe-toolecular-weight DON (LMW DON)
(Bronk et al., 2007) and ammonium. Only small fiaws of the heterogeneous DON pool in
river water are bioavailable (Bronk et al., 200@jt8nger and Sanders, 1997, Seitzinger et
al., 2002).The proportion of DON that is utilizable by phytapkton varies by source and
land use pattern in the catchment: up to 59% of D@k urban/suburban stormwater runoff

and 30% from agriculture sources can be bioaval§Bkitzinger et al., 2002). Incubation
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experiments by Berman et al. (1999) showed that LIM@N, composed mainly urea, is
easily degraded by indigenous bacteria and/or dissolved enzymes. The portion of this
labile fraction is variable: In a study about fifyers draining a major part of the Baltic Sea
watershed (Stepanauskas et al., 2002) total nitrogas composed by 48% dissolved
inorganic nitrogen (DIN), 41% DON and 11% particalaitrogen (PN). The labile fraction
of DON was composed of urea and dissolved combameicio acids (DCAA) with 4-20% of
DON each, and <3% dissolved free amino acids (DFAA

Besides land use pattern, the bioavailability ofND&ppears to depend also on seasonal
influences that may determine the type of DON. ldgghuptake rates of DON originating
from urban/suburban stormwater runoffs and agticaltsources were observed in spring
times (Seitzinger et al., 2002). The decreasifipON+NH," values observed in spring
apparently reflect that uptake of the bioavaildbdetion is complete to the point that we have
no apparent isotope effect, and the ®MDON+NH," value measured in the remaining pool
is due to recalcitrant DON that remains in the watdumn.

4.4.3.2 Summer

In the second distinct phase in DON+NHseasonal cycling (June to August) both
concentration and°DON+NH," increase. In 2005 Deutsch et al. (2009) measuned°N-
NH," values of 2-3%. in the Elbe River, so this increas&"™ "DON+NH," should mainly be
due to increasing™DON. In summer, elution of organic fertilisers etform of slurry and
liquid manure dispersed on farmland during thet fingin fertilisation period in spring leads

to an increase in DON concentration @antDON (Heaton, 1996), in accord with our data.

The data from monitoring at the weir also indicatémitation of biological production
in the river by ammonium and phosphate during sumifiable 4.5). This seasonal lack of
nutrients apparently leads to high rates of DONeas¢ by phytoplankton: When
phytoplankton cells are stressed by nutrient litiatg they react by high release rates of
organic matter (Carlson et al., 1994; Larsson arasttom, 1979). Furthermore, such
nutrient limitation induces an uptake of DON as aternative N-source (Jackson and
Williams, 1985). Kaushal and Lewis Jr. (2005) exaaal two streams in Colorado and found
highest uptake rates of bioavailable DON, when eatration of DIN in stream water was
lowest. In incubation experiments they showed #@#6 of the DON could be consumed by

microbes in stream sediment. This suggested thad D& the potential to be used biotical at
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a high rate in nitrogen poor rivers, and may beegated by heterotrophic bacteria when DIN
concentration dropped and labile DOM with low riedatnitrogen content prevails. We
assume that if ammonium is limited, the uptake QfM\Dis an almost effective alternative to
the uptake of nitrate. Stepanauskas et al. (199@sjulate that DON may be even the
dominant input of bioavailable nitrogen to coasssmlas during summer, when nitrate

concentrations in rivers decrease.

ammonium o-phosphate nitrite

[uM] [uM] [uM]

Feb. 10.7 1.9 14

May <d.L <d.L <d.L

2005 Jun. <d.l <d.L 1.4
Jul. <d.l 0.6 <d.L

Aug. <d.L <d.L 0.7

Nov. <d.L 2.3 <d.L

Feb. 33.6 1.6 1.4

May <d.l 0.6 0.7

2006 Jun. <d.L 0.3 0.7
Jul. <d.l 0.6 <d.L

Aug. <d.L 1.6 <d.L

Nov. 2.9 2.6 <d.L

Feb. 29 1.9 0.7

May <d.L <d.lL 0.7

2007 Jun. 4.3 <d.lL 1.4
Jul. <d.L <d.lL 0.7

Aug. 29 <d.L 0.7

Nov. 4.3 2.9 0.7

Table 4.5: selected nutrient concentrations in the Elbe Ratedhe weir of Geesthacht in the years 2005 7200
measured by the ARGE-Elbe (ARGE 2005, 2007a, 20Q@¥.b)= detection limit)

We interpret our data from summer, when both comaton and&*DON+NH,"
decrease, as a reflection of a dynamic equilibrairaptake and release of DON: The elution
of organic fertilisers and the uptake of DON by pjankton cause an increase in
8™DON+NH,", while the DON released due to nutrient limitatgfould cause a decrease in
8">DON+NH,". This is supported by the close correlatiosBOON+NH," and§™PN (Fig.
4.5), which suggests thatN depleted DON is released from particulate N. Bphgnkton,
which is highly abundant at this time of year, isikely source of this DON, as has been
observed in Lake Kinneret, Israel, where Hadad. €2@09) found a similar relation between
particulate organic matter (POM) and DON, and cadelthat algal production is a major

source for DON.
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4.4.3.3 Autumn

In autumn, from September to October, we again rebsea decrease in DON+NH
concentration and"™ DON+NH,", followed by parallel increases in winter monthshigher
values in both concentration a®tfDON+NH;," than in summer.

In autumn, at the end of the biological productieriod, there is still a lack of
phosphate in the river water, so that the reledsENodepleted DON is still in progress.
However, due to sinking algal production, DON+NHoncentration is decreasing. The
remaining DON is isotopically depleted. We infeattlsedimentation is also a major sink of
DON as an explanation for decreasing DON-+NEbncentration and*>DON+NH,". In the
Colne River (which has a TDN composition comparabléhe Elbe River), Agedah et al.
(2009) observed a similar decrease wh&v enriched DON is removed from the water
column. The low PN concentrations further suppaog a&ssumption.

4.4.3.4 Winter

The increase of DON+NF1 concentration and*>DON+NH," in winter is due to the
elution of organic fertilisers of the second magmtifisation period in autumn after the last
harvest in October before the blocking period stéirom beginning of November until the
end of January, DilV, 2009). Recent measuremer®SNfNH," in January 2010 showed low
values of 0 — 1%o at concentrations of ~13 uM (Stddlam et al., unpublished data), so DON
must be highly enriched i"°N to obtain measured>DON+NH," values. The elevated
concentration in comparison to summer is due td EgmMonium concentrations in winter
(10 — 30 uM, Table 4.5).

4.5 Summary and conclusions

In our study about different forms of nitrogen ihetElbe River at the weir of
Geesthacht we measured both concentration anck ssaldbpe signatures of nitrate, combined
DON+NH;" and PN. On an annual basis, nearly 23 % of TDN ike form of DON+NH".

For nitrate the seasonal pattern has two periods wicontrasting development of
concentration and dual nitrate isotopes, due tlmgical processes. We attribute this to nitrate
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assimilation during biological activity, as is sapged by the co-variance 6f°N-NO; and
§'%0-NOs.

In contrast, the seasonal cycling of combined DON#Nis more complex and is
influenced by many different factors, both biotiedaabiotic. The annual DON+NH cycle
can be separated into four periods, with an ineré$oth concentration ardd°DON+NH,"
in summer and winter, and a decrease in springaahgdmn. As the main abiotic source, we
assume the elution dfN-enriched organic fertiliser, after the main fiéstition periods in
spring and after the harvest in autumn, to havémportant influence on DON in the Elbe
River. In summer, this is accompanied by DON radebg phytoplankton due to nutrient
limitation, indicated by the similar, aimost paehlprogression 08*>DON+NH," and&™PN.
The decrease in spring and autumn is on the one tae to autotrophic and heterotrophic
uptake (springtime) and on the other hand dueweidiological production in autumn. Our
measurements suggest that the recalcitrant higleaulalr-weight DON fraction in the Elbe
River is isotopically depleted N, compared to the reactive low-molecular-weightNDO
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5. Isotope ratios of nitrate, dissolved reduced and particulate
nitrogen in the eastern Mediterranean Sea trace external N-

inputs and internal N-cycling

Abstract

The eastern Mediterranean Sea is an unusuallgntisoor ocean basin where #g/*N
isotope ratios in many compartments of reactiveogén are lower than in comparable oceanic
settings. To elucidate possible reasons, we detethstable isotope ratios in nitrate, suspended
particulate and total dissolved reduced nitrogerstations across the eastern Mediterranean Sea
occupied in January and February 2007; sinking RN @ollected at one of the stations in the
period from February to September 2007. B\ levels of all reactive N compartments in
waters of the basin is very low (grand averageXa)6compared to other oceanic environments.
Deep-water nitrate below 500 m water de@hiN=2.2+0.3%0) was more depleted i?N than
nitrate generally found in deep water nitrate pablsther oceant™N ranges from 4.7-5.4 %o),
whereas™N was enriched in suspended particulat&RN = 7.3+0.8%o0) and reduced dissolved N
(5N =5.7+3.8%0) compared to nitrate and sinking palite N intercepted in sediment traps
(5"°N= 0.9+0.8%0). We infer that extensive mineralisatis the cause of the isotopic makeup of
reactive N in deep water, in concert with the latkvater column denitrification. Nitrogen and
oxygen isotope ratios in nitrate of the mixed las@ygest an external source of nitrate depleted in
>N, probably anthropogenic NQather than fixed nitrogen. To explain the obserisstope
anomaly in the mixed layer, either the ammoniunmfsat by the breakdown of organic matter
must be predominantly nitrified, or atmospheric ;Néharacteristically enriched iffO was

present.
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5.1 Introduction

The modern eastern Mediterranean Sea is a higidpt@phic oceanic environment
(Antoine et al., 1995; Béthoux, 1989) where primarpduction is approximately half that
observed in the Sargasso Sea or the NortheastcR&edm et al., 2003). This low productivity is
caused by the anti-estuarine circulation in thenb&éodified Atlantic Water flows in through the
Strait of Sicily at the surface, sinks in the eamsteart of the basin and feeds the Levantine
Intermediate Water, a high temperature, high sglimater mass at depths between 200 and 500
m that leaves the basin as a westward currentghrthe Sicily Strait. This intermediate water
mass collects and exports the bulk of mineralisapimducts sinking out of the mixed layer.
Below (>500 m) this surface circulation cell is trestern Mediterranean Deep Water (Malanotte-
Rizzolli and Bergamasco, 1989; Wiust, 1961) whiadmf®when the intermediate water mass is
entrained into surface waters of the two northetnilsasins (Aegean or Adriatic Seas) and gains

sufficient density after winter cooling (Lascaragbsl., 1999).

The export of nutrients with outflowing intermediavater causes the deep waters of the
eastern Mediterranean Sea to be nutrient depletative to the deep water in all other parts of
the global ocean: Nitrate concentrations in deefemare 4-6uM compared to &M in deep
water of the adjacent Western Mediterranean Seh2@pM at similar depths in the Atlantic
Ocean. The eastern Mediterranean Sea is also Uimuishat it has a high nitrate:phosphate ratio
(28:1) in the deep water and is phosphate-starieai( et al., 2005b). As a result, primary
production during the winter phytoplankton bloomlinsited by phosphate rather than by nitrate
(Krom et al., 1991). In winter, the phosphate m sarface water is entirely depleted while excess
nitrate remains (Kress and Herut, 2001). Howew@on safter the seasonal thermocline develops
in spring, both nitrate and phosphate become depirtthe photic zone (Kress and Herut, 2001;
Krom et al., 2005a) and phytoplankton productitigcomes N- and P- co-limited (Thingstad et
al., 2005; Zohary and Robarts, 1998). The reasthratsall P respired is available for assimilation,
whereas part of the N respired enters the poolssbtved organic nitrogen and subsequently is
not available for assimilation (Thingstad et &0Q2; Zohary and Robarts, 1998).

Another unusual feature of the eastern Meditearar®ea is th&N depletion of deep-
water nitrate, suspended matter, and surface setinrethe basin (Coban-Yildiz et al., 2006;
Pantoja et al., 2002; Struck et al., 2001) comp#wedhlues in other open-ocean environments.

The isotope ratio is commonly expressed'as, which is the ratio in the abundance'® and
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YN in relation to that ratio (R) in a standaf™Nsampie = (RsampéRstandaral)*1000 in %o; the
international standard bei@N of air N, = 0 %o.

The low abundance 0iN in reactive nitrogen of the eastern Mediterrar®ea is unusual,
and reflects a different balance between extemalkss of N and internal sinks here than in the
global ocean, where a balance gffiXation and water-column denitrification sets theerage
5™N-NOs to approximately 5%o (Brandes and Devol, 2002; Sigret al., 2009). A decisive
difference of the eastern Mediterranean Sea ialihadance of oxygen even in mid-water oxygen
minimum zones (rarely lower than 70% saturation)l #mus the absence of water-column
denitrification in the basin, which elsewhere rsiteed"N of nitrate. Exchange of deep water
with the Atlantic Ocean is impeded by sills at @ltar and Sicily, so that the Mediterranean Sea
deep water does not communicate with global ocessp dvater. In consequence, only the

regional sources of reactive N and t&TN determine the general level®PN in the basin.

Fig. 5.1 schematically illustrates possible nitrsderces anthe processes that govern the
5N and @0 of nitrate in the surface and intermediate watesses of the eastern
Mediterranean Sea and in other oligotrophic regi@me of the possible external sources that has
been invoked to explain atypicaN depletion (and high N:P ratios) in the eastermliideranean
Sea is significant levels of diazotrophig fikation (Pantoja et al., 2002; Sachs and Re[i929),
because newly fixed nitrogen 13N depleted N = -2 to 0%.) (Minagawa and Wada, 1986;
Montoya et al., 2002). This interpretation is meliwith other authors” inference from N:P ratios
that N fixation is the most important source of new o to the eastern Mediterranean Sea
(Béthoux and Copin-Montegut, 1986; Gruber and Samtoj 1997; Mahaffey et al., 2005). At
present, however, observational evidence feffiddtion is ambiguous (Berman-Frank et al.,
2007; Ibello et al., 2010; Rees et al., 2006), amaual input estimates range from nil (Krom et
al., 2004) to 120*1Ymol/a (Béthoux and Copin-Montegut, 1986), thesfagistimate being4 of
the total nitrate exported through the Straitsiolys

A second source depleted N is significant atmospheric NGnput to the eastern
Mediterranean Sea that is bordered by heavily indlised regions to the North and is a busy
shipping route. This basin is distinct from othlgairophic settings of the world ocean (Duce et
al., 2008) in that atmospheric deposition of NiBesently dominates the external nitrogen inputs
(Krom et al., 2004; Mara et al., 2009). Furthermoegional atmospheric loads have increased
dramatically over the last decades (Fagerli eR@Dy7; Kouvarakis et al., 2001; Preunkert S. et al.

2003), and the input of nitrate from the atmosphier¢he surface water mass of the eastern
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Mediterranean Sea presently accounts for almost @OBéactive N inputs (Krom et al., 2004;
Mara et al., 2009). The atmospheric source {N®dry and wet deposition) has an annually
averaged (flux-weightedy>N-NOs of -3.1%. (Mara et al., 2009) and thus is a stroagdidate
for depressing th&"N-NOjs levels in all water masses of the eastern Meditean Sea over
time. Both N fixation and atmospheric inputs have simiBrN signatures and cannot be
separated based &TN. But whereas fixed Nhas to be oxidised to nitrate in the mixed layer,
atmospheric NQis a preformed input of nitrate, and is known eodignificantly*®0-enriched
over nitrate originating from nitrification or amtpogenic effluents (Hastings et al., 2003;
Kendall, 1998; Wankel et al., 2009).
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Figure 5.1: Conceptual diagram of the processes that deterthi@d™N and 30 of nitrate in the surface and
intermediate water masses of the eastern Meditamafea. Abbreviations are PN for particulate géno
TRN for total reduced nitrogen, and DON for dissol\organic nitrogen as explained in the methodsosec
This diagram also serves as a schematic illustratidhe model used in the discussion to calculaenitrate
isotope anomaly\(15,18) under assumptions of different sourcesxpii@ed in the text (see also auxiliary

material).
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A previous study in the Mediterranean Sea (Strucil.e 2001) also inferred incomplete
nitrate utilisation (Altabet and Francois, 1994}t main reason fdrN depletion in suspended
matter and sediments: Because most biological gsesediscriminate again§iN in NOs,
incomplete nitrate uptake by phytoplankton (limitgdphosphate) would result in products (such
as particulate nitrogen or dissolved organic nérjgdepleted if°N, while unprocessed residual
nitrate would be enriched N over the original nitrate. Together, residue pratiucts have the
original nitrate signature, and thus incompletéisation of typical marine nitrate alone cannot

account for the overalfN depletion in all reactive N compartments.

The denitrifier method (Casciotti et al., 2002gr8an et al., 2001) to simultaneously
determine the3'®0-NO; and °N-NOs, has provided the analytical tool to investigaebal
(Sigman et al., 2009) and regional (Casciotti et 208; Knapp et al., 2008; Lehmann et al.,
2005; Sigman et al., 2005; Wankel et al., 2006)bles that involve internal oceanic sources and
sinks. Establishing the relationships between mieger 5°N-NO; and §*20-NO;s™ helps to
decide, if the supply by deep winter mixing ands&guent nitrate utilisation governs isotopic
compositions entirely, or alternatively to identifsituations where other sources besides
thermocline nitrate contribute to the isotopicaatf nitrate in the mixed layefhe largest source
of nitrate to the mixed layer is thermocline nixaBut in oligotrophic oceanic settings, nitrate
regenerated from particulate nitrogen (PN) andiplysBom dissolved organic nitrogen (DON)
via ammonium and nitrite oxidation can contribugmsicantly to primary production (Yool et
al., 2007). Nitrate from recycling of particulateifNthought to be particularly important in the
oligotrophic Mediterranean Sea (Diaz and Raimb@0ID0). Nitrification imparts a characteristic
isotopic signature on thB#%0-NO; and3"°N-NOs of regenerated nitrate (Casciotti et al., 2003;
Wankel et al., 2006), which can be used to quairtsfontribution (Sigman et al., 2009). Re-
oxidation of assimilated N to nitrate via ammoniamd nitrite transfers thd"°N of sinking
particulate N into the recycled nitrate; this applalso to the nitrification of newly fixed. M
contrast, the regeneration replaces nitrate preljioenriched in'®0 in the course of nitrate
assimilation with nitrate having&°0 characteristic of nitrification, and thus decdngplthe two
isotope pairs (see Fig. 5.1). Regenerated niti@teether derive from particulate of dissolved
organic N (Bronk, 2002; Knapp et al., 2008). Shadiskolved total reduced nitrogen (TRN,
dissolved organic nitrogen and ammonium) indeedaldeey component in the recycling of
reactive N in the eastern Mediterranean Sea (Ttadgg al., 2005), its isotopic composition must

reflect active participation in the N-cycle (Knagigal., 2005).
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In this study, we determined the stable isotofiega nitrate §%0-NO; andd™N-NOy),

in dissolved total reduced nitroge3tN-TRN, composed of DON+NH) and in particulate N of
suspended particle§1fN-PNsusa obtained from filtration from the mixed-layer addep-water
pools for a set of 17 stations occupied in theesasMediterranean Sea in 2007 (Fig. 5.2).
Furthermore, mass flux ad®N data of sinking particlesS™N-SPN) intercepted by a sediment
trap mooring in several periods from 1999 to 200@dree of the stations in the lerapetra Gyre
south of Crete are reported and discussed. Aintisioktudy are 1) to provide a comprehensive
data set o®™N in several relevant N-pools of the water coluroyering pelagic and more
nearshore provinces of the eastern Mediterraneana8é different water masses, and 2) to
analyse to what extent the interplay between mitcatgin (internal recycling versus external
inputs) and biological processes (assimilation emglisation, M-fixation) in the euphotic zone of
the eastern Mediterranean Sea may explain theva@aseotope anomalies. We specifically were
interested in evidence that external inputs fixation or NQ, inputs) are a significant source of

mixed-layer nitrate.
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Figure 5.2; Map of stations occupied in the eastern Medite@a Sea during r/v Meteor cruise 71-3 (January-
February, 2007). Northern lonian Sea (NIS) stati@fsrred to in the text are stations HO7 to Hll2cf
squares), pelagic stations are marked with blatk, doe sole station in the northern Aegean Se@1(Sk
marked by a black star. The black diamond SE ofeQstation lerl) marks the location of the sedintexp
deployment (MID). Stations HO7 (large black squame)l Her03 (large black dot) referred to in Fig &8

marked.
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5.2 Materials and Methods

Samples were obtained during an expedition withTEOR in 2007, which visited 17
stations in the eastern Mediterranean Sea in Jdfebruary 2007; one cluster of stations was in
the northern lonian Sea (NIS), other stations sadhpklagic environments in the lonian and
Herodotus basins, and one station was locatedemdthern Aegean Sea (Fig. 5.2). Water
samples were taken with a rosette sampler equiptada Seabird 911 CTD; an aliquot of the
bottom water at the sediment-water interface wss talken from multicorer deployments. Water
samples were immediately filtered through pre-costdmli and rinsed GF/C filters, and were
transferred into PE bottles for shore based amalg§anutrient concentrations, total dissolved
nitrogen content (TDN, after oxidation of reducefiddd its N-isotopic signatur&'eN-TDN),
andd"N/5™0 of nitrate. Samples for nitrate isotope analy&ige frozen on board ship for further
analysis onshore, samples for TDN analysis werdised immediately after filtration on the ship
with persulfate and then stored frozen in browrsgllaottles until further analysis in the shore-
based laboratory. Samples for nutrient analyse® wersoned with 3.5% mercury chloride
solution and stored at room temperature. Nutriew@ @DN concentrations were analysed
immediately after the expedition using a Bran+LweBtoanalyzer 2 in the home laboratory and

standard colorimetric techniques (Grasshoff efl@b9).

Large water samples (10-50 L) were filtered thropgitcombusted and tared GF/F filters
for analyses of total nitrogen concentrations ispsgmded solids (particulate nitrogen,sR)N as
well as ford™N of PNysp (8"°N-PNy,sp. Filters were frozen on board, lyophilised in ti@me

laboratory and weighed before further analysis.

On January 292007 a mooring system MID-03 (Mediterranean lerap®&eep) was
deployed in the lerapetra Deep off Crete (34°26\6826°11.58' E, bottom depth 3620 m) (Fig.
5.2). The system consisted of one sediment trapaielPARFLUX MARK 7G-21 at 1508 m
water depth (MID-03 Shallow) and one Kiel Sedimérdap K/MT 234 at 2689 m water depth
(MID-03 Deep). The cups were filled with filtered©sk/F, combusted) sea water from the
respective depths. In addition, 35"gNiaCl and 3.3 gl HgCL were added in order to avoid
diffusion and bacterial decomposition during th@ldgment. Sampling started on 30 January
2007 and ended on September 03, 2007. The pditicleas sampled at intervals of 12 days and
the mooring was recovered in September 2007. Subsedp trap recovery, trapped materials

were sieved into >1 (including any large zooplanki@pped) and <1 mm fractions, the wet
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sample material was filtered onto pre-weighed mymbee filters and dried at 40°C. The dry

weights of the <1 mm fraction are used for calentathe total fluxes, and the filter cake was

homogenised with an agate mortar prior to analybiee same site has seen intermittent
sediment trap deployments at 2700 m water depi®9® (30 January to 13 April, 1999) and in

2001/2002 (5 November 2001 to 1 April, 2002) (Wamk2003), and we use data from these
earlier deployments to complement data obtained fre last trapping period.

The filtered and frozen water samples for detertitina of5*°N-NOs” and3'®0-NO;” and
5"N-TDN were thawed in the shore-based laboratorg, mitrate isotopic composition was
determined with the denitrifier method (Casciottak, 2002; Dahnke et al., 2008; Sigman et al.,
2001). The untreated filtered water samples orutfats-digested TDN samples were injected
into a suspension dfseudomonas aureofacie(STCC#13985) for combined analysis &N
and3'®0, or Ps. chlororaphidor 3N analysis of TDN only. The resulting.® gas was flushed
by purging the sample vials with helium, conceetlatand purified on a GasBench I
(ThermoFinnigan), and analyzed on a Delta Plus Xd8snspectrometer (ThermoFinnigan). To
avoid concentration-dependent fractionation effesdsnple size in deep and thermocline water
samples was adjusted to achieve a final gas anodwet nmol, the same amount of standard was
used. Many mixed-layer samples, where nitrate caratons were low, yielded smaller,®l
amounts. For each sample, replicate measuremeregpedormed, and an international standard
(IAEA-N3) was measured with each batch of samplesused &N value of 4.7%. and &°0
value of 25.6%. for IAEA-N3 referenced to Standarédvi Ocean Wated'fO SMOW=0%o)
(Bohlke et al., 2003; Lehmann et al., 2003; Sigraaal., 2005). To correct for exchange with
oxygen from HO during the conversion to,® we used an®O-enriched water standard and
applied the correction proposed by Casciotti et(2002). This correction has recently been
revised (Sigman et al., 2009), and we applied aitiadal offset of -0.6%.. The contribution of
nitrite was always below one per cent and will ¢fismre not be considered further in our
calculations, because the effect®fO values is negligible (Casciotti and Mcilvin, 200The
standard deviation for IAEA-N3 was better than 0.8%s 5) for3°N-NO5 and better than 0.4%o
for 5®0-NQ;5. For further quality assurance of the resultspsed an in-house potassium nitrate
standard that was measured with each batch of samfghe standard deviation for the in-house
standard was within the same specification for BOtN and3'%0 as IAEA-N3. The duplicate
analyses suggest an overall average standardideviat 3°N-NO; of 0.2%. and foB'%0-NO;
of 0.4%.. The standard deviations of duplicate asesyofd'®0-NO; increased to 0.5%o in
samples with low nitrate concentrations in the mhibegyer and upper thermocline. The majority of
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85 samples analysed from the mixed layer gave epéaldle standard deviations and are not

reported.

For calculations of thé™N of total reduced nitrogen (TRN, the sum of DONdan
ammonium) mass balance calculations were made tisengneasured concentratior®y 6f
nitrate and TRN, and"N-TDN values of the oxidised sample, the reagemmlband thed™N-
NOs of the original (not oxidised) sample (Knapp et2005):

1 15n] _ - - 15
5N —TRN= &TON* S(TDN) _{(5 N - NO; * ¢(NO;)) | (5**Blank* c(Blank)

c(TRN) c(TRN) c(TRN) } (Ea.5.0)

The pH of the digested samples for TRN analysis wamind 6, so that no pH
adjustment was necessary (Schlarbaum et al., 204i@)d of the persulfate digestion
procedure has been tested with different standamdsthe oxidation efficiency was between
98-105% (Schlarbaum et al., 2010). A urea stan@arsolid form analysed by combustion in
an elemental analyser) was used for quality comrdt°N-TRN measurement$'?N of solid
was 0.5%o + 0.2%.p"°N after persulfate digestion and conversion Ny the denitrifyer
method was 0.4%. * 0.2%0). Because of low concemngtiand error propagation, the
calculated standard deviation 8PN-TRN analyses ranged from 0.2 to 2.0%o with a mean
value of 0.9%0, and the calculated mean standardatiew for TRN concentration was 1.7
UM. The mean standard deviation f8°N-TRN (0.9%.) was calculated with standard
deviations of actual measurements36N-NO; andd™N-TDN (after digestion), which were
in part better than the 0.2%. estimated as the dvetandard deviation for th&"°N-NO3
measurements. If we recalculate using a standamaton of 0.2%., the standard deviation
for 3"°N-TRN rises to 1.3%o. Note th&°N-TRN was not corrected for any contribution by
ammonium. However, the only published data on amuamorirom the eastern Mediterranean
sea found values in the range of 40-80 nM with rejomtrend with depth (Krom et al.,
2005b). In the same profiles the DON concentratias ~2-4uM in deeper water, similar to
the values measured in this study. It is thus yikbat most of the isotopic signal is due to
DON.

Total particulate nitrogen concentrations in sudpdnsolids (PBsy) and in sinking
material captured by the sediment trap (SPN) weraysed after high-temperature flash
combustion in a Carlo Erba NA-2500 elemental amaly# 1100°C (Rixen et al., 200@°N
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values were determined using a Finnigan MAT 252igaepe mass spectrometer coupled to an
elemental analyzer. Pure tank dalibrated against the reference standards Iritenah Atomic
Energy Agency (IAEA)-N-1 and IAEA-N-2 was used asvarking standard. The within-lab
standard-deviation was found to be <0.2 %. based @@t of replicate measurements of 6

sediment samples.

5.3 Results

5.3.1 Concentrations of N-bearing compounds

The study took place in winter when the water col@ahmost stations was well mixed with
a thermocline situated at depths of around 100r8 @tthtions HO7 to H12 in the northern lonian
Basin, and station SkO1 in the northern Aegean $afig. 5.2) to 250 m (pelagic stations in the
deep lonian Basin, lerapetra and Herodotus Basatg¢mdepth. Fluorescence profiles (Fig. 5.3)
show elevated values (uncalibrated chlorophyll eatrations) in the surface mixed layer typical
of the winter phytoplankton bloom observed in thstern Mediterranean Sea (Krom et al., 2003).
Concentration versus depth plots of nitrate, TR RN;,spfor all stations (Fig. 5.4) showed that
the thermocline (coincident with the base of theréscence increase) in all cases coincided with
the nitracline. Based on the criterion of nitraba@entrations, we distinguished between samples
above the nitracline, in the nitracline, and degpewsamples below the nitracline for each station

set.

Nitrate concentrations were low but measurabldhérixed layers of both the northern
lonian Sea and the pelagic stations (Fig. )5.Mile phosphate concentration®re below the
effective detection limit of the nutrient procedsiteeing used (estimated to 0j@Bol L™) (Li et
al., 2008). TRN concentrations varied around awesax 1.6umol L™ in the mixed layer of NIS
and pelagic stations, and 38nol L in the northern Aegean (Fig. 5.4b). Suspended PN
concentrations in the mixed layer of the northermidn Sea were on average fitBol N L™ (0.4
i mol N Lt in the mixed layer of the pelagic stations, arsl jD.mol N L* in the northern
Aegean) (Fig. 5.4c).
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Figure 5.3: Profiles of fluorescence (a; arbitrary unitsjrate (b) and phosphate (b) concentrations in pipetu400 m
at 2 stations representative of NIS (HO7) and pelsigtions (Her03) show stratification betweera8d 230
m water depth and indicate the biologically actméxed layer. An ongoing phytoplankton bloom in the
northern lonian Sea (at station HO7) is sustaineditrate and phosphate provided from ongoing regio

thermocline deepening, whereas station Her03 ridltes the mature and thick mixed layer with veny lo

nutrient concentrations at pelagic sites.

The intermediate water mass had average nitrateentmtions around 3mol L™ and
average phosphate concentrations between 0.10.22qiol L™, the mean nitrate:phosphate
ratio in the intermediate water was around 30 (big). TRN concentrations were around 1.5
pmol N L in intermediate waters at NIS and pelagic stafiand 3.6umol N L™ in the Aegean
station. The TRN concentrations in the intermediedter mass depth interval scatter widely due
to measurement uncertainties at the low concemtrdévels measured. Suspended PN (not
determined in the intermediate water mass of Néfiosts) averaged 0@mol N L™ at both

pelagic stations and the single northern Aegedioista

Concentrations of most dissolved and particulatastiinents in samples below the
nitracline were more uniform than in the biologigadctive surface (Fig. 5.4): Average nitrate

(4.5 to 4.8umol L") and phosphate (0.16 to 0.péol L) concentrations over all station sets
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resulted in an average nitrate:phosphate rati®@f similar to previous measurements across the
eastern Mediterranean Sea (Kress and Herut, 280&jage TRN concentrations varied around
1.3 umol N L in deep water at northern lonian Sea and pelagtioss, but were elevated
(average 3.¢imol N L) in the northern Aegean. Average suspended PNeotration was

below 0.2umol N L™ in all waters below the nitracline to total depth.
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Figure5.4: Concentrations of nitrate (a), TRN (b), and paitite N in total suspended solids (c) plottedresjaiater

depth for all stations

The two sediment traps deployed over 216 days Febmuary to September 2007 at station
lerl (Fig. 5.2) monitored a total sinking partical®& (SPN) flux in the shallow trap (at 1500 m)
of 5.7 mmol N nf (or 26.3 pmol N i d*) over that period, while the deep trap (at 2700 m)
collected 1.4 mmol N (6.5 pmol N rif d?) of SPN over the sanperiod. Earlier sediment trap
deployments at the MID location (Warnken, 2003)oregal similar N fluxes in the deep traps
(MID-01, February to April 1999, 4.5 pmol N and MID-02, November 2001 to March
2002, 6.0 pmol N fid™Y); unfortunately, sampling in the shallower trajefhduring these earlier

deployments.

7€



Isotope ratios of N®, TRN and PN in the EMS trace external N-inputsiatetnal N-cycling

5.3.2 Isotopic composition of N-bearing compounds

At all stations, the isotopic composition of N-begrspecies differed not only between the
mixed layer, and the intermediate and deep watssesa(Fig. 5.5), but also among station sets.
Mixed-layer nitrate had averagéN-NOs of 5.6%o, 2.3%., and 4.1%. at NIS, pelagic, and
northern Aegean stations, respectivelifO-NO; was 10.7%. at NIS stations, and 5.2%. at
pelagic stations; no sample yielded a reliableevaitthe northern AegeadN of suspended PN
in the mixed layer was Iov\BJf’N-PI\lSUSIO average of all stations = 1.3+0.7%0), and TRN i@ th
surface layer (averag&®N-TRN of all stations = 0.0+1.1%o) wasughly similar to5"°N-PNysp.
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Figure5.5: Isotopic compositioBN-NO; (a),5%0-NO; (b), 3°N-TRN (c), andd™ of suspendeBIN (d) plotted

against water depth for all stations.

The average isotopic composition of nitrate in dasmfyom the nitracline was similar in all
station sets3>N-NOs” averaged 1.6 and 2.1%. in samples below the mixgetd of the pelagic
and NIS stations, respectively, and 2.0% in thekthitracline in the northern Aege@?0-NO;
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of samples from the nitracline had averages of 5(l& stations), 5.0%. (pelagic stations), and
4.4%o in the northern Aegean nitracline. Value$'dN-TRN and&™N-PNy,s,were higher in the

thermocline samples than in the mixed layer.

In deep waters)">N-NO; averaged between 2.0%. and 2.3%o in the three stasiets, and
5'%0-NO;s was on average between 3.2%. (NIS stations) ar¥bh 308 pelagic sites, respectively,
and these deep water values were not statistidiffiiyent. Suspended matter in deep waters at all
sites had higld™N-PNs,sp averages of 7.2%o to 8.1%., whiie®N-TRN measurements averaged
between 2.4%. and 6.7%. over all sites. We attritpate: of the high variability id"N-TRN to
measurement artefacts at the low concentratiorsuetered. Samples of deep waters below the
nitracline at pelagic sites, where a relativelygéasample pool was measured, had an average
5"°N-TRN of 6.7+3.5%o.

Thed™N of sinking material captured by the two sedintesyps during the deployment in
2007 (MID-03) differed significantly fromd*°N of suspended matter collected by filtration in
deep water, and was essentially the sam§15&isP|\lSusp found in the mixed layer during the
expedition: The upper trap had an averdg-SPN of 0.9+0.8%. within the 216 days sampling
period (1.0%. flux weighted), whereas the lower teaeragedN-SPN was 0.8+1.0%o. This is
somewhat lower thabi°N-SPN for the 1999 deployment (MID-0SPN =2.2+0.4%o), but is in
agreement with data from trap MID-02 (deploymerf®ZQ002) that collected sinking particles
with a meam™N-SPN of 1.2+0.6 %o (Warnken, 2003). Together tireatdeployments cover a
period from November to October, and thus the biokdly active season for which we can
expect the bulk of particle transport out of thexexdi layer to occur. In a composite annual cycle
constructed from all three deployments at 2700 rtremdepth (Fig. 5.6), SPN- flux peaks in
March, whereas highest values®IN-SPN (1.8%.) are indicated for the months of Novemb
and December. In general, seasonalityp™-SPN is subdued and varies around an annual
average of 1.1%o0 with low values from April to May.3-0.5%0) and higher values (1.2—1.8%o)
later in the year from June to December. A datassis is given in the auxiliary material.
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Figure 5.6: Composite seasonal diagram of sinking PN flusegidres) and™ of sinking PN (circles) and their
standard deviations at 2600 m water depth at stii@petra (34°26°N, 26°11"E, water depth 3750Rmxes
(squares, black line and s.d. in red) &htI-SPN (circles, grey line, s.d. in blue) for thoeployment periods
(MID-1: 01/30/1999 to 04/13/1999), MID-2: 11/05/20t 04/01/2002 and MID-3: 01/30/2007 to 09/05/2007

at 2700 m water depth have been assembled inagaterannual cycle.

5.4 Discussion

Unusual nutrient ratios and isotopic compositioneaictive N (particulate and dissolved) in
the Mediterranean Sea have fuelled disputes oroteg of natural processes and anthropogenic
inputs in causing these anomalies. Using diagrosticexcess nitrate (Gruber and Sarmiento,
1997) and N-isotope compositions (Pantoja et d022 most previous studies inferred
substantial input of reactive N frompffixation as the underling reason for both anonsalidore
recent work has identified anthropogenic sourcea eause of both unbalanced N:P ratios and
>N-depleted reactive nitrogen pools (Krom et al1@&rom et al., 2004; Mara et al., 2009). But
data on nitrate isotope composition in the basmsaarce, and that of the substantial pool of

reduced dissolved nitrogen is unknown. Furthermibris, yet unclear how a relatively recent
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contribution to the N-cycle in the basin, nam&N-depleted atmospheric NGnputs (Mara et
al., 2009), may have been able to invade deep svate¢he eastern Mediterranean Sea. The first
aim of this study thus was to raise dat&'6N from all water masses and in several relevant N-
pools of the water column. The second aim was #duate if the N-isotope patterns of major
dissolved and particulate phases of reactive Nedideear an imprint of either,Nixation or the
atmospheric NQinput, and whether nitrate isotopic compositiamsing both N and O isotopes —
clarifies the mechanisms by which the anthropogeitrate signal is entrained into the deep-
water pool. In the following, we first establishesage isotopic compositions of various N-pools
and compare them with those of other environmens. then go on to evaluate previous
hypotheses on the unusual composition of nitratégit of our data, and finally use a simple
model to constrain candidate sources of nitratine¢omixed layer of the eastern Mediterranean
Sea.

5.4.1 Isotopic composition of reactive nitrogen in sub-nitracline and deep

water masses

Table 5.1 is a compilation of inventories a3taN of different water masses in the eastern
Mediterranean Sea and in different compartmenteaxtive N based on our data, according to
which the mass-weighted and depth-integratéd of the basin is 2.8%.. Judging from this value,
the inventory of reactive N in the eastern Mediteean Sea is fundamentally different from the
inventories of other oceans or regional marineesyst studied so far. The most obvious
difference is in the isotopic composition of reaetnitrogen in the depth interval below the
nitracline and in the deep-water pool, which intdgs the isotopic signal of all internal and
external nitrate sources over the deep-water nesgdgme of roughly 100 years (Roether et al.,
1996). Differing from the pool in surface watersgselow), this deep nitrate pool is isotopically
homogeneous in the eastern Mediterranean Sea. @nerthree previous data sets of widely
differing 3°N-NOs in these deep and intermediate water masses: ©uop (Sachs and Repeta,
1999) determine@d™N-NOs as -0.7+0.1%. in two samples of deep water (deptisgiven),
analysed using the ammonium diffusion method (Sigetaal., 1997). Another group (Struck et
al., 2001), also by the ammonium diffusion metla@ermined a mean of 7.3£2.8%o. in 6 samples
of waters from between 200 m and 400 m water dépthird group (Pantoja et al., 2002), who
used a similar denitrifier method to that usedhis study and show 6 data points below 500 m,
report an averag& N-NOs of 2.5+0.1%. for only 4 samples in the text of thablication, and

the mean is given as 2.4%o.
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water depth mass mass mass sum mass weighted

ﬁ?;?;:le(r:;? interval nitrate 515'(\10/"\]03- suspended 815N;PN5“5" TRN 815I\i-TRN reactive N §'N of reactive
volume (km®) (Gmol) %) pPN(@Gmol) ) (@Gmol) ) (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 depths 2390500 9717 2.1 421 5.6 5086 4.6 15224 3.0

Table 5.1: Estimate of reactive N-inventories of the eastéediterranean Sea in different water depth interva
(corresponding to mixed layer, intermediate, anepdeater masses) and mass-weigle of the different
components (nitrate, particulate nitrogen PN, atal teduced nitrogen, TRN). We calculated inveatofgiven
in gigamol N) based on interval water volumes Far €astern Mediterranean Sea without Adriatic aegeAn
sub-basins (R. Grimm, pers. comm., 2009) and weiHitN values by average concentrations found during our
cruise. The last column is the integrated and masghtedd™N over all components of reactive N for each

interval, the last line are the integrated invéagand>™N over the entire water column.

Our data (Table 5.1) confirm that°N-NOs of nitrate in the deep water of the eastern
Mediterranean Sea (average of samples below 5@ ingeed low (2.2+0.3%0; N=68) compared
to the narrow range of 4.7 to 5.4%o. for global ocdaep-water nitrate (Sigman et al., 2009). Our
data set further shows that nitrate in the interatedvater mass from the base of nitracline to 500
m is even moréN-depleted (1.8+0.4%o; n=29) (Table 5.1). Deep waitate in the western
Mediterranean Sea hasd&N-NO; of 3.0 +0.1%. below 1500 m water depth (Pantojalet
2002), whiled™N-NOjs is around 5%. in waters >800 m deep in the adjabihtsubtropical
Atlantic Ocean (Bourbonnais et al., 2009). Thedeste time of deep-water nitrate in the eastern
Mediterranean sea has been estimated to be 12§ (@ara et al., 2009), and the pool is not
directly linked to deep waters of the western Merditnean or beyond. It is fed mainly by
mineralisation/nitrification of particles sinkingom the mixed layer and by preformed nitrate
downwelled during deep-water formation which is saibsequently modified by denitrification.
The main reactive N sink is the LIW water mass éxgiorts nitrate and reduced nitrogen (mainly
in the form of DON) to the western Mediterraneaa 8edepths between 150 and 500 m (Ribeira
d"Alcala et al., 2003). Plausible external soumieseactive N are MNfixation, atmospheric N-
deposition, river runoff and the relatively smati@nt advected into the basin with surface water

inflow from the western Mediterranean and the BlSek.

The comparatively small size of the deep-wateat@tpool as a result of its relatively low

concentrations (5-fmol L), its relatively short residence time comparethé of other oceans,
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and the'N depleted external nitrate sources (runoff andospheric deposition without ,N
fixation have an annual load-weight8fNO;™ estimated at 0.5 to 1.5%0) (Mara et al., 2009)
conspire with the lack of mid-water denitrificatiom depress the overall level 8PN in the
eastern Mediterranean Sea. Depleted inputs imltydier one residence time (~125 yrs) the
deep-wated>N-NO; should be depressed to approactdtfe of inputs (Mara et al., 2009). The
only data of3"*N-NO; available (also determined by the denitrifier metlamd with the same
internal standard deviation of the method) to gguugsible systematic time-dependent changes
are those for 4 samples taken in 1999 in the eadlediterranean Sea (Pantoja et al., 2002).
These data had an average of 2.5+0.1%o below 508pih dAverage™N-NOs in our samples
taken from below 500 m water depth 8 years lat@.220.3%0 (=68). While the difference in
isotopic ratio between the two data sets is in @cwdth a gradual decrease &N-NO; over
time, the magnitude of the change is not large gimaa confirm the hypothesis. We point out,
however, that the interval-integrated and masshteit5™N of reactive N in the water column
(Table 5.1) is lowest in the surface layer, whies la much shorter residence time than deep
water (on the order of years), is within B\ range of estimated external N inputs (Mara et al.
2009). Furthermore, the intermediate water whicbeisig exported from the basin has a nitrate
5N value (1.8+0.4%o) close to the external supplys thus suggested that théN-NOs in the
deeper waters of this basin reflect tfe¢ depleted (anthropogenically dominated) extemalis,
particularly since it has been concluded that tiero regionally significant Nfixation in the
eastern Mediterranean basin (Krom et al., 2010stAfed above, the residence time of nitrate in
deep water is on the order of 125 years'a8Nddepleted inputs from anthropogenic sources may
be assumed to data back only 4 or 5 decades (Frewtlal., 2003). We infer that the isotopic
signature of anthropogenic nitrate inputs to thiéase layer has since then been imprinted on the
deep water pool more rapidly than by mere watesmasing and convection via the shortcut of
assimilation, rapid downward particle transportN\gRand mineralisation of reduced N to nitrate

in the deep water mass. This N-shuttle will bewdised below.

The deep-water (>500 m) nitrate pool is furthersumli in that it is°O richer §*0 =
3.7+0.9%0, n=25) than other deep-water pools imtbdd ocean (Sigman et al., 2009). In Table 2
of that publication, available data for th€O of deep nitrate from a variety of other deep pizea
environments are reported, and all are in the rafide8 to 2.8 %0 (except in the water depth
interval from 300 to 1500 m eastern tropical Paaifith a5"°0 of 7.0 %o) than the deep nitrate

pool of the eastern Mediterranean. One previousrieg value for th&'®0-NO;s™ of deep water
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in the westernmost Mediterranean Sea (Sigman ,e2@G09) was 2.6%. for the depth range of
1500 m to the seafloor, and 3.1+0.1 %o for a composlue of in parallel measurements of 4

samples in deep water.

One possible reason for more posit/80-NO; in eastern Mediterranean Sea deep water
than in other deep ocean pools may be that ic@naentration basin where evaporation exceeds
precipitation and river runoff (E/P+R ratio of IrPwinter and 1.83 in summer) (Gat et al., 1996).
The averag®'®0-H,0 in water samples deeper than 500 m is 1.43+0.48801.44+0.16%o in
the 0-500 m depth range (Pierre, 1999), and thasosnd 1.4%. heavier than in other ocean
basins (LeGrande and Schmidt, 2006). Based on iexgras (Granger et al., 2004), it has been
suggested that the nitrate produced by nitrificatimes not permanently retain oxygen from
dissolved @— required for the electron transfer to oxidisesNid NGO, and subsequently to NO
—, but that this oxygen is rapidly exchanged wittbnt water. It is thus possible that H80-
NOjs is overprinted by th&"®0 of ambient water with a positive offset of appneately 2%.. The
offset observed in deep waters of the global ocedmought to result from nitrification (in low
latitudes with essentially complete nitrate assitiwh in surface waters) with a small positive
shift in 30, and an added positive shift from admixture efqgnmed nitrate with elevated®O-
NOs due to partial assimilation in high latitudes (8an et al., 2009). An analogous situation
may be at play in the eastern Mediterranean: Degerviormation in the northern basins (Aegean
and Adriatic Seas), where surface water cools mkd gluring winter months, exports preformed
and 0 enriched nitrate (from partial assimilation) frahte sea surface to the deep eastern
Mediterranean Sea, where it mixes with nitrate frotmfication.

Concentrations of TRN (predominantly DON) in deem asub-nitracline intermediate
waters are also very low compared with other enwrents (Berman and Bronk, 2003) and
match low suspended PN concentrations. To our ledwe, no data exist at°N-TRN from
deep waters of the global ocean, but TRN in theode®00m) eastern Mediterranean Sea is
clearly more enriched itPN (3"°N-TRN = 6.0+3.7%0, n=39) than in surface waterss lalso
more enriched than in the subtropical (3.9+0.4%¢) eguatorial NW Atlantic&°N-TRN =
4.1+0.6%0), and the subtropical NE Atlantic (2.6} but in the range of values reported
from shallower depths of the subtropical North Ra¢b.4+0.8%0) (Bourbonnais et al., 2009;
Knapp et al., 2005; Meador et al., 2007).
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The N-enriched TRN in deep water of the eastern Meditezan Sea coexists with
low concentrations of even mot®N enriched suspended PN, whereas our sedimendtap
suggest that th&°N of material sinking rapidly from the mixed laygr<2%o over the entire year
and — differing from other observations (Altabé€88; Gaye-Haake et al., 2005) — is apparently
not enriched in>N during its passage through the water column. Wentbasure a significant
decrease in the flux of sinking PN with depth, vtk flux in the upper sediment trap being 5.7
mmol N mi? over the period of 216 days, decreasing to 1.4 InNnm® at 2700 m water depth
(second trap). This implies a loss 75% of partieuld flux to disintegration (and partial
remineralisation) over an 1100 m water column. Bseaoth the concentrations of suspended
PN and TRN in ambient water are low, and also @seravith depth (or are invariant), most of
the loss must be to ammonification and rapid mgatfon to nitrate. In consequence, both TRN
and suspended PN in deep water are very likelgleenl residues of mineralisation, from which
some lighter product originated (Fig. 5.1). Becaasthe same time all meso-zooplankton size
classes in deep waters (Koppelmann et al., 20@B3arfiace sediments (Struck et al., 2001) of the
eastern Mediterranean Sea are also enriched avsirtking PN flux, the product that is depleted
in N is likely to be nitrate. Thus the efficient cyadi of labile sinking PN in this ultra-

oligotrophic system results iiN depleted nitrate and enriched TRN and suspeniled P

5.4.2 Nitrate in the surface layer: Testing the model of incomplete nitrate

utilisation

The intermediate water nitrate pool provides th& btinitrate available for assimilation in
the euphotic zone of the eastern Mediterranean Bwaphytoplankton bloom takes place over
the winter period (October-March) soon after thasseal thermocline breaks down in autumn
(October) and nutrients are mixed into the surfager. Nutrients are removed from the mixed
layer, until all of the phosphate has been takerangh excess nitrate remains, together with

biomass and TRN produced; sinking particles exittiixed layer across the pycnocline.

At all stations sampled during M71-3, there wasesscnitrate remaining in the surface
mixed layer. The average nitrate remaining in tyghetic zone was between 0.24 and QB
and the actual amount of residual nitrate varigtl aication and stage of thermocline evolution.
These concentrations are similar to those foundqarsly for the average winter residual nitrate
across the Southern Levantine basin (0.63(M (Kress and Herut, 2001). At all stations,

phosphate was depleted in surface waters, wittakles being below detection limits (<20 nM).
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If the concept of incomplete nitrate utilisatiortr(i8k et al., 2001) is correct and no other
sources are involved, it requires that residughtatevolves isotopically from the nitrate provided
by mixing (Mariotti et al., 1981). The initial migdayer nitrate pool in a closed system is
progressively assimilated and will become enrighédN (and*®0) in the course of assimilation,
in analogy to the Rayleigh distillation processe Bmrichment can be approximated by (Mariotti
et al., 1981):

= 0®NO;

3 initial

O®NO;

+%exIn(f) (Eq. 5.2)

with f = [NOsTresiaus[NO3 Jinitia;, and™>e expressing the fractionation factor (in %.) between
product and substrate. The rangé®feported in the literature is large and differsdiferent
primary producersA recent compilation(York et al., 2007) reportSe from -16 to 6%. (negative
values meaning thdfN is preferentially assimilated), but is commonbsamed to be -5%o.
Available field and experimental data suggest egeglaration factor$s and *’¢ for nitrate

assimilation (Casciotti et al., 2002; Granger £t24804; Lehmann et al., 2005).

Simplifying the mixed layer to being a closed systnd using the Rayleigh closed-system
approach, we assume an initial nitrate concentratithe mixed layer of 1.8mol L at the onset
of the phytoplankton bloom (Krom et al., 2003), atdthe nitrate isotope signature of water
below the thermocline before the onset of phytdgtam assimilation. The Rayleigh model
predicts that by the time that 70% of the initistate in the NIS mixed layer has been assimilated
into PN, SPN and TRN (such as is the case in tkeeage profile over all stations there), the
residual nitrate should havedN-NOs of 8.6%o, which is higher than the average of 5.6%o
found in our samples. Surface layer nitrate comagans at the pelagic stations were only 15% of
the assumed initial nitrate and should had&™s-NOs™ of 11.5%0, whereas we found 2.3%.. The
5"°N-NOs of nitrate remaining in the mixed layers founcbisth environments suggests either a
much lower fractionation factor for nitrate assatin than -5%., or an additional source" -

depleted nitrate.

5.4.3 Constraints from differences in 8°N-NO5 and §'¥0-NO5

At all stations (NIS and pelagic), a second anated indicator for a deviation from simple

enrichment due to assimilation of thermocline tétria the decoupling d>N-NO; and 3*°0O-
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NOs in residual nitrate in the mixed layer. This iersén Figures 5.5a and 5.5b, wha&teO-NO5

in surface layer samples is significantly higheanticorresponding™N-NOs". This could be
caused by unequal separation factorfaX-NOs and3'®*0-NO; during nitrate assimilation by
phytoplankton, but this would run counter to avadéaevidence from culture studies and field
observations (Casciotti et al., 2002; Granger .e2804; Lehmann et al., 2005). Accepting this,
the two isotopes of nitrate should evolve in patdtbm the isotopic composition of nitrate at the

base of the thermocline, if only one nitrate souveee assimilated. This is not the case.

Any deviation of 3N and 3®0 from the 1:1 enrichment line during assimilatiand
originating from the nitrate source may expressed aitrate isotope anomaly15,18) (Sigman
et al., 2005):
~ 0N o)~ %6/ B £ x (50 ~6"0,,c.) (Eq. 5.3)

source) measured

A(1518) = (0N e
Fig. 5.7 is a depth plot ak(15,18) for different station sets over the top H0and is
calculated by using the avera@d®N-NO; and 5°0-NO; of deep water a$™Nsource and
5% 0s0urce respectively. Our data points are scarce in itneterdepleted mixed layers, but suggest
an average)(15,18) of mixed layer nitrate of around -3%., amuthbstation sets suggest a
decrease towards the sea surface. The negativesviadply that nitrate in the surface layer is not
solely a residue of an initial nitrate pool or aitr provided by cross-thermocline transport; ia thi
caseA(15,18) should be 0%, becausBNsouceanddOsoucewould evolve in parallel. Instead,
the negative deviation indicates an additionaktetisource depleted 1N (or enriched in®0)
over the residual thermocline nitrate, and suggssisr nitrate generation via nitrification while
nitrate in the mixed layer is being assimilatedexternal input of nitrate with a different isotopi

makeup than the thermocline nitrate (Sigman e2@05). These alternatives are discussed below.
Nitrification of fixed N or recycled N

Nitrification in the presence of nitrate assimdati via ammonification of particulate N
and/or DON, is the standard mechanism to causgaine/(15,18) in eupthotic zones. In the
few oligotrophic environments studied so far, obsdmegativé\(15,18) have been attributed to
nitrification of comparatively°N-depleted PN produced fromyffixation and possibly of DON
(Bourbonnais et al., 2009; Casciotti et al., 2008app et al., 2008). In these cases, the isotopic
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composition of recycled nitrate is set by &N of fixed N (~ -1%o) on the one hand, and by the
5%0 of ambient seawater with a positive offset of ZP&us nitrate deriving from Nixation is
added to the mixed-layer nitrate pool with5aN-NOs; of ~ -1%0 andd'®0-NO; of ~ 2%o
(Bourbonnais et al., 2009). In the eastern Mediteran Sea with its highdt°0 of seawater, we
would expect the recycled nitrate from fixeglthi have &°N-NOs of ~ -1%o and &°0-NO;™ of

~ 3.4%o.
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Figure5.7: Depth plot ofA(15,18) of nitrate for different station sets ie thpper 500 m of the water column.

Partitioning of ammonium released from PN to eithigification or ammonium uptake in
the mixed layer has also been shown to cause @& @iy15,18), because both processes are
associated with differerife (Sigman et al., 2005; Wankel et al., 2006). Negat(15,18) in
residual nitrate may ensue, because nitrate retuitoeen PN mineralisation via ammonium
oxidation is relatively more depleted N than the residual nitrate pool, whereasdif© is
pegged to ambient water (Fig. 5.1). Because ammuomissimilation by phytoplankton has a
higher preference fol>N than nitrification (Casciotti et al., 2003; Cifites et al., 1989),
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significant ratios of ammonium assimilation verausfication will cause biomass and thus PN to
be relatively enriched ilPN compared with the recycled nitrate. Because we: fiio indication

for enriched SPN or PN in the mixed layers, andsédiment trap data suggest that SPN is on
annual average even more depleteihthan thermocline nitrate, we believe that assitiih of
mineralised ammonium is unlikely to play a majderas a substrate for phytoplankton growth in
the mixed layer, and as a cause for negéi{t®,18). But the isotopic data cannot completely ru
out assimilation of remineralized ammonium: If telay little nitrification takes place,
particulate N could be remineralized and ammoniompetely re-assimilated without involving

isotope fractionation.

Input of NQ

Aside from an internal source of nitrate, there tingsa second source that causes negative
A(15,18) in the mixed layer of the eastern Meditezea Sea. We have evidence to suggest that
NOy inputs play a relatively larger role in the eastbtediterranean Sea than elsewhere. Two
previous studies (Bourbonnais et al., 2009; Knapal.e 2008) acknowledge (but dismiss) the
possibility that the negativ#(15,18) observed in mixed layer nitrate of thealigphic Sargasso
Sea and subtropical NE Atlantic Ocean indicate aptheric NQ inputs, which differ strongly
from thermocline nitrate i®0-NO; (>60%0) at3>N-NOs ranging from -15 to 15%. (Kendall et
al., 2007). By contrast, such an input to the eadtediterranean Sea surface layer would not be
immediately assimilated due to phosphate limitateord thus would introduce nitrate with low
5"N-NOs™ and high3'®0-NOs into the surface mixed layer. Model estimates ofuahtotal NQ
inputs in wet and dry deposition to the easterniddadnean Sea surface range between 200 and
400 mg N nif a*; reduced N (mainly ammonium) deposition is low28Q - 20 mg N i a?)
(http://www.emep.int Both inputs have a pronounced N-S gradient, wetftuced N having a

steeper land-sea gradient. An estimated 14-29 nNfRl m? a* of industrial origin are thus
supplied annually to the eastern Mediterranearsséace, plus a smaller contribution of reduced
N.

The atmospheric deposition on the island of Cneteinter months of 2006/2007 had a
meand"N-NO; of -2.0%. (Mara et al., 2009), and likely had ahh3’O-NO;: 13 samples of dry
atmospheric deposition (no rain events recordeli@ated on the Island of Crete during June-
September 2007 had an averdjf©-NO; of 67.5+4.2%. (Mara, unpubl. data). Although this

data does not cover the time of predominantly vegiodition in winter, the values are within in

8¢



Isotope ratios of N®, TRN and PN in the EMS trace external N-inputsiatetnal N-cycling

the range reported from other environments (Keretadl., 2007) and from the nearby northern
Red Sea (Wankel et al., 2009). The¥&N values of water-soluble nitrate in aerosol sasple
ranged from —-6.9%0 to +1.9%. andil®0O was found to range from 65.1%o to 84.9%o with
highest3'°0O values in the winter. That nitrate was deposfteth air masses deriving from
the Mediterranean Sea and western Eu@ypankel et al., 2009). Thus, although only <10% of
nitrate remaining in the mixed layer of the eastdatiterranean Sea may have originated from
the atmospheric source over 4 months, the effeeveraged'°0-NO; andA(15,18) is large due
to the small amount of nitrate in the mixed layethe eastern Mediterranean Sea and the high
5°0-NO; of atmospheric inputs. Of all oligotrophic oceagioes, the eastern Mediterranean
surface mixed layer is arguably the most sengtiaee in the world ocean to register that input.
The nitrate pool here is very small and the sysgephosphate limited. Most other upper ocean
waters that receive a sizeable NiBput (Duce et al., 2008) are N-limited, so thay aitrate
entering the surface ocean there should be imneddiassimilated. This assimilation (and
subsequent recycling to nitrate) would eradicagedtfO signal diagnostic of atmospheric NO

and would make it impossible to trace.

We can use the isotopic signatures of putativeriatgrecycling) and external gNixation
and NQ) inputs together with an estimate of N export flwa conceptual steady-state mass and
isotope balance model to explore the effects adragtly and internally supplied N d{(15,18).
The model is the same as that used in the sulkaitdpie Atlantic (Bourbonnais et al., 2009), and
we refer to that publication for more details. Figl sketched possible sources, sinks and
transformations in the N-cycle of the eastern Mgthhean Sea that is suitable to illustrate our
reasoning and the modelling approach: The nitrate ip surface water is fed by external (NO
N, fixed, and nitrate from cross-thermocline mixirlgj) and internal (mineralisation and
nitrification of PN in the surface mixed layer) sces. The nitrate sink for the surface layer is
assimilation into particulate N (with TRN/DON aswproduct) and export of sinking particulate

nitrogen across the thermocline.

The nitrate below the thermocline is a mixture ofstanding stock of nitrate in
deep/intermediate water and addition from minexbs of sinking particulate nitrogen. In our
interpretation, the difference between deep-waispended matter and TRN on the one hand and
sinking PN and nitrate on the other hand arisejwvgmeall particles shed from the sinking PN are
ammonified inta">N-depleted ammonium that is then completely oxdligenitrate. The small

residual particles (suspended PN) are thus enrighétN. A by-product of feeding on this
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suspended particulate N is that TRN/DON is alsdckad in*N as compared to the sinking
material. Nitrification of ammonium liberated frosinking PN adds nitrate with&%0 (marked

in blue in Fig. 5.1) approximately 2%o higher thantgéent seawater — in the case of the eastern
Mediterranean sea, this nitrate is expected to Ba¥80-NO; of 3.4%.. As stated above, we

consider ammonium assimilation to be of minor inguace.

We point out that nitrate added from the mineribsaof fixed N> or from sinking PN
produced from assimilation of thermocline nitratthbacquire the sam®°0 after nitrification
(through exchange with ambient water), but hawghsii different3*N. Both these additions
cause negative excursions A(15,18), because this term expresses the deviatidhe dual
isotopes of nitrate from the isotopic compositidmitrate provided by the thermocline flikxi
and enriched during assimilation with a 1:1 sldpenly the upward flux across the thermocline
were the source of nitrate in the surfabg,5,18) would remain 0%o, regardless of the extént o
nitrate assimilated,. The other possible souragtafte (NQ from the atmosphere) has%O of
65%0 at adN of -2%o. If not assimilated immediately, this aspberic input lowers th&°N-
NOs while raising thed®0-NO; of the surface nitrate pool, and would also causegative

A(15,18) for a different reason.

We adapted the model to calculA{@5,18) (Bourbonnais et al., 2009) to conditionghia
eastern Mediterranean Sea (see auxiliary matefa)chose appropriate boundary conditions for
the thermocline nitrate isotopic composition, 8180 of seawater, and the observed N-export
production of 56 mmol per year (see auxiliary materThat flux is fixed; added inputs fromyN
fixation or NQ, reduceku by the equivalent amount. If nitrification of gaudiate N occurs in the
surface layer, this requires that the amount oateitassimilated in the surface layer is higher by
the amount nitrified to maintain the export fluxjtit does not affedtu. All N sources have a
specific 3N signature, and the nitrate mixture in the surfger integrates these isotopic
contributions. That pool of nitrate is assimilabeth biomass, and the residual nitrate pool in the
surface layer is isotopically enriched during piplankton assimilation with equal fractionation
factors™e = % = -5%.: At any stage of assimilation, theN of sinking PN is 5% more depleted
than the residual nitrate pool, while &0 signal of the assimilated nitrate is lost. In thedel,
recycled nitrate (nitrification) inherits ti&°N of sinking PN (that has or not a contributiomfro

N, fixation) and the'?O of seawater (with an offset of +2%a).
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We calculated hypothetic#@(15,18) for a range of input conditions from 0-4@nah N
from N, fixation and 0-40 mmol N of recycled nitrate, bathwhich acquire &'%0-NO;™ of
3.4%o. Nitrate input from Mfixation needs to be 40 mmolfa® (>70% of the 56 mmol ta
PN export flux) to create &(15,18) of around —2%o; input of 40 mmol’ra” of recycled nitrate
yielded aA(15,18) of —3.6%0, which is close to the roughly -3&served. For an assumed
unassimilated NQinput of only 5 mmol i, which is well within the known atmospheric NO
flux to the eastern Mediterranean, the model calesl aA(15,18) of —5.8%0 (see auxiliary

material).

These calculations suggest a number of possiblébioations of external and internal
sources that can theoretically result in the mtiabtope anomaly observed in the mixed layer.
Taken alone they are inconclusive becausé\(hb,18), which is well suited to diagnose nitrate
sources in other areas of the oligotrophic surfacean, is somewhat blunt here due the
similarities in isotopic composition of all extelrand internal sources. However, our preferred
interpretation of the data is that they representidure of regenerated nitrate and Ni@put,
because both are known to be inputs to the mixeat la the necessary magnitudes and isotopic
ranges to fully describe the changes observed. ddsider significant input from Nfixation
unlikely for the time of our expedition, both besawe sampled a winter P limited situation, and
because Mfixation measurements across the region samplexivwere very low when sampled
in June 2007 (Ibello et al., 2010). Furthermoreient budgets of the basin suggest there is no
significant nitrogen fixation (Krom et al., 201®y contrast there is ample evidence that primary
production in the eastern Mediterranean Sea isostgup by regenerated nutrients that are
entrained into a microbial loop operating in sugfacaters (Thingstad et al., 2005; Zohary and
Robarts, 1998). Nutrient budgets (Ribera d”Alcalal.e2003) and experimental work (Thingstad
and Rassoulzadegan, 1999; Thingstad et al., 2GiB)itmply that surface productivity is to a
significant extent supported by regenerated nitrliteaddition, recent genetic investigations
suggest that ammonium-oxidizidgchaeain mesopelagic waters of the eastern basin may fiav
central role in nitrification of ammonium liberat&édm particulate N (De Corte et al., 2009). Our
data underline the importance of recycled nitrate,also stress that atmospheric NGputs to
the basin must be taken into account in mass-l&sedh et al., 2004) and isotope-based (Mara
et al., 2009) budgets of the N-cycle in the eadediterranean Sea.
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5.4.4 Is TRN involved in N-cycling?

TRN is the largest pool or reactive N in the miager and after nitrate the second largest
in the entire water column of the eastern Meditexam Sea (Table 5.1). Because ammonium
levels are low, the major constituent of TRN in @amples is likely to be dissolved organic
nitrogen, which is a by-product of,Nixation or of grazing in the mixed layer (Bermand
Bronk, 2003). It has been discussed as a possibigtrate for phytoplankton assimilation or
ammonification and nitrification processes (Brorikak, 2007), and its isotopic composition
should reflect TRN cycling (Knapp et al., 2005).amrevious study from the Sargasso Sea, the
small concentration and"N-DON differences between the surface and subsurimaters
suggested that DON there is recalcitrant and tteeiddicated only limited DON turnover in that
area (Knapp et al., 2005). Although our data ises@hat limited, we see a trend of decreasing
concentrations and increasi®yN-TRN between surface and deep-water samples rifaly i
active participation of TRN in reactive N turnoveur interpretation of the similar trendsdhN
composition of PNispand TRN (except in the intermediate water massyevbur data are scarce)
is that they are closely coupled, and that bottecefN enrichment in the course of
mineralisation to produceN depleted nitrate in the deep water mass, and likelt even more

intensely in the intermediate water mass.

The lowd™N-TRN found in the surface layer of the eastern ildednean Sea is in accord
with rapid grazing and recycling of nutrients dgrithe winter bloom. At pelagic sites, the stable
seasonal thermocline had developed prior to ouredittpn, and had caused the winter
phytoplankton bloom to cease, a condition typicalgched at northern lonian Sea sites in
March/April. By May, phytoplankton in the surfacyérs of the eastern Mediterranean Sea are
commonly N- and P-co-limited (Zohary and Robart®98). According to our current
understanding, active grazing of small phytoplankpopulations persisting on recycled nitrate
continues in the mixed layer (Krom et al., 2005bingstad et al., 2005), with the result that over
time the residual nitrate is progressively conveitéo DON. No isotopic measurements have
been made of suspended PN and TRN/DON in summenvéuwould predict that the both
should be isotopically enriched compared to vahlimained in this study of a winter situation.
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5.5 Conclusions

The total pool of reactive nitrogen (nitrate, digsd total reduced nitrogen, and particulate
nitrogen) in the eastern Mediterranean Sea is aflystepleted in°N compared to the global
ocean. This must to a large extent be due to thetisn and anti-estuarine circulation of the dille
basin that prevents communication with the globakpdwater nitrate pool that is very
homogeneous &°N-NOs ~ 5%/ 3%0-NO; ~2%o (Sigman et al., 2009). The low value$BN
in this ocean basin reflect the dominance of isotdly depleted N-sources, because processes
that enrich™®N in nitrate of other oceans (such as mid-wateituigation) are not acting here. The
>N depleted nitrate in the deep water contrasts Whihenriched TRN (mainly DON) and
suspended PN in the same water mass. It is infénegdthis is due to extensive and efficient
mineralisation of the rapidly sinking fresh PN (§d@d in sediment traps) in the ultra-
oligotrophic system. We hypothesize that &1eN value of nitratdn the deep water may be
decreasing with time in response to the depletedn{snanthropogenic) external supply of NO
although the data is too sparse as yet to be cwelurhe data in this study was collected in the
winter of 2006/2007, which coincided with a typigahter bloom at the stations in the northern
lonian basin and with an (unusually early) matuwrermocline at maximum depth in the
remaining pelagic stations. Although they are amlynapshot of a seasonal cycle in the mixed
layer, the data from two situations (deepeningntieefine and mature thermocline) in that cycle
permit an initial assessment of different nitraterses to the mixed layer.

The 3N of nitrate, TRN and PN cannot only result fronttipgh N uptake caused by the
extant P-limited phytoplankton bloom. It requiresaddition a source of isotopically distinct
nitrate, which may be internal (recycled nitrate)egternal (N fixation or NQ, input). Possible
ranges for the nitrate isotope anoma(l5,18) in the mixed layer calculated by a simptdet
point towards nitrification and/or a relatively din@nd realistic) contribution of atmospheric
nitrate with diagnostid™N and3'®0 as the most likely sources of additional nitrétes known
that the eastern Mediterranean Sea receives dicagiisupply of anthropogenic NOwhich
together with known recycling processes adequatebcribes the isotope distribution. These
patterns could also be caused by extensp/éxition, but that would require very high ratds o
diazotrophy in winter, when there are insignifitahbw levels measured in the region even in

summer.
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Auxiliary material

4(15,18) model boundary conditions and simulaticsults

The model is analogous to a published moBelufbonnais et al.2009] with boundary
conditions adapted to the EMS; processes are stisaltyashown in Fig. 5.1.

At steady state (run 0) with no contribution ofefikN,, NO, or nitrification, the modelled
mixed layer nitrate pool in the eastern Meditereem8ea is solely fed by sub-thermocline nitrate.
This new nitrate is again exported as SPN and plaaxd nitrate flux balances export flux. The
N-export monitored in our sediment traps is usegite an estimate of the SPN export and thus
the upward nitrate flux. SPN flux in the oceanxpanentially linked to water deptP#éce et al.
1987], and from the fluxes at the two trap depththe lerapetra mooring, we estimate the PN
flux across base of the mixed layer (set at 200atemdepth) to 33 mmol N frin the 216 days
of the MID-3 deployment, or 56 mmol N hprorated for an entire year, which agrees wek wit
export fluxes reported from other sediment trapeerments in the ared¢ldrin et al, 2002].
This SPN export flux should not increase from exdemN additions, because it is essentially
limited by phosphate. Any external addition of N flxation or NQ input) would decrease the
upward flux ku in steady state Bourbonnais et al. 2009], while internal nitrate
generation/assimilation from nitrification of SPNthe surface layer does not affect the upward
flux or the export flux. Thé™N of SPN is determined by t&N-NOs of the surface box and
the fractionation factofs. We sete =% = -5%o for the permil fractionation factor of mike
layer nitrate assimilation. We then calculate 3 and3'®0 of the isotopic mixture of nitrate
remaining in the mixed layer under steady-stateditons, and theA(15,18) of that nitrate
mixture under varying inputs. Assumed inputs to edidayer nitrate are 1) only thermocline
nitrate (control run 0), 2) varying contributiont rotrate recycled from SPN assimilated from
deep-water nitrate and recycled nitrate with5'80-NO; of 3.4%. (runs 1-4), 3) varying
contributions of nitrate recycled from SPN deriviingm deep-water nitrate and nitrification of
fixed N, (runs 5-8), and 4) input of 5 mmoat af NO (run 9).
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Table Aux 5.1a: Average concentrations and isotopic composition/northern lonian Sea stations

8'°N nitrate

8'%0 nitrate

8"°N-TRN

Nitrate Phosphate TRN PNqyep 8"°N-PNusp
@mol L™ [ @umolL™ | (umolL™ [ (umolL™ (%0) (%o) (%0) (%0)
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 71 1.8 1.1
n 24 24 24 & 11 7 2 3
range| 0.06-0.97 0.01-0.04 0.6-3.5 0.4-0.6 1.0-9.9 3.1-21.5 -1.1-1.5 1.0-3.1
in nitracline
average 3.55 0.1 1.5 n.d. 2.1 5.1 2.9 n.d.
sd 0.95 0.04 0.7 0.8 2.5 3.3
n 14 14 14 13 10 7
range| 1.75-4.45 0.03-0.14 0.6-3.2 1.3-3.8 2.8-9.5 -2.4-6.6
below nitracline to total depth
average 4.49 0.16 1.4 0.2 2.0 3.2 2.4 7.9
sd 0.47 0.02 0.7 0.0 0.3 0.7 3.5 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 1.1-2.5 2.3-4.4 -1.4-7.7 7.3-8.4
Table Aux 5.1b: Average concentrations and isotopic composition/pelagic stations
mixed layer above nitracline
average 0.24 0.02 1.6 0.4 2.3 5.2 1.1 1.1
sd 0.26 0.01 1.1 0.1 3.4 0.0 1.1 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 0.1-6.3 5.2 0.8-2.4 0.1-2.4
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 1.4 3.5 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 2.8-7.2 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 3.5 0.8
n 52 52 52 21 47 14 33 20
range| 3.76-5.98 0.13-0.22 0.5-3.6 0.0-0.4 1.3-2.9 2.4-5.5 1.1-14.4 5.2-8.5
Table Aux 5.1c: Average concentrations and isotopic composition/North Aegean station
mixed layer above nitracline
average 0.33 0.02 3.3 0.5 4.1 n.d. -0.6 1.9
sd 0.31 0.01 0.3 0.0 2.6 n.d. 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 1.7-2.1
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.d. 0.4 2.3 0.8 n.d.
n 5 5 5 1 S 4 & 1
range| 1.28-3.53 0.05-0.17 2.2-6.6 n.d. 1.6-2.5 2.7-7.7 2.2-4.0 n.d.
below nitracline to total depth
average 4.7 0.23 3.6 0.1 2.3 n.d. 3.6 8.1
sd 0.11 0.01 0.8 0.0 0.1 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 2.2-2.4 2.1-4.5 7.8-8.3

Table Aux 5.1: Comparison of averages in water above, in anovibéhe nitracline for samples taken in stations
of the Northern lonian Sea (6 stations, Table dtpelagic stations (10 stations, Table 1b) andnat
station in the northern Aegean Sea (Table 1c)enetistern Mediterranean Sea in January/Februai® 200

during Meteor expedition 71-3.
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Export flux (mmol

upward flux (ku)

N m?a™) (mmol N m?a™)
56 =Export flux - N_fix-
NO,
5N ku (%) 5"°0 ku (%)
1.8 3.4
fractionation | §'80 of remineralised
during nitrate (%o)
assimilation

15, _18, (%0)

-5

3.4

nitrate input from
fixation 8"°N fix

nitrate input from
fixation 320 (%o)

(%0)

-1 3.4
input of NO, input of NO,
8"°N (%) 80 (%o)
-3 65

Table Aux 5.2: Input parameters (isotopic composition from Tale 5.1) to the model

Input from No-fix|  Input from §"°N-SPN  [§"°N-NO,] 5'®0-NO; | calculated
or NO, nitrificatizon .. |caloulated (%o)| residual | residual | A(15/18)
1 I q - 0, 0, (y
wun | (mmola™) (mmolm*a™) (%o) (%o) (%)
0 0 0 1.8 6.8 8.4 0.0
nitrate recycling/nitrification
1 0 10 0.9 5.9 8.4 -0.9
2 0 20 0.0 5.0 8.4 -1.8
3 0 30 -0.9 4.1 8.4 -2.7
4 0 40 -1.8 3.2 8.4 -3.6
input from N, fixation
5 10 0 1.3 6.3 8.4 -0.5
6 20 0 0.8 5.8 8.4 -1.0
7 30 0 0.3 5.3 8.4 -1.5
8 40 0 -0.2 4.8 8.4 -2.0
NO, input
IER 5 0 14 | 64 139 | 59

Table Aux 5.3; Simulation results to explore the effects £¢15,18) of possible nitrate inputs ANixation,

nitrification, NQ, input) in addition to upward flux of deep nitrdtai) into the mixed layer of the eastern

Mediterranean Sea.
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Conclusions and outlook

6 Conclusions and outlook

6.1 Conclusions

Until some years ago, DON was assumed to be acraat inert pool of nitrogen
without any relevant function as an alternativeragen source for microorganisms and
phytoplankton (William and Druffel, 1987). Many dias in recent years led to a
reassessment of the role of DON, both as an actwepartment of reactive N, and as an
alternative source of N when inorganic suppliesexausted (Stepanauskas et al., 1999a, b;
Bronk, 2002; Bronk et al., 2007).

In this thesis | investigated dissolved organicagen (DON) in two different aquatic
ecosystems: the Elbe River as an example for aghitr aquatic ecosystem, and the eastern
Mediterranean Sea as an example for an oligotroptaiine environment. By using stable
isotope analyses | assessed the role of DON iadhatic nitrogen cycle and the relationships
between DON and other forms of reactive nitrogemn,nitrate and particular nitrogen. To my
knowledge, | presented the first dataset on esteariixing patterns o3*>DON in seasonal
resolution. Combined with the two year study of tman-tidal part of the Elbe River, |
provided an excellent insight into the role of D@Nhis ecosystem. A weakness of my study
is that the data always are combined signals of D&d ammonium, due to analytical
difficulties. The day is saved by the fact that teta represent essentially DON, since the
ammonium contribution was less than 10%, and aodt@monium could not be detected in

most of the samples.

The two studies in the Elbe River and the Elbeagtghow that DON is significantly
affected by abiotic processes. In the Elbe estuabserved no seasonal trends in the nitrate,
DON and PN cycling, so turnovers due to biologioaicesses can be excluded. However,
DON is not mixed conservatively in the salinity dient and thus differs from nitrate
concentrations. Non-conservative behaviour of DGNhimy interpretation caused only by
abiotic processes. The city of Hamburg and its pogtdistinct sources of DON, due to input
from direct discharge, local biogenic sources angéwage treatment plants. Adsorption and
desorption processes are likely the reason for @edse in DON concentration at the

freshwater head of the estuarine turbidity maxinaane (TMZ), and an increase at the salty
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tail of the TMZ. Compared to older data the DONdoa the estuary has not changed since
the 1980’s: Then and today DON concentrations rafigen 20 to 60 puM. This is a
remarkable fact, since the ammonium and phospluateeatrations decreased significantly in
the last 25 years, and also nitrate concentratiamge a decreasing trend since the early
1990’s (FGG-Elbe, 2010). So, sinking nutrient coniaions do not cause automatically
decreasing DON concentrations.

In the non-tidal Elbe River, which | studied oveperiod of two years, the main abiotic
source of DON is the elution dfN-enriched organic fertiliser after the main pesioof
spreading manure, which are regulated by policysmess (DUV, 2009), in spring and after
the harvest in autumn. Thi°N enriched precursor material increases both theamration
of DON and3™DON in summer and winter river loads. In additienthis abiotic process,
biotic processes such as seasonally varying priqarguction, autotrophic and heterotrophic
uptake during springtime, and DON release due toiemi limitation in summer create a
seasonal rhythm in both concentrations and isotopioposition of DON. Human impact
imposes an external abiotic rhythm on the annuelecgf DON in the Elbe River, making it
more complex than the cycling of nitrate: DON cartcations and isotopic composition have
four distinct annual phases, whereas nitrate cdratgons and isotopic composition have
only two periods. Decreasing nitrate concentrationspring and summer accompanied by an
increase iM™N- and3'®0-NO; were due to nitrate assimilation during primargdarction.
Changing biological activity in autumn and winteused the opposite trends (Johannsen et
al., 2008; Kendall, 1998).

DON in the Elbe River represents 23% of TDN (in @anrmean, summer contribution
is higher than in the other seasons); in the aegerary this contribution increases to 50%. No
significant changes in the DON load in the lasty2&rs could be observed. DON is subject to
many processes, but most of these processes atecabspecially in the tidal estuary. Main
sources of DON are input from direct discharge,alobiogenic sources and/or sewage
treatment plants and elution of organic fertilisdénst also release from PN. The similar trends
in thed'N composition of DON and PN indicate a close cauplf these nitrogen species in

the water column.
In the study of reactive N in the eastern Meditegan Sea, the ammonium

concentrations were so low that ammonium coulddggetted, so measured TRN data can be

interpreted as DON.
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Next to nitrate, the DON fraction is the secondjéat fraction of total reactive nitrogen
in the eastern Mediterranean Sea. In the mixed,|®@N concentrations exceed even nitrate
concentrations. Thus, DON is an important factat #hould not be neglected.

Lower DON concentrations accompanied by increadtnig values in deep sea samples
as compared to surface water samples of the eddtditerranean Sea are evidence for DON
taking part in nitrogen turnover in this environrheDON is strongly connected with PN,
since both show similar trendsdf’N. The lowd™N values in surface samples are caused by
rapid grazing and recycling of nutrients during tembloom. The enrichment N of both
DON and PN in deeper water masses is due to thguption of >N depleted nitrate. The
rapidly sinking fresh PN is subject to extensivel afficient mineralisation processes, and
DON is presumably a by-product of heterotrophicredicling.

The low 3N of nitrate, TRN and PN result not only from pafthitrogen uptake
caused by the phytoplankton bloom. Nitrificationdéor a relatively small input of
anthropogenic NQare the most likely sources of additional isotapicdistinct nitrate in the

eastern Mediterranean Sea.

So it is obvious that DON affected by different @esses both in eutrophic and
oligotrophic aquatic ecosystems. While in eutropbgosystems abiotic processes play a
major role in DON cycling and main DON sources hAmnan caused, DON is a relevant
nitrogen source for heterotrophs and has an agiar¢ in reactive nitrogen turnover in

oligotrophic ecosystems.

6.2 Outlook

This thesis shows that the study of DON is an edtng field of research with many
different aspects to investigate, and that thesatibn of stable isotope analyses is a suitable
tool to detect transformation processes.

However, the analysis of DON is still the main gesh, since so far no adequate
method to measure DON concentration directly hasnbeeveloped, and also the
measurement @f-"DON is possible only via measuremensbiTDN and recalculation.

As often mentioned in this thesis, the method chds®e does not separate DON and
ammonium, so this is a part of the method thattbdme improved. One possibility is to drive
off ammonium as ammonia by changing the pH-valug, Here the risk of hydrolysis of

amino groups may be a problem. The measuremett™H," and inclusion of these data in
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the calculation of$™>DON is an opportunity, but will probably increaseetcalculated
standard deviation fo8®DON. So in environments with low DON content or #mhbut

significant changes analytical errors may exceeddlvalues.

Besides these analytical challenges the diversitieoDON composition is a challenge
for itself. Different DON forms with different isopic signatures interfere with each other,
resulting in a bulks™DON which is difficult to interpret. The amount fteresting labile
DON compounds with small turnover times is oftew;lthe quantitative dominant DON pool
is often recalcitrant. The separation via ultragémgation in LMW and HMW DON with
subsequent stable isotope analysis may be a fapt but other more differentiated isolation

techniques are necessary and have to be developed.

To come back to the areas studied in this thds®sTMZ in the Elbe estuary clearly is a
zone of high N turnover, with interesting and reletv processes to be studied. A more
detailed sampling campaign, with a combinatior56DON, 5°NH,", and5'*PN analyses,
coupled with a separation in LMW and HMW DON maguk in more precise data about the
mechanisms proceeding in the TMZ. Also the porHaimburg is an interesting place for
further DON research studies to investigate thereadf the mainly anthropogenic source of
DON.

To my knowledge, thé'*N-TRN data presented in this thesis are the fsstapic
dataset of DON in the eastern Mediterranean Se¢hoédh the dataset is somewhat limited, it
supports the interpretation of nitrogen turnovescpsses. But for better comparison more
data are needed, especially from intermediate aeg dater masses. Also other seasons may
be of interest. However, due to the low concerdretiin this oligotrophic ecosystem the
current method for DON analyses is at its limit,fedher DON research studies should be
made when the analytical difficulties mentionedabbave been solved.
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Figure Captions

Figure 1.1: The marine nitrogen cycle. X and Y es@nt intracellular intermediates that are
not accumulated in the water column (from Codispoal., 2001).

Figure 1.2: Conceptual diagram of biotic processe®lved in DON release in aquatic
systems (from Bonk, 2001).

Figure 1.3: Conceptual diagram of processes ingblmeDON utilization in aquatic systems
(from Bronk, 2001)

Figure 1.4: Isotopic signatures &N in different nitrogen sources (according to Kdhda
1998)

Figure 3.1: Sample stations in the Elbe estuarylacation of places referred to in the text.

Figure 3.2: Mean ammonium concentration in June Modember in the Elbe estuary from
1999 to 2006, measured by the ARGE Elbe (ARGE ERM®1, 2002, 2003, 2004,
2005a, 2005b, 2007a, 2007b)

Figure 3.3: Salinity (a) and transmission (b) datthe Elbe estuary against stream kilometre.
Indicated are the Port of Hamburg (poH), and tleation of the turbidity maximum
zone in October 2005 and December 2006 (B Aand in June 2006 (TMY Lines
in this and the following figures are best-fit casvusing the locally weighted Least
Squared error method.

Figure 3.4: DON+NH" (black symbols) and ammonium (grey symbols) cotraéions in the
Elbe estuary versus stream kilometre (a) and vesalsty (b).

Figure 3.5: Nitrate concentrations in the Elbe &stwersus stream kilometre (a) and versus
salinity (b).

Figure 3.6:3">DON+NH," in the Elbe estuary versus stream kilometre (d)\arsus salinity
(b).

Figure 3.7:3"°NOjs  in the Elbe estuary versus stream kilometre (d)vamsus salinity (b).

Figure 3.83'°PN in the Elbe estuary versus stream kilometrard)versus salinity (b).

Figure 3.9: Cross plots @&°PN versusS"DON+NH," (a) andd"™°NO; versus3*>DON+NH;,"
(b).

Figure 3.10: N@/DON+NH," - ratios in the Elbe estuary. January 1986 to €&aper 1987
(indexed a) data are from (Brockmann and Pfeiff680); April 1992 (indexed b) data
are from (Brockmann, 1994); August/September 198% dindexed c) are from
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(Kerner and Spitzy, 2001); October 2005 to Decen2l0é6 data (indexed d) are from
this study.

Figure 3.11: Box-and-whisker plots of calculaté®dDON values in the Elbe estuary in
comparison with measuréd®DON+NH," values. For the calculation of mean NH
concentrations and isotopic contribution, we usathdrom the ARGE Elbe (ARGE
Elbe, 2001, 2002, 2003, 2004, 2005a, 2005b, 2000Gb) ands'>NH," values of the
Tyne estuary (1) and the Tweed estuary (2) (Ahad. &006)

Figure 3.12: Box-and-whisker plots of data on camdi DON+NH" concentrations (a) and
mean ammonium and DON concentration (b) in the Elteary. Data sources as in
Figure 3.10.

Figure 3.13: Box-and-whisker plots of calculatedNIDON ratios in the Elbe estuary over

the last two decades. Data sources as in Figuée 3.1

Figure 4.1: Sample station weir of Geesthacht, iNort Germany, NW Europe

Figure 4.2: concentration and isotopic values eEtbe River at the weir of Geesthacht, June
2005 — December 2007, bars represent the rivehalige. Note the different scales of
the y-axes. a) Nitrate concentratién™N-NOs; and8*®0-NOs in the Elbe River. Data
from 2006 have been published in Johannsen e2@08). b) combined DON+NH
concentration and>DON+NH,". ¢) PN concentration arid®PN

Figure 4.3: Relationship betwee®N-NO; and 5'°0-NO; to examine the fractionation

%/e'® dashed line represents a 1:1 ratio

factor ratioe
Figure 4.4:3"DON+NH,"and&'°PN in the Elbe River at the weir of GeesthachteJ2006 -
December 2007
Figure 4.5: Relationship betwe&'DON+NH;" and&™PN in the Elbe River at the weir of

Geesthacht, June 2006 — December 2007

Figure 5.1: Conceptual diagram of the processegittarmine thé™N and3d'®0 of nitrate in
the surface and intermediate water masses of tlsteraa Mediterranean Sea.
Abbreviations are PN for particulate nitrogen, TRM total reduced nitrogen, and
DON for dissolved organic nitrogen as explainethim methods section. This diagram
also serves as a schematic illustration of the masied in the discussion to calculate
the nitrate isotope anomalf(15,18) under assumptions of different sources as

explained in the text (see also auxiliary material)
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Figure 5.2: Map of stations occupied in the Eastdediterranean Sea during r/v Meteor
cruise 71-3 (January-February, 2007). Northerndorsea (NIS) stations referred to
in the text are stations HO7 to H12 (black squaneslagic stations are marked with
black dots, the sole station in the northern Aeggaa (Sk01) is marked by a black
star. The black diamond SE of Crete (station lendyks the location of the sediment
trap deployment (MID). Stations HO7 (large blackiaee) and Her03 (large black dot)
referred to in Fig. 5.3 are marked.

Figure 5.3: Profiles of fluorescence (a; arbitrargits), nitrate (b) and phosphate (b)
concentrations in the upper 400 m at 2 stationsesgmtative of NIS (HO7) and
pelagic stations (Her03) show stratification betw&® and 230 m water depth and
indicate the biologically active mixed layer. Angming phytoplankton bloom in the
northern lonian Sea (at station HO7) is sustaingchitrate and phosphate provided
from ongoing regional thermocline deepening, wherstation Her03 illustrates the
mature and thick mixed layer with very low nutri@ncentrations at pelagic sites.

Figure 5.4: Concentrations of nitrate (a), TRN @)d particulate N in total suspended solids
(c) plotted against water depth for all stations.

Figure 5.5: Isotopic compositiod°N-NO5 (a), 5*°0-NOs (b), 3°N-TRN (c), and3™ of
suspende®N (d) plotted against water depth for all stations

Figure 5.6: Composite seasonal diagram of sinkiNgl@xes (squares) anit® of sinking PN
(circles) and their standard deviations at 2600 atewdepth at station lerapetra
(34°26°N, 26°11°E, water depth 3750 m). Fluxes #&ses, black line and s.d. in red)
and 3'°SPN (circles, grey line, s.d. in blue) for thregldgment periods (MID-1:
01/30/1999 to 04/13/1999), MID-2: 11/05/2001 to@42002 and MID-3: 01/30/2007
to 09/05/2007) at 2700 m water depth have beenrdded in a surrogate annual
cycle.

Figure 5.7: Depth plot ak(15,18) of nitrate for different station sets i tlppper 500 m of the

water column.
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Table

Table

Table

Table

Table

1.1: In ecosystem studies commonly used elerand their stable isotopes. Listed are
the two most abundant stable isotopes of each eletie corresponding isotope ratio

and the international calibration standards. Togaymary standards are exhausted
and have been replaced by secondary standard ataigiayes, 1983).

1.2: Fractionation factoesfor major transformation processes in the mari@gen

cycle.e of anammox has not been published yet.

3.1: Synopsis of analytical results for sangplcampaigns in the Elbe estuary from
October 2005 to December 2006.

3.2: Results of tests on the oxidation edficies of persulfate digestion for different
standard materials. DIW: Deionized water, ACA: 6haon caproic acid, EDTA:
ethylenediamine-tetraacetate, AAP: 4-aminoantigyriNotes: a) Standard in DIW is
as calculated from a 10, 20, 50, 100, 200, and#dOconcentration series of each
standard (this study); b) Standard in DIW is aswaked from a 0.0, 2.5, 5.0, 7.5, and
10.0 uM concentration series of each standard (Kmdgl., 2005); c) same standard
series as under b) reported by Bronk et al. ((Bretrkl., 2000). d) N/R= not reported.
3.3: Correlation coefficients (r) of variablen the salinity gradient >0.8 and for all

stations sampled. Significant values<0.05) are printed in bold numbers.

Table 4.1: Correlation coefficients of all measupedameters in the Elbe River at the weir of

Table

Geesthacht, June 2005 — December 2007. r2 in baltkrlined coefficients present a
level of significancex < 0.01

4.2: Annual and seasonal mean concentratodsmean isotope values of nitrate,
TDN, DON+NH,;" and PN, and annual and seasonal mean DON*M#io in the
Elbe River at the weir of Geesthacht, June 2006cember 2007

Table 4.3: Annual and seasonal loads (in kt) ofitét TDN, DON+NH" and PN in the Elbe

Table

River at the weir of Geesthacht, June 2005 — Deee@®07 (n.d. = not determined)
4.4: Load weighted annual and seasonal msaiope values of nitrate, TDN,
DON+NH,;" and PN in the Elbe River at the weir of Geesthadohe 2005 —
December 2007 (n.d. = not determined)

Table 4.5: Selected nutrient concentrations inBlee River at the weir of Geesthacht in the

years 2005 — 2007, measured by the ARGE-Elbe (ARG, 2007a, 2007b) (d.I. =

detection limit)
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Table Captions

Table 5.1: Estimate of reactive N-inventories of BMS in different water depth intervals
(corresponding to mixed layer, intermediate, anépdevater masses) and mass-
weightedd™N of the different components (nitrate, particulateogen PN, and total
reduced nitrogen, TRN). We calculated inventorigisgn in gigamol N) based on
interval water volumes for the EMS without Adriattmd Aegean sub-basins (R.
Grimm, pers. comm., 2009) and weight88N values by average concentrations
found during our cruise. The last column is thegnated and mass-weight&fN
over all components of reactive N for each interté last line are the integrated

inventories an@'°N over the entire water column.

Table Aux 5.1: Comparison of averages in water abon and below the nitracline for
samples taken in stations of the Northern loniaa Bestations, Table Aux 5.1a), at
pelagic stations (10 stations, Table Aux 5.1b) ahdone station in the northern
Aegean Sea (Table Aux 5.1c) in the EMS in Januabyirary 2007 during Meteor
expedition 71-3.

Table Aux 5.2: Input parameters (isotopic componrifrom Table Aux-1) to the model.

Table Aux 5.3: Simulation results to explore thieetls onA(15,18) of possible nitrate inputs
(N2 fixation, nitrification, NQ input) in addition to upward flux of deep nitrata)
into the mixed layer of the eastern Mediterraneaa. S

Table App 1: Salinity gradient in the Elbe estua®gtober 2005 (cf. Chapter 3), sampled
with RV Ludwig Prandtl

Table App 2: Salinity gradient in the Elbe estualyne 2006 (cf. Chapter 3), sampled with
RV Ludwig Prandtl

Table App 3: Salinity gradient in the Elbe estuddgcember 2006 (cf. Chapter 3), sampled
with RV Ludwig Prandtl Water samples taken from the surface (1 m deptth) the
ship’s membrane pump.

Table App 4: concentration data and c(DON) ratithatElbe weir at Geesthacht (June 2005
— December 2007, cf. Chapter 4)

Table App 5: isotope ratios and discharge datheatBibe weir at Geesthacht (June 2005 —
December 2007, cf. Chapter 4)
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List of abbreviations

List of abbreviations

AAP
ACA
ARGE
CDT
DCAA
DFAA
DIN
DIW
d.l.
DOC
DOM
DON

EDTA
EMS
HCI
HMW
kt
LMW

NaOH
n.d.
N/R
NW
PDB
PE
PN
poH
POR

RV

SE
SMOW
SPM
SPN
TDN
T™MZ
VSMOW

significance level
4-aminoantipyrine

6-amino caproic acid
Arbeitsgemeinschaft Elbe
Canyon Diabolo Triolite
dissolved combined amino acids
dissolved free amino acids
dissolved inorganic nitrogen
deionised water

detection limit

dissolved organic carbon
dissolved organic matter
dissolved organic nitrogen
fractionation factor
ethylenediamine-tetraacetate
eastern Mediterranean Sea
hydrochloric acid

high molecular weight

kilo tons

low molecular weight
nitrogen

sodium hydroxide

not determined

not reported

North-West

Pee Dee Belemnite
polyethylene

particulate nitrogen

port of Hamburg

persulfate oxidising reagent
correlation coefficient
Research Vessel
South-East

standard mean ocean water
suspended particulate matter
sinking particulate nitrogen
total dissolved nitrogen
turbidity maximum zone

Vienna standard mean ocean water
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Data Appendix

1 1 1 1
depth stream salinity|c(NO,) c(TDN) c(DON) c(PN) |- SN S & date

station no.| Lat (°N) Lon (°E) [m] Kkm [psu] [uM] [M] [M] [M] [%oi % %] %]

Tesperhude 2-2[53°24.025' 10°25.510'| 4.0 579 0.46 | 184.82 218.27 33.45 n.d. 1.3 98 2.1 n.d. [24.10.2005
Zollenspieker 2-1(53°23.781' 10°10.716'| 1.5 598 046 | 184.19 213.14 2895 nd. 1.4 105 45 n.d. |24.10.2005

Zollenspieker 2-3153°23.781' 10°10.716'| 5.0 598 0.46 | 185.09 21259 27.50 n.d. 1.5 104 3.3 nd. [24.10.2005

KonlbrandnOft, » 1153030 469 o°56.184'| 15 6253 043 |169.91 21742 47.51 nd. | 114 100 47 84 |24.10.2005
Norderelbe

KQuibrandhofl. 2.3|53°32.460' 9°66.184'| 150 6253 043 [16134 21691 5557 4524 [ 112 103 77 81 |24.10.2005
Kiranhoft 2.4 |53°32234' 9°56.075'| 15 6255 043 17060 21036 3976 nd. | 114 101 42 nd |2410.2005
KOprandioft. 2.3|53°32.234' 9°656.075'| 140 6255 043 [17046 20689 3642 nd. | 113 105 66 nd |24.10.2005

Seemannhoft 2-153°32.528' 9°53.974' 1.5 628 0.43 |[172.43 217.92 45.49 n.d. 1.6 103 5.5 9.9 |24.10.2005

Seemannhoft 2-353°32.528' 9°63.974'| 15.0 628 043 | 172.66 216.08 43.42 3826 | 11.3 102 56 8.8 |24.10.2005

Pagensander , 4153045 0o 9°31.467'| 15 660 056 | 18530 22281 3751 nd. | 114 104 53 89 |2510.2005
Nebenelbe
Pagensander , 553045 002 0°31.467'| 60 660 056 |18444 nd.  nd  nd | 116 nd nd 99 |2510.2005
Nebenelbe

Grauerort  2-1(53°40.510' 9°30.552'| 1.5 660.5 0.63 [ 190.00 224.82 34.83 n.d. 1.4 102 37 9.8 |25.10.2005
Grauerort  2-3(53°40.510' 9°30.552'| 15.0 660.5 0.51 | 188.42 22592 37.50 6439 | 114 102 45 8.9 |25.10.2005
Gluckstadt ~ 2-1(53°47.170' 9°23.088'| 1.5 6755 0.77 [ 181.51 220.07 38.56 n.d. 1.8 102 28 n.d. |25.10.2005
Gluckstadt — 2-2 (53°47.170' 9°23.088'| 7.5 6755 0.85 [ 187.02 214.01 26.99 nd. 1.5 103 16 8.7 |25.10.2005
Brunsbittel  2-1[53°52.928' 9°10.832'| 1.5 693 122 | 101.19 13582 34.64 n.d. 120 108 7.3 9.2 |26.10.2005
Brunsbittel  2-3 [53°52.928' 9°10.832'| 15.0 693 135 | 95.03 130.34 3531 3023 | 11.8 101 54 8.7 |26.10.2005
Elbe, Tonne 53 1-153°51.394' 9°01.664'| 1.5 704 165 | 81.67 109.12 27.45 n.d. 119 106 6.7 n.d. |26.10.2005
Elbe, Tonne 53 1-253°51.394' 9°01.664'| 15.0 704 185 | 68.94 97.00 28.06 20.94 | 121 9.7 3.8 7.3 |26.10.2005
Elbe, Tonne 47 1-1|53°50.524' 8°56.071'| 1.5 710 172 | 72.85 101.56 28.71 n.d. 121 9.5 2.9 n.d. |26.10.2005
Elbe, Tonne 47 1-253°50.524' 8°56.071'| 13.0 710 211 | 60.10 90.20 30.10 n.d. 118 96 53 n.d. |26.10.2005
Elbe, Tonne 33 1-1(53°51.440' 8°44.381'| 1.5 7216 212 | 50.77 8296 32.19 n.d. 120 102 75 n.d. |26.10.2005
Elbe, Tonne 33 1-253°51.440' 8°44.381'| 15.0 7216 258 | 30.22 64.24 34.02 n.d. 114 86 6.2 n.d. |26.10.2005
Cuxhaven  1-1(53°53.392' 8°41.560'| 1.5 725 234 | 36.61 6521 2860 nd. 117 88 52 n.d. |26.10.2005

Cuxhaven  1-2(53°53.392' 8°41.560'| 15.0 725 275 | 2213 5067 2854 nd. 10.9 9.8 9.0 n.d. |26.10.2005

Table App 1: Salinity gradient in the Elbe estuary, Octobe®2(cf. Chapter 3), sampled with R\Mudwig
Prandtl
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Data Appendix

linity |c(NO,) c(TDN) c(DON) c(PN) | O - S°N- B*N- &"N-
station  no.| Lat(°N) Lon (°E) |depth s"k‘::]"" st:E;y C([uMal) C([pM]) C([uM]) G[LM]) NO, TDN DON PN date
[%o]  [%o]  [%o]  [%o]
Tesperhude 1 | 53°40.06 10425 | 1 579 041 | 1134 1545 411 697 | 168 135 45 nd. |22.06.2006
Tesperhude 2 | 53°40.06 10°42.5 | 3 579 041 | 1141 1438 296 966 | 17.1 141 27 nd. |22.06.2006
Zollenspieker 1 | 53°39.58 10°17.99 | 0.5 598 039 | 1142 1428 286 778 | 167 139 25 43 |22.06.2006
Zollenspieker 2 | 53°39.58 10°17.99 | 1.5 598 039 | 113.7 1469 332 1008 | 167 137 34 9.7 |22.06.2006
Kohbrandnft, | 5305405 99357 | 1 6253 04 | 1518 2028 523 238 | 122 111 74 31 |21.06.2006
Norderelbe
Kohbrandnoft, , | 5305405 99357 | 11 6253 04 | 1451 1992 541 219 | 123 111 81 16 |21.06.2006
Norderelbe
Kohbrandnoft, | g3e5369 99372 | 1 6255 04 | 1447 1958 510 332 | 135 117 66 38 |21.06.2006
Siderelbe
Kohbrandnoft, , | 5305369 99372 | 5 6255 04 | 1489 1921 432 372 | 132 117 63 36 |21.06.2006
Siiderelbe
Seemanshoft 1 | 53°54.04 9°8826 | 1 628 035 | 1552 2128 576 477 | 121 110 81 36 |21.06.2006
Seemanshoft 2 | 53°54.04 9°88.26 | 85 628 035 | 1591 2091 500 366 | 11.8 111 90 4.4 |21.06.2006
Graverort 1 | 53°67.21 9°50.31 | 1 6605 05 | 2104 2415 323 293 | 10 89 12 6.8 |21.06.2006
Graverort 2 | 53°67.21 9°50.31 | 95 6605 05 | 2100 2443 355 282 | 98 89 35 89 |21.06.2006
Gluckstadt 1 | 53°78.51 923806 | 1 6755 08 | 2241 2546 317 nd | 94 89 48 nd. |21.06.2006
Glickstadt 2 | 53°78.51 9°38.06 | 11 6755 08 | 2273 2520 260 220 | 98 88 01 91 |21.06.2006
Brunsbittel 1 | 53°87.7 9°17.43 | 1 693 26 | 1902 2195 306 717 | 108 100 43 nd. |21.06.2006
Brunsbittel 2 | 53°87.7 9°17.43 | 13 693 43 | 1788 2050 275 491 | 111 102 35 nd. |21.06.2006
Elbe, Tonne 53 1 | 53°8551 90202 | 1 704 81 | 1565 1994 438 270 | 109 103 82 7.9 |21.06.2006
Elbe, Tonne 53 2 | 53°85.51 90202 | 17 704 87 | 1533 1931 417 907 | 109 104 7.9 nd. |21.06.2006
Elbe, Tonne 47 1 | 53°84.3 89421 | 1 710 10 | 1410 1913 507 129 | 114 102 67 nd. |21.06.2006
Elbe. Tonne 47 2 | 53°84.3 89421 | 16 710 128 | 1254 1675 416 237 | 111 103 81 85 |21.06.2006
Elbe, Tonne 33 1 | 53°85.11 87547 | 1 7216 194 | 732 1169 442 151 | 11.3 102 82 nd. |21.06.2006
Elbe, Tonne 33 2 | 53°85.11 8°7547 | 18 7216 202 | 765 1109 348 154 | 114 102 72 99 |21.06.2006
Cuxhaven 1 |53°86.39 87097 | 1 725 172 | 640 952 315 119 | 109 1041 82 nd. |20.06.2006
Cuxhaven 2 | 53°86.39 87097 | 18 725 225 | 560 988 432 112 | 11 100 85 nd. |20.06.2006
Elbe, Tonne 22 1 | 53°97.96 86091 | 1 735 236 | 490 794 308 144 | 114 95 64 142 |21.06.2006
Elbe, Tonne 22 2 | 53°97.96 86091 | 10 735 257 | 402 686 288 36 | 113 93 63 nd. |21.06.2006
Elbe, Tonne 12 1 | 53°09.22 8°43.84 | 1 7462 2641 | 346 605 263 316 | 115 94 65 81 |20.06.2006
Elbe, Tonne 12 2 | 53°09.22 84384 | 9 7462 299 | 187 474 291 316 | 115 85 65 81 |20.06.2006
Elbe, Tonne 02 1 | 54°02.81 82244 | 1 7593 278 | 264 512 253 nd. | 115 90 62 nd. |20.06.2006
Elbe, Tonne 02 2 | 54°02.81 892244 | 14 7593 313 | 103 372 273 154 | 115 80 65 10.7 |20.06.2006
Elbe 1 1 | 540318 81163 | 1 7656 307 | 106 313 211 nd | 120 85 65 nd. |20.06.2006
Elbe 1 2 | 54°03.18 81163 | 18 7656 316 | 94 367 277 nd | 121 79 64 nd. |20.06.2006
north of Ebe 1 1 | 54°07.43 80078 | 1 7719 30 75 285 214 nd | 139 74 50 nd. |20.06.2006
north of Ebe 1 2 | 54°07.43 8°00.78 | 155 7719 312 | 84 278 198 nd | 130 80 57 nd. |20.06.2006

Table App 2: Salinity gradient in the Elbe estuary, June 2006Gbapter 3), sampled with RMidwig Prandtl.
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Data Appendix

615N- 615N- 615N- 515N-
NO; TDN DON PN date
e [%0]  [%o]  [%o]

13:33:06| 53°56.58 9°65.78 [644.00 0.52 | 231.7 256.1 245 | 1050 9.7 2.6 9.33 |20.12.2006

time o o stream salinity |c(NO,) c(TDN) c(DON)
wrey | FAtON LonCEM e lpsul | @Ml @Ml M)

11:59:05| 53°77.91 9°38.25 |674.00 0.77 | 228.7 2584 29.8 | 1040 94 1.6  8.43 |20.12.2006

11:49:06| 53°81.12 9°36.69 |678.00 1.10 | 228.9 261.3 324 | 1028 97 55  8.32 |20.12.2006

11:35:06| 53°84.73 9°31.42 (683.00 2.05 | 2189 2535 346 |10.36 9.7 54 8.50 |20.12.2006

11:13:05| 53°87.71  9°20.25 (692.00 4.01 2045 2382 33.7 | 1029 10.2 9.7 8.13 |20.12.2006

11:05:06| 53°87.8 9°15.24 |695.00 5.06 | 194.7 2269 322 | 1048 10.1 7.8  8.22 |20.12.2006

10:58:16| 53°87.6  9°10.94 |698.00 6.55 | 184.3 215.1 30.8 | 10.79 104 80 8.14 |20.12.2006

10:49:06| 53°86.4 9°05.76 [701.50 7.49 161.1  221.2 60.1 (10.73 104 94 8.36 |20.12.2006

10:41:15) 53°85.37 9°01.45 |704.50 8.55 162.4 2025 40.1 [ 10.58 10.2 8.9 8.01 |20.12.2006

10:33:36| 53°84.7 8°96.94 |707.00 9.47 1545 206.2 517 | 10.57 10.2 8.9 7.93 |20.12.2006

10:28:36| 53°84.3 8°93.96 |709.50 10.58 | 147.8 193.0 452 | 1086 103 87  7.98 |20.12.2006

10:22:15) 53°84.02 8°90.15 (712.00 11.95 | 1334 1825 49.1 | 1054 103 9.5 7.96 |20.12.2006

10:09:16| 53°83.65 8°82.3 [717.00 13.74 | 1241 168.9 448 | 1069 103 9.3 7.91 |20.12.2006

09:59:36| 53°84.38 8°76.85 |720.30 16.49 | 103.4 1431 39.7 [10.02 101 104 7.96 |20.12.2006

07:44:16| nodata nodata |731.00 18.05 | 89.6  134.1 444 11034 1041 9.7 7.73 |20.12.2006

07:52:35( nodata nodata |733.00 21.10 | 735 1134 399 | 9.70 9.7 9.7 8.46 |20.12.2006

08:00:06( nodata nodata |735.00 22.34 | 655 1048 393 | 9.74 10.0 105 8.20 |20.12.2006

08:07:15| 53°96.2 8°56.61 |737.00 23.58 | 57.1 93.2 36.1 9.13 9.9 11.2  7.96 |20.12.2006

09:03:36| 53°96.3 8°55.75 |738.00 27.22 | 33.9 63.4 294 | 798 94 11.0 8.01 |20.12.2006

08:11:15( 53°96.36  8°55.13 |739.00 25.01 50.3 85.4 35.1 9.08 10.0 11.3 8.04 |20.12.2006

Table App 3: Salinity gradient in the Elbe estuary, December&2@8d. Chapter 3), sampled with RMudwig

Prandtl. Water samples taken from the surface (1 m deptth) thie ship’s membrane pump.
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Data Appendix

date c(NO,) c(TDN)  c(DON)  c(PN) c(DON)/c(TDN) *100

[uM] [uM] [uM] [uM] [%]
23.06.2005 78.9 104.0 25.1 n.d. 24.1
11.07.2005 78.4 129.3 50.9 n.d. 39.4
01.08.2005 104.4 141.6 37.2 n.d. 26.3
20.08.2005 50.7 85.2 34.6 n.d. 40.6
20.08.2005 60.7 92.3 31.6 n.d. 34.3
24.10.2005 184.8 218.3 33.5 n.d. 15.3
16.01.2006 372.7 423.4 50.7 n.d. 12.0
20.02.2006 306.2 369.0 62.9 n.d. 17.0
07.03.2006 283.3 327.8 44.5 n.d. 13.6
20.03.2006 4217 457.9 36.1 n.d. 7.9
31.03.2006 316.4 391.1 74.8 n.d. 19.1
10.04.2006 365.2 427.2 62.0 n.d. 14.5
03.05.2006 238.9 261.2 22.3 n.d. 8.5
23.06.2006 114.1 143.8 29.7 n.d. 20.6
04.07.2006 81.3 122.9 41.6 64.7 33.9
24.07.2006 97.8 145.4 47.6 36.0 32.8
03.08.2006 327 75.2 42.5 126.7 56.6
24.08.2006 142.7 175.1 32.3 n.d. 18.5
12.09.2006 97.3 131.6 34.3 n.d. 26.1
10.10.2006 104.7 134.4 29.7 97.8 22.1
03.11.2006 134.1 164.8 30.7 48.9 18.7
28.11.2006 210.8 239.8 29.0 17.4 12.1
21.12.2006 246.2 279.6 33.4 10.9 11.9
12.01.2007 252.3 306.8 54.5 22.8 17.8
19.02.2007 321.2 388.2 67.0 25.2 17.3
14.03.2007 274.8 333.7 59.0 29.6 17.7
27.04.2007 120.7 155.9 35.2 89.7 22.6
30.05.2007 66.3 110.9 44.7 77.4 40.3
11.06.2007 66.9 106.5 39.5 41.6 37.2
04.07.2007 74.2 110.5 36.3 41.9 32.8
31.07.2007 80.8 125.1 44.3 37.4 35.4
27.08.2007 110.2 145.2 35.0 36.6 24.1
20.09.2007 178.7 207.1 28.5 257 13.7
16.10.2007 206.5 236.6 30.1 31.2 12.7
14.11.2007 228.4 266.6 38.2 27.5 14.3
06.12.2007 269.5 306.8 37.3 22.0 12.2

Table App 4: concentration data and c(DON) ratio in the ElbeeRat the weir of Geesthacht (June 2005 —
December 2007, cf. Chapter 4)
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date 6'*N-NO,- &'*0-NO,” &'*TDN 5'SDON 5'*PN discharge
[%o] [%o] [%o] [%0] [%0] [m?3/s]
23.06.2005 19.8 n.d. 15.8 3.0 n.d. 462
11.07.2005 18.6 n.d. 14.6 8.5 n.d. 406
01.08.2005 16.4 n.d. 13.7 6.0 n.d. 495
20.08.2005 20.6 n.d. 14.3 5.1 n.d. 418
20.08.2005 204 n.d. 14.6 3.5 n.d. 418
24.10.2005 11.3 n.d. 9.8 2.1 n.d. 371
16.01.2006 9.2 0.2 9.2 8.8 n.d. 485
20.02.2006 9.1 2.0 8.7 6.6 n.d. 609
07.03.2006 8.8 1.2 9.2 11.5 n.d. 617
20.03.2006 8.9 n.d. 8.5 3.7 n.d. 853
31.03.2006 8.0 0.7 8.1 8.2 n.d. 1270
10.04.2006 6.4 0.6 6.5 7.3 n.d. 3602
03.05.2006 8.6 1.9 8.0 1.5 n.d. 1526
23.06.2006 17.1 7.6 14.1 27 n.d. 512
04.07.2006 19.1 8.4 14.6 5.7 n.d. 385
24.07.2006 17.0 7.2 13.0 4.7 5.9 430
03.08.2006 225 12.1 13.4 6.4 8.2 245
24.08.2006 12.0 3.0 10.4 3.3 n.d. 503
12.09.2006 16.9 7.9 13.5 3.8 n.d. 449
10.10.2006 16.9 7.5 14.1 4.2 7.4 320
03.11.2006 13.2 3.5 10.9 0.8 5.9 301
28.11.2006 10.0 0.8 9.7 7.8 9.6 467
21.12.2006 10.3 0.4 10.0 7.7 10.0 406
12.01.2007 10.0 0.8 9.4 6.8 9.1 513
19.02.2007 8.3 0.6 8.2 7.8 8.8 1047
14.03.2007 8.3 1.0 7.8 5.5 8.5 1129
27.04.2007 15.8 71 12.9 2.8 5.9 435
30.05.2007 17.8 8.6 13.2 6.4 8.2 389
11.06.2007 19.8 10.3 14.5 5.6 7.8 387
04.07.2007 18.1 8.7 13.6 4.3 7.2 444
31.07.2007 16.2 6.6 12.3 5.2 7.4 466
27.08.2007 14.5 4.9 12.3 5.3 6.6 589
20.09.2007 1.7 2.1 10.8 4.7 7.4 600
16.10.2007 10.4 1.7 9.4 2.8 8.6 766
14.11.2007 9.9 0.9 9.6 8.4 8.3 757
06.12.2007 8.8 0.7 8.6 6.8 8.3 1069

Table App 5: isotope ratios and discharge data in the ElbeeRat the weir of Geesthacht (June 2005 —
December 2007, cf. Chapter 4)
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