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Abstract

Abstract

To investigate the dynamics of biogeochemical processes in temperate tidal flat
ecosystems a time-series station was established in the tidal inlet between the islands of
Spiekeroog and Langeoog (NW Germany). Realisation of this station was carried out within
the scope of the DFG Research Group “Biogeochemistry of tidal flats” which was established
in 2001 at the ”Institute for Chemistry and Biology of the Marine Environment” in
Oldenburg. Among others, one major goal of this Research Group was to investigate
exchange processes of dissolved and particulate matter between the tidal flat area and the
open North Sea.

The time-series station provides the opportunity to determine continuously physical,
chemical, and metrological parameters in a high resolution throughout the year, even during
storms and ice winters. Inside the pole of the station, sensor tubes are installed at different
water depth in direction of the prevailing tidal currents. The tubes are equipped with sensors
to determine temperature, conductivity, and pressure. Furthermore, the uppermost sensor tube
allows retrieval of surface water for nutrient analysis. In order to study the dynamics of
nutrients (silica, phosphate, nitrite, and nitrate) and methane, a setup for continuous
determination of these metabolites of organic matter degradation has been established.
Nutrients were determined hourly from April 2006 by autonomous nutrient analysers,
whereas methane was measured during several months in 2005 by a sensor mounted outside
the pole.

In addition to measurements at the station, methane was detected during several
sampling campaigns in the German Bight, the River Weser, in pore waters of tidal flat
sediments, tidal creeks, and in the freshwater contributed to the study area via a flood-gate in
Neuharlingersiel. The resulting spatial distribution of methane demonstrated a clear trend of
decreasing concentrations with increasing distance from the coast, which points towards a
source for dissolve methane in the coastal areas. This assumption was supported by high
resolution measurements of methane at the time-series station revealing distinctly higher
concentrations during low tide. Pore water concentrations down to 4.5 m depth emphasised
deep sediments to be the loci for enhanced methane production. Mathematical modelling
showed that pore waters of deeper sediment layers are transported advectively to the tidal flat
margin and finally into the open water column of the back barrier area. Two further model
approaches, which estimated export budgets from the study area into the open North Sea,
resulted in a net export of dissolved methane in an order of magnitude between the Wash

estuary and River Elbe. Therefore, it can be concluded from this study, that methane
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contributed by tidal flat areas has to be considered in budget calculations for the southern
North Sea.

Concentrations of the nutrients silica, phosphate, and nitrite plus nitrate (NOy)
determined at the time-series station revealed different seasonal patterns as well as alternating
tidal dependencies. Silica concentrations were highest during winter months with a pattern
seemingly influenced by zooplankton grazing pressure leading to a more plateau-shaped or
peak-shaped development, respectively. High winter levels decrease drastically in spring due
to elevated diatom growth. However, the onset of the diatom blooms varied between the years
as indicated by the silica development. Low concentrations during summer increase again
towards autumn and winter due to both decreasing assimilation by diatoms and pore water
contribution. In contrast, phosphate concentrations are highest in late summer, which is
governed by both phytoplankton assimilation/degradation and coupling of phosphate to the
iron-oxyhydroxide cycle in sediments. On the other hand, NOy follows a general seasonal
pattern with highest concentrations in winter and lowest during the vegetation period. On a
tidal scale, the nutrient patterns of the open water column are predominantly controlled by
pore water contributions as organic particulate matter is imported into the Wadden Sea and is
remineralised especially in the sediments.

It could have been shown, that decomposition of phytoplankton affects the dynamics
of redox-sensitive trace metals. In addition to elevated release of nutrients to the open water
column, breakdowns of algae blooms favour aggregation due to intense release of transparent
exopolymer particles (TEP) thus leading to formation of large organic-rich aggregates.
Deposition of such aggregates enhances microbial activity within the surface sediments and
the release of dissolved organic carbon, nutrients and trace metals like Mn, Mo, or V.

The investigation of pore waters, enriched in silica and phosphate, reveal a diffusive as
well as advective transport to the open water column, which leads to a seasonal and tidal
periodicity in the study area. In contrast, the freshwater contribution via the flood-gate is
identified to be of minor importance in terms of nutrient budgets of the back barrier area and
the German Bight. This study highlights the role of tidal flat sediments concerning nutrient
contribution to the German Bight. It could have been demonstrated, that the entire tidal flat
areas of the German Bight Wadden Sea contribute dissolved silica and phosphate in the same
order of magnitude as the sum of Rivers Elbe, Weser, and Ems, while NOy is exported in one
order of magnitude lower. Thus, tidal flat areas act as a ‘bio-reactor’ and contribute largely to
the nutrient budget of the German Bight ecosystem, as organic particulate matter is degraded

and subsequently exported as dissolved nutrients to the open North Sea.
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Kurzfassung

Um die Dynamik biogeochemischer Prozesse in Wattgebieten gemiBigter Zonen zu
untersuchen, wurde eine Messstation im Seegatt zwischen den Inseln Spiekeroog und
Langeoog (NW Deutschland) errichtet. Diese Station wurde im Rahmen der im Jahr 2001 am
HInstitut fiir Chemie und Biologie des Meeres* in Oldenburg gegriindeten DFG-
Forschergruppe ,,Biogeochemie des Watts* realisiert. Eine Hauptzielsetzung dieser
Forschergruppe war, Austauschprozesse geldster und partikuldrer Stoffe zwischen dem Watt
und der offenen Nordsee zu untersuchen.

Die Messstation bieten die Moglichkeit, kontinuierlich physikalische, chemische und
meteorologische Daten in einer hohen zeitlichen Auflosung iiber das ganze Jahr, auch bei
Stiirmen oder Eisgang, zu erheben. Im Pfahlrohr der Station sind Querrohre in verschieden
Wassertiefen in vorherrschender Stromungsrichtung der Tide installiert. Diese Querrohre sind
mit Sensoren ausgestattet, die Temperatur, Leitfdhigkeit und Druck messen. Zusitzlich
befindet sich am obersten dieser Querrohre eine Wasserentnahmestelle zur Nahrstoffanalyse.
Um die Dynamik von Nihrstoffen (Kieselsdure, Phosphat, Nitrit, Nitrat) und Methan zu
untersuchen, wurde ein Messsystem entwickelt, das diese Metaboliten, die beim Abbau
organischen Materials freigesetzt werden, kontinuierlich erfasst. Seit April 2006 werden
Néhrstoffe durch automatisierte Analysatoren im stiindlichen Intervall gemessen.
Methanmessungen erfolgten wihrend mehrerer Monate im Jahr 2005 durch einen Sensor, der
auflerhalb des Pfahlrohres angebracht war.

Neben Messungen an der Station wurde Methan wihrend verschiedener
Schiffseinsédtze in der Deutschen Bucht und der Weser, sowie im Porenwasser von
Wattsedimenten, in Tiderinnen und im SiiBwasser, das {iber das Siel in Neuharlingersiel in
das Untersuchungsgebiet gelangt, untersucht. Die sich daraus ergebende rdumliche Verteilung
von in Wasser gelostem Methan zeigte eine deutliche Tendenz abnehmender Konzentrationen
in Richtung offene Nordsee, was auf eine Methanquelle in den Kiistengebieten hinweist.
Diese Annahme wurde durch zeitlich hoch aufgeloste Methanmessungen an der Messstation
unterstiitzt, die merklich hohere Konzentrationen wéhrend der Niedrigwasserphase aufwiesen.
Porenwasserkonzentrationen, die bis zu einer Sedimenttiefe von 4,5 m gemessen wurden,
brachten hervor, dass tiefere Sedimentregionen Orte erhohter Methanproduktion sind. Eine
mathematische Modellierung zeigte, dass Porenwisser dieser tieferen Sedimente advektiv zu
den Platenrdindern der Wattsedimente und schlielich in die Wassersdule der
Riickseitenwatten transportiert werden. Zwei weitere Modellansitze, die den Methanexport

des Untersuchungsgebietes in die offene Nordsee abschétzten, ergaben einen Nettoexport von
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Methan, der in der GroBenordnung zwischen dem Wash-Astuar und der Elbe liegt. Es kann
daher aus diesen Untersuchungen geschlussfolgert werden, dass der Methaneintrag aus den
Riickseitenwatten in die Nordsee bei Budgetberechnungen beriicksichtigt werden muss.

Die auf der Messstation gemessen Nihrstoffe Kieselsdure, Phosphat uniitrit +
Nitrat (NOy) wiesen sowohl Unterschiede im saisonalen wie auch im tidalen
Konzentrationsverlauf auf. Kieselsdure zeigte die hochsten Konzentrationen wihrend der
Wintermonate. Die Form des Konzentrationsverlaufes im Winter schien durch den von
Zooplankton ausgelibten FraBdruck beeinflusst zu sein, was sich in einer eher abgeflachten
oder eher spitz verlaufenden Verlaufsform widerspiegelte. Diese hohen Winterwerte nahmen
im Friihjahr, bedingt durch die Diatomeenbliite, stark ab. Dabei variierte jedoch der Beginn
der Friihjahrsbliite zwischen den Jahren, was durch die unterschiedlichen Verldufe der
Kieselsdurekonzentration angezeigt wurde. Niedrige Sommerkonzentrationen stiegen zum
Herbst und Winter wieder an, was durch Eintrag von Porenwasser in die Wassersdule und
verringerte Kieselsdureaufnahme durch Diatomeen bedingt war. Phosphat wies demgegentiber
die hochsten Konzentrationen im Sommer auf, was durch eine Kombination aus sowohl der
Aufnahme durch Phytoplankton sowie deren Abbau, als auch der Kopplung von Phosphat an
den Eisen-Oxihydroxid-Kreislauf, beruhte. Im Gegensatz dazu wiesen die Konzentrationen
von NOy einen generellen saisonalen Verlauf mit Maxima im Winter und Minima wéhrend
der Wachstumsperioden auf. Betrachtet man die Konzentrationsverldufe in der Wassersdule
des Riickseitenwatts auf einer tidalen Zeitskala, zeigt sich, dass die Nahrstoffkonzentrationen
durch den Porenwassereintrag kontrolliert werden, da partikuldres organisches Material aus
der Nordsee in das Riickseitenwatt importiert und dort in den Sedimenten remineralisiert
wird.

Es konnte weiterhin gezeigt werden, dass der Abbauprozess von Phytoplankton die
Dynamik von redox-sensiblen Spurenmetallen beeinflusst. Zusdtzlich zu erhohter Freisetzung
von Nihrstoffen in die Wassersdule, beglinstigen Zusammenbriiche von Algenbliiten
Aggregationsprozesse. Durch die Abgabe von transparenten exopolymeren Partikeln (TEP)
werden grof3e, organikreiche Aggregate gebildet. Die Ablagerung solcher Aggregate fiihrt zu
verstiarkter mikrobieller Aktivitdt in den Oberflichensedimenten und dadurch bedingt zur
Freisetzung von geldstem organischen Kohlenstoff, Néhrstoffen und Spurenmetallen wie Mn,
Mo, oder V.

Die Untersuchung von Porenwéssern, ergab, dass diese an Kieselsdure und Phosphat
angereicherten Wésser sowohl diffusiv als auch advektiv in die Wassersdule transportiert
werden. Dies fiihrt zu tidal und saisonal wiederkehrenden Mustern im Konzentrationsverlauf.

Demgegeniiber erwies sich der SiiBwasserbeitrag des Siels im Untersuchungsgebiet, in
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Hinsicht auf Nahrstoffbilanzen des Riickseitenwatts und der Deutschen Bucht, als
vernachldssigbar. Die Untersuchungen dieser Arbeit konnten die grofle Bedeutung der
Wattsedimente auf den Nihrstoffeintrag in die Deutsche Bucht herausstellen. Es konnte
gezeigt werden, dass die Gesamtfliche der Riickseitenwatten des Wattenmeeres in der
Deutschen Bucht Nahrstoffe in der gleichen Gréfenordnung in die Nordsee exportieren, wie
die Summer der Eintrage aus Elbe, Weser und Ems, wéahrend der NOy-Eintrag der Watten um
eine GrofBenordnung geringer ist. Demzufolge fungieren Riickseitenwatten als eine Art
,Bioreaktor”, in dem partikuldres organisches Material abgebaut und als geloste Néhrstoffe
exportiert wird und somit in hohem MaBe zur Nihrstoffbilanz des Okosystems Deutsche

Bucht beitragen.
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Figure legends

Figure legends

(abbreviated)

Fig. 1.1. The North Sea with connections to the Atlantic Ocean and the Baltic Sea,

amphidromes (orange points; Pethick, (1984), and the Dogger Bank (grey

area with dashed line). Picture modified from Google Maps

(WWW.MAPS. ZOOZIE.COM)...euiiiiiiiiieiieeiieriie et eeite et eiteete e e et e siaeebeesaaeebeessneenseas 1
Fig. 1.2. Spatial extension of Wadden Sea ecosystem of the southern North Sea.

Picture modified after Marencic et al. (2005).......cccceevuiieviieeriiieeciieeeeeee e 2
Fig. 1.3. Map of the study area showing the tidal channel system, the time-series

station in the main tidal inlet, the pore water sampling site JS1 on the

sandy tidal flat Janssand, and the flood-gate in Neuharlingersiel. ............ccccceceenneee. 5
Fig. 1.4. Sketch of the time-series station. Green labelled sensor tube openings are

equipped With SENSOT TUDES. .....cceieiiieriieiieiie ettt sae e eaneens 10
Fig. 2.1. Map of the study area in the German Bight. The detailed map shows

Spiekeroog Island, the backbarrier tidal flats, the position of the time-

series station in the tidal inlet (Otzumer Balje), and the pore water

sampling site Janssand (JS). ...cceeiiieiiiiiieieee e 19
Fig. 2.2. Photograph of the time-Series Station ..........c.eeeuieriieriierieeiie et 20
Fig. 2.3. Sketch of the time-series station. White sensor tube openings are equipped

with sensor tubes, black ONES are NOt. ..........ooevvivvieiiiieiiieeiieieeeee e 21
Fig. 2.4. Sketch of nutrient measurement hardware arrangement located in the upper

PArt OF the POLE. ..c..eiiiiiiie et ettt ens 23
Fig. 2.5. Methane measurements of SenSOr VS. GC. ........cccviiiiiiiiiieeiiie e 25
Fig. 2.6. Nutrient concentrations at the time-series station from April to July 2006 (a-

e). The grey bar indicates the time period shown in f-j, where the tidal

resolution of the individual parameter is shown. The dots mark the hourly

measurements and the tidal gauge is given by the dashed line. ..........c..ccccveeenee. 27
Fig. 2.7. Methane concentrations at the time-series station from September to

November 2005 (a).Methane concentrations (black) and corresponding

wind speed data (grey). (b) Tidal pattern from 17" to 21 of September

2005. The dashed line denotes the tidal gauge. .........ccoeevvieeviiieciieieeeeeeeee 29
Fig. 3.1. (a) Map of the study area in the German Bight. Black dots denote sampling

sites. The detailed map (b) shows Spiekeroog and Langeoog Island, the
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

transect in front of the islands, the back barrier tidal flats, the position of
the time-series station and the sampling site OB9 in the tidal inlet
(Otzumer Balje), the pore water sampling sites Janssand (JS) and
Neuharlingersieler Nacken (NN), and the position of tidal creek
measurements. White areas in Fig. 3.1b indicate tidal flats emerging
during low tide. Map (c) shows the transect of River Weser. Map (d)

shows the classification of boxes used in the Euler-Lagrangian model

including averaged water depths of the boXes. .......ccccceoveviiviiiiiniiiiniiniiene

3.2. CH4 concentrations in the German Bight, coastal areas, and River Weser.
Data originate from cruises HE188 in May 2003 (squares), HE238 in
September 2005 (circles), HE243 in November 2005 (diamonds), and

from time-series station data obtained in October to November 2005

(EFTANEZLES). ettt sttt ettt b ettt et e

3.3. High tide and low tide CH4 concentrations along the west-east-transects
beyond the Islands Langeoog and Spiekeroog in May 2003 (solid line) and
September 2005 (dashed line). ‘A’ (53.8 °N, 7.56 °E) and ‘B’ (53.82 °N,

7.7 °E) indicate start and end points of the transects. ...........coeceevverieeneenieenen.

3.4. CHy4 concentrations (a), wind speed (ws; b), and cross-correlations (xcov)

with time lag (t) of CH4 and wind speed (c) in October to November 2005......

3.5. CH4 concentrations (solid line) and tidal gauge (dashed line) at the time-
series station in 2005 (a) and at OB9 (b) in August 2003 (black line) and

January 2005 (SOlid @rey liNe).......ceecueieeiiiieiiiieeiie et

3.6. CH4 and SO42' pore water measurements at site Janssand (JS) in 2006. SO42'

data are average values of February, March, April, June, and July.

Horizontal lines in SO,4* data denote the annual Min/max. ...........ooovevevervevenenn.

3.7. Comparison of model data (black line) and data from the time-series station

(grey line) for different model boundary conditions.........cccceeeeeveeniciieeniennen.

3.8. Data of the River Weser transect in May 2003 with CHy (solid line), salinity

(dotted line), and SPM (dashed line with circles)........ccccoevvvieviieeciieceiieeieeeee,

4.1. Map of the study area. (a) German Bight position where North Sea samples
were analysed which were used as boundary conditions in the model
setup. The close-up view (b) shows the sampling sites in the back barrier
area of Spiekeroog Island: Time-series station, JS1, and the flood-gate in

Neuharlingersiel. (¢) Classification of boxes used in the Euler-Lagrangian

model simulations with corresponding average water depths. ..........ccccceeeenenns
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Fig. 4.2. Silica, phosphate, and nitrite plus nitrate in the years 2006-2008 determined
at the time-series station in the tidal inlet of the Island of Spiekeroog.
Single measurements are shown as grey points. The black line represents
running average concentrations (dashed segments: no data are available)

and open circles indicate monthly averages. Total cell counts in 2008

(grey line) are given in a logarithmic axis scale..........ccocvvvevcieeeiiieiiiieeieecieees

Fig. 4.3. Tidal dynamics of silica, phosphate, and nitrite plus nitrate in winter, spring,

summer, and autumn 2007. Note the different scales for silica (winter) and

nitrite plus nitrate. Grey lines indicate the tidal state. ..........ccoceeveriniincnncnenne

Fig. 4.4. Monthly freshwater contribution of silica, phosphate, and nitrite plus nitrate
via the flood-gate in Neuharlingersiel to the tidal flat area of Spiekeroog
(columns). Data are averaged for the years 2002-2004. For comparison,

averaged freshwater discharge rates (Rupert et al., 2004) via the flood-gate

Are @IVEN (CITCIES). uviiiiiiiiiiie ettt e e e e e e e eeeeaee s

Fig. 4.5. Pore water concentrations of silica and phosphate in 2008 at site JS1

(columns). For comparison, monthly averages of water column

concentrations (circles) and total cell counts (squares) are indicated. ................

Fig. 4.6. Model simulation for silica, phosphate, and nitrite plus nitrate (black line)

compared with data determined at the time-series station (grey circles) in

2007, e

Fig. 4.7. Annual pattern of silica, phosphate, and nitrite plus nitrate in 2007 as
simulated by the reference run (runl, black line), the run without
additional import of POM (run3, dark grey line), and enhanced import of

POM (run4, light grey line) compared to measurement data from the time-

series station (black dOtS). .....c.eiieviieiiiiciee e

Fig. 5.1. (A) Study site in an intertidal sand flat (Janssand) in the backbarrier area of

Spiekeroog Island, Wadden Sea, Germany. (B) Tidal flat topography...............

Fig. 5.2. Sketch of model sediment column. The upper part is free of organic matter
(OM). The lower part contains 1 % total organic carbon (TOC), most of
which is refractory (grey), however, there is a layer of labile OM around

2.8 m depth. Advection is indicated by arrows. The division into 20 boxes

1S INAICAtEd DY IINES. ..ovvieiiiiiiieiieeiieeieee et

Fig. 5.3. Organic matter degradation scheme of the integrated sediment model. POC
quality classes are converted to DOC classes according to the distribution

vectors. Upon hydrolysis, nutrients are released according to the specific

-X] -

.74

Y

.79

... 82

... 84

....90

...95



Figure legends

C:N:P ratios. The distribution scheme may be extended by further POC
classes (grey and dashed arrows). DOC is separated into high and low
molecular weight DOC (DOC-H and DOC-L). Larger molecules (DOC-H)
can only be degraded by aerobic heterotrophs or must be converted to

smaller units (DOC-L) by fermenting bacteria. All heterotrophic

functional groups can use DOC-L for catabolic processes. ........cccecveeercveeenuvennne

Fig. 5.4. Depth profiles of parameters characterising the lithology at the sampling site
in an intertidal sand flat. The continuous lines in Ti/Al and Zr/Al figures
indicate the geogenic background (Wedepohl 1971). The grey bars
highlight the clay rich layers of the sediment profile. Depths of about 1.5
to 2.5m are marked with a hatched area because the lithological

description shows that the sediment is predominantly sandy, with very thin

ClAY LAYETS. .eeieitieiie ettt et ettt ettt ettt e eneas

Fig. 5.5. Pore water profiles of CI', pH, NO;5, SO42’, H,S, CHy4, HySiO4, TA, NH,",
PO,*, and DOC at the sampling site in an intertidal sand flat of the
backbarrier area of Spiekeroog Island (April 2006; CH4 March 2006). DIC

concentrations were calculated using TA and pH..........cccoooieiiiiiiiinniieee,

Fig. 5.6. Modelled (continuous line) and measured (points) pore water profiles. Same
samples as in Figure 5.3. To test to sensitivity of the pore water profiles to

organic matter composition, simulations were conducted with Redfield

ratios increased and decreased by 50% (dashed lines). .........cccceeeeieniieninennnnnne

Fig. 5.7. Ratios of DOC, TA, NH,", and PO, concentrations to (SO42')Dep
concentrations. Best-fit linear regressions are calculated for samples from

April 2006 separately (A) and for all samples taken from May 2005 till

JUNE 2000 (B). .ot esaneeea

Fig. 5.8. Sea water PO43’ and H4Si04 concentrations determined at a monitoring

station in the backbarrier area of Spiekeroog Island in May 2006. The

dashed line indicates the tidal variations of the sea water level.........................

Fig. 6.1. Map of the study area showing the backbarrier tidal flats of Spiekeroog
island, Wadden Sea (NW Germany). The detailed map presents sampling
sites in the tidal inlet (Otzumer Balje, OB) and on the Janssand tidal flat

(0 ). oo nee

Fig. 6.2. Silica concentrations and diatom cell counts in the water column of the

Spiekeroog island backbarrier area in 2007. ........cccooeeiiiieiieniiienieeieeeeeeeeene
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

6.3. Concentrations of a) DOC, TA, ammonium, phosphate, and silica, and b)

hydrogen sulphide and sulphate in the pore waters at site JS in 2007................

6.4. Seasonal variations of dissolved U and Mo in the water column of the
Spiekeroog island backbarrier area in 2002. Data presented in blue colour
are normalized to offshore salinity. The grey line denotes the North

Atlantic value; the vertical grey lines mark high tide (HT) and the dashed

S T (o) o Ua [ 5 SRR

6.5. Seasonal variations of dissolved U, Mo, V, and Mn in pore waters and tidal

Creek WaterS 11 2002 ...oooviiieiiieiiieeeeeeeeeeeeee ettt e e

6.6. Concentrations of dissolved U, Mn, V, and Mo in the water column of the

Spiekeroog island backbarrier area from April to September 2007. The

grey line denotes the North Sea value. ........ccooooeeiiiiiiiiiiicee,

6.7. Seasonal variation of enrichment factors (EFS) for particulate organic

matter (POC), P, U, Mo, V, and Mn of suspended particulate matter in

2002, et

6.8. Concentrations of dissolved a) U and HS’, b) Fe (please note the different
scale for Fegiss. in April) and HS', ¢) Mn and V, and d) Mo and HS'in the
pore waters of site JS from April to October 2007. The grey lines mark the

North Sea values 0f the trace MeEtalS. ......eeeeeeeeieiieeeee e

6.9. Phosphate concentrations in the water column of the Spiekeroog island

backbarrier area in 2007 (monthly average).........cccoevveeevienieeiienieeieeieeeeeieens

6.10. Seasonal variations of dissolved Mn and V in the water column of the
Spiekeroog island backbarrier area in 2002. The vertical grey line marks

high tide (HT) and the dashed line low tide (LT). The horizontal grey lines

in the V plots denote the North Atlantic value. .........cccccoceeveriiniininicnicnenee

6.11. Conceptual model (modified after Dellwig et al., 2007b) showing Mn and
Mo dynamics in the water column and pore waters resulting from a
pronounced benthic-pelagic  coupling. Seasonal fluctuations of
phytoplankton growth significantly influence the trace metal budget in the
water column and shallow pore waters. Schematic water column trends
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1. Introduction

1 Introduction

1.1 The North Sea

The North Sea, as a semi-enclosed marginal sea of the Atlantic Ocean, covers an area
of 575,000 km” with an average water depth of 70 m and a resulting volume of 41,000 km®
(Becker, 1990). The borders are given by the coastlines of England, Scotland, Norway,
Sweden, Denmark, Germany, Netherlands, Belgium, and France. The connection to the
Atlantic Ocean is given through the English Channel in the south and between Scotland and
Norway in the north. The connection to the Baltic is represented by the Skagerrak/Kattegat in

the east.

North Atlantic

- e
gl et

Fig. 1.1. The North Sea with connections to the Atlantic Ocean and the Baltic Sea,
amphidromes (orange points; Pethick, 1984), and the Dogger Bank (grey area with dashed

line). Picture modified from Google Maps (www.maps.google.com).
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The formation of the present North Sea started after the Weichselian Glacial maximum
some 18,000 years BP when the sea level was 110 - 130 m below the present level (Cameron
et al., 1987; Long et al., 1988; Reise, 2005). At this time, the coastline was located between
the mid of England and the south of Sweden, with a vegetation characterized by tundra and
boreal forest. In the following time the sea-level rose with an average rate of about 2.1 m 100
a’! due to climate warming (Streif, 1990). From approximately 8500 years BP the sea level
rise led to the formation of the Holocene sedimentary wedge and the formation of the present
day coastal landscape with its barrier islands, tidal flats, and coastal marshland (Hoselmann

and Streif, 2004).
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Fig. 1.2. Spatial extension of Wadden Sea ecosystem of the southern North Sea. Picture
modified after Marencic et al. (2005).

Overall, this process created one of the world’s largest connected Wadden Sea system
amounting for about 60% of Wadden Sea areas of entire Europe and northern Africa
(Umweltbundesamt, 2004). The Wadden Sea stretches from Den Helder (Netherlands) to
Skallingen (Denmark) with an extent of about 450 km (Essink et al., 2005). While the chain
of barrier islands off the coasts of The Netherlands, Lower Saxony, and south-western
Denmark forms part of the Holocene sedimentary wedge, the islands off Schleswig-Holstein

are relicts of former Pleistocene land masses (Streif, 1990).
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Since about 1000 years BP land reclamation and dike building influenced dramatically
the development of the Wadden Sea (Streif, 1990). Dike construction leads to decreasing
deposition of fine grained particles and consequently fine to medium sand dominate the
sediments of the intertidal German Wadden Sea (Flemming and Nyandwi, 1994; Flemming
and Ziegler, 1995; Dellwig et al., 2002; Hinrichs et al., 2002) and largely determines the
morphology of the coastline (Dellwig et al., 2007b).

1.1.1 Water circulation

The water circulation in the North Sea is mainly controlled by the bottom topography,
since currents follow the relief and flows tend to be concentrated in areas where slopes are
steepest. Generally, the seabed of the North Sea reveals a structure shaped during glacial
periods when the sea level was lower as indicated for instance by glacial river valley systems
(OSPAR Commission, 2000). The depth of the central North Sea increases towards the
Atlantic Ocean until about 200 m at the edge of the continental shelf southeast of Great
Britain and France. However, the English Channel has a relatively shallow depth of about 30
m in the Strait of Dover increasing gradually to a depth of 100 m in the west. In contrast, the
Norwegian Trench in the north with a sill depth of about 270 m plays a major role in steering
large inflows of Atlantic water into the North Sea. In the area between The Netherlands and
Great Britain average water depths are between 20 and 30 m, while at the Dogger Bank
(compare Fig. 1.1), a shallow area in the central North Sea, depths can be less than 20 m
leading to a significant impact on the circulation in the southern North Sea. This topography
governs the inflow of Atlantic Ocean water of about 55,000 km® a™ from the North Atlantic
and 4900 km® a”' through the English Channel, while the net inflow from the Baltic Sea
accounts for about 500 km’ a”', whereas the main outflow from the North Sea along the
Norwegian coast amounts for 57,000 km® a™ (Becker, 1990).

The general pattern in the North Sea follows an anti-clockwise (cyclonal) circulation,
which has first been determined by Bohnecke (1922) on the basis of salinity distributions.
This circulation pattern has been generally supported by measurements of Cs-137 discharged
from nuclear reprocessing plants in Sellafield (England) and La Hague (France) in the 1980s
(Nies, 1990). One has to keep in mind that the aforementioned cyclonal circulation is an
idealised average which is valid just for long-time examination of several months. On a
smaller temporal scale the currents are also influenced by metrological forces (wind,
insolation), inflow from the Northern Atlantic and the Baltic as well as freshwater

contribution.
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Tides in the North Sea

Tides in the North Sea are affected by the tides of the Atlantic Ocean. Accordingly,
the tide in the North Sea is characterized by a semidiurnal principal lunar tide (M) with a
periodicity of 12.4 hours (12h 25min) and a superposing quarter-diurnal lunar tide (My4) with a
periodicity of 6.21 hours (6h 13min). Due to the periodically horizontal displacement of water
masses by tides, horizontal as well as vertical mixing of waters occurs.

The tidal gauges of the Wadden Sea in the German Bight (Southern North Sea, Fig.
1.2) are affected in different extents. The tide wave in the German Bight emanates circularly
from the south-western amphidrome, a site with no tidal gauge, towards the coasts (Flemming
and Davis, 1994). Thus, in the western part at the Belgian and Dutch Wadden Sea, as well as
in the northern part of the Danish Wadden Sea the tidal range accounts only for 1.5 — 2 m

whereas 3 — 4 m are in the mouth of the Rivers Elbe and Weser.

Tidal flat areas

Lateral exchange of major water masses between tidal flat areas occurs at high tide,
while a system of major and smaller tidal channels crossing the individual tidal flats facilitates
a minor lateral water exchange during low tide. Water of this channel system flows into a
main channel, the tidal inlet between the islands, which forms the connection of each back
barrier area to the German Bight and the pathway for tidally driven water exchange with the
North Sea (Fig. 1.3). Pronounced tidal currents cause elevated loads of suspended particulate
matter (SPM) and intense sedimentation and resuspension (Flemming and Nyandwi, 1994;
Flemming and Ziegler, 1995; Chang et al., 2006a; Lunau et al., 2006). Coastal zones as
intertidal flats and estuaries have a considerable impact on the biogeochemical processes of
the oceans, due to water column/sediment interaction and estuarine mixing (Shiller and Boyle,
1991; Shiller, 1996; Brasse et al., 1999). Tidal flat areas are usually net-heterotrophic and act
as a sink for organic matter (Postma, 1981), which underlies intense remineralisation when
entering. Thus, tidal flats play an important role in global biogeochemical cycles, as they are
the most productive natural ecosystems and provide the nursery for many marine organisms.

In the context of preserving and assessing the quality status of the marine
environment, sustained joint efforts are undertaken, which are e.g. the “OSPAR commission”
and the “Trilateral Cooperation on the Protection of the Wadden Sea”. Despite substantial
studies, participants of these ventures emphasise, the necessity of further investigations

concerning tidal circulations and the balance of primary production and biomass recycling.
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Fig. 1.3. Map of the study area showing the tidal channel system, the time-series station in the
main tidal inlet, the pore water sampling site JS1 on the sandy tidal flat Janssand, and the

flood-gate in Neuharlingersiel.

1.2 Organic matter remineralisation

The generalized composition of organic matter is given by (CH,O)«(NH3),(H3PO4),,
with values of x, y, and z depending on the age and origin of the material. For fresh marine
phytoplankton Redfield (1958) proposed a molar stoichiometry of x = 106, y = 16, and z= 1,
whereas the composition of altered marine organic matter can partly differ from these C:N:P
ratios (Atkinson and Smith, 1983).

High amounts of organic matter are imported from the North Sea into the Wadden Sea
(van Beusekom and de Jonge, 2002) and are remineralised aerobically and anaerobically by
microorganisms and benthic fauna in the tidal flat sediments (Bottcher et al., 2000; Werner et
al., 2006; Al-Raei et al., 2009). The availability of the electron acceptors oxygen, nitrate,
manganese oxides, iron oxides, or sulphate governs the pathway dominating organic matter
mineralisation. Furthermore, mineralisation is controlled by a catabolic succession, which is
based on the standard free energy gain of oxidation using different oxidants. Table 1.1

provides an overview about the molar standard free energy gains taken from Froelich (1979).
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Table 1.1. Standard free energy (SFE) gain by organic matter remineralisation

modified from Froelich (1979), with SFE presented as AGO’ in kJ per mole of glucose
(CsH120¢).

Pathway of organic matter oxidation AG" [kJ mole]

1. Oxic respiration
(CH20)106(NH3)16(H3PO,4) + 138 O,

- 3190 (Glucose)
— 106 CO, + 16 HNO; + H;PO, + 122 H,0

2. Manganese (IV) reduction

(CH,0),06(NH;),s(HsPO,) + 236 MnO, + 472 H - 3090 (Birnessite)
2+ - 3050 (Nsutite)
— 106 CO, + 236 Mn** + 8 N, + H;PO, + 366 H,0 2920 (Pyrolusite)

3. Nitrate reduction
(CH,0)106(NH3)16(H3PO,4) + 94.4 HNO;

— 106 CO, + 52.2 N, + HyPO, + 177.2 H,0 - 3030
(CH,0),06(NH3)16(H;PO,4) + 84.8 HNO;3 2750

— 106 CO, +42.4 N, + H;PO,4 + 148.4 H,O

4. Iron (III) reduction

(CH,0)106(NH;),1s(HsPO,) + 212 Fe;,0; (or 424 FeOOH) + 848 H' - 1410 (Fe;05)
— 424 Fe2+ + 106 COz +16 NH3 + H3PO4 + 530 H20 (OI' 742 HzO) - 1330 (FGOOH)
5. Sulphate reduction

(CH,0)106(NH;) (H3PO,) + 53 SO4* 380

— 106 CO, + 16 NH; + 53 S* H;PO, + 106 H,O

6. Methanogenesis (C-reduction) 350

(CH,0),06(NH;3)15(H;PO,) — 53 CO, + 53 CH, + 16 NH; + H;PO,

The thermodynamically most favoured process is represented by oxic respiration,
which is limited to the uppermost millimetres to centimetres, dependent on oxygen
penetration depth. Despite the catabolic succession listed in Table 1.1, which is valid only in
diffusion dominated sediments, oxidation pathways can overlap vertically. Permeable
sediments operate as biocatalytical filters where metabolites of organic matter decomposition
are contributed via pore water exchange to the open water column (Rusch et al., 2006).

Pore waters entering the open water column during ebb tide are controlled by both
advective and diffusive transport (Huettel et al., 1996; Huettel and Rusch, 2000; Huettel et al.,
2003; Precht and Huettel, 2004). The main driving force for advective exchange, which
exceeds molecular diffusion by at least 3 orders of magnitude, is the pressure gradient

generated by the interaction of oscillating boundary flows and sediment wave ripples. These
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gradients produce a pore-water flow field, with a regular pattern of intrusion and release zones
that migrates with ripple propagation (Precht and Huettel, 2003).

In comparison to the open water column, pore waters are highly enriched in metabolic
endmembers as methane, silica, ammonium, and phosphate (Huettel et al., 1998; Billerbeck et
al., 2006b; Wilms et al., 2007). In contrast, concentrations of nitrite and nitrate are influenced
by aforementioned reduction processes and are depleted and absent in pore waters,
respectively. Thus, the influence of the processes within the sediments on the concentrations
of metabolites in the water column as well as the subsequent exchange between the Wadden

Sea and the open North Sea forms an important scientific challenge.

1.2.1 Methane

Methane (CHj), as the most abundant organic compound in the atmosphere,
contributes largely to the earth’s greenhouse effect by absorption of infrared radiation and
affecting tropospheric photochemical reactions (Cicerone and Oremland, 1988; Crutzen and
Zimmermann, 1991; Lelieveld et al., 1993). The global molar radiative forcing of methane in
the atmosphere is stronger, when compared to the likely best-known greenhouse gas CO,. In
2005, CO; concentration accounts for 379 ppm and leads to a radiative forcing of +1.66
(£0.17) W m 2, while methane concentrations of 1774 ppb contributing +0.48 (£0.05) W m >
(Forster et al., 2007). Sources for methane are various: Beside methane production in
stomachs of ruminants and by termites, major amounts of biogenic methane originates from
bacterial anaerobic decomposition of organic matter in swamps, rice fields, wetlands, and
landfills (Sass et al., 1990; Fung et al., 1991; Bartlett et al., 1992; Roulet et al., 1992a).
Marine methane contribution is estimated to account for about 10 % of global atmospheric
methane budget (Sass et al., 1990; Fung et al., 1991; Bartlett et al., 1992; Roulet et al.,
1992b). Minor methane contributors in the marine environment are given by bacterial
production in zooplankton digestives tracks (Bianchi et al., 1992; Marty, 1993), whereas most
of marine methane originates from deeper sediment layers of productive coastal areas
(Scranton and McShane, 1991; Hovland et al., 1993), continental river runoff (de Angelis and
Lilley, 1987; Middelburg et al., 2002), and groundwater discharge (Bugna et al., 1996; Kim
and Hwang, 2002).

Methane producing archaea are in competition for substrates with sulphate reducing
bacteria, however, they can avoid this competition by using different types of substrates (e.g.
methylamines, dimethyl sulphides), which are not utilized by sulphate reducers (Madigan et

al., 2003). Thus, methanogenesis can occur parallel to bacterial sulphate reduction.
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Sinks for methane are manifold. In the atmosphere methane is reduced by radical
reactions:
(1) CH4 + *OH — «CH;3; + H,O
(i)  CHg+ *NO3 — *CH; + HNO;

Dissolved methane in the water column, which has not been exhaled to the
atmosphere, is oxidized aerobically using dissolved oxygen, whereas in sediments different
processes of methane oxidation occur. The most common process is aerobic oxidation by
methanotrophic bacteria, while aerobic oxidation by ammonium oxidizing bacteria and
oxidation by a consortium of archaea and sulphate reducing bacteria (Boetius et al., 2000) is

rather rare.

1.2.2 Nutrients

Nutrients are organic or inorganic substances, which are essential for any kind of
organism. Nutrients can be divided into (i) micronutrients (e.g. manganese, iron, copper, zinc,
molybdenum), which are needed by phytoplankton in minor amounts, and (ii) the
macronutrients silica, ammonium, nitrite, nitrate, and phosphate. In the North Sea
micronutrients are available in sufficient amounts for phytoplankton, whereas macronutrients
can be a limiting factor due to depletion. While silica is used by diatoms for their shell
formation (Helmcke, 1954; Lewin, 1962; Antia et al., 1963; Grant, 1971; Paasche, 1973),
nitrogen and phosphorus are used by any kind of phytoplankton for synthesis of enzymes and
nucleotides for DNA, phospholipids for cell membranes, and the generation of ATP for
energy buffering (Schlesinger, 1997).

In the marine environment the distribution of nutrients exhibits a horizontal as well as
vertical pattern. Vertical nutrient concentration profiles in the oceans exhibit a surface
minimum with increasing values with depth, due to microbial decomposition of organic
matter and subsequent release of nutrients in the water column (Bruland et al., 1978b, a). The
horizontal pattern in the oceans is characterized by increasing concentrations towards the
coasts, which is governed by riverine inputs, upwelling, and enhanced remineralisation
processes in coastal areas (Brockmann et al., 1990; Bruland et al., 2005). In addition to
concentration gradients with depth and towards the coasts, an ocean-ocean-fractionation is
induced by the global thermohaline water transport (Broecker and Peng, 1982). North Atlantic
Deep Water (NADW) formed in high latitudes between Greenland, Iceland, and Norway
flows through the Atlantic towards Antarctica and finally to the Indian and Pacific Ocean,

where nutrient enriched water reaches surface areas due to upwelling. Thus, nutrient
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concentrations are higher in the Pacific and the Indian Ocean, when compared with the
Atlantic (Broecker and Peng, 1982).

Nutrient budgets in the North Sea are affected by both riverine supply and
remineralisation processes. It is known, that rivers export nutrients to the North Sea (Hickel et
al., 1993) and thus contribute to the eutrophication of coastal regions. The primary task of the
‘Common Wadden Sea Secretariat” (CWSS), established in 1987, is to support, initiate,
facilitate and coordinate the activities of the trilateral collaboration program of The
Netherlands, Germany, and Denmark with regard to a comprehensive Wadden Sea protection
(The Common Wadden Sea Secretariat (CWSS), 2009). Many efforts have been undertaken
to understand processes occurring in the Wadden Sea, which affect the coastal zones and the
Southern North Sea (van Beusekom et al.,, 2001). However, information about the
significance of the Wadden Sea - and in particular the tidal flat areas - with respect to nutrient
budgets is still lacking. To overcome this, continuous measurements of nutrient
concentrations are needed, since they are a useful tool to verify mathematical models for
budget calculations. Outcomes of the combination of measurements and model results can
provide implications in the concern of human impact discussion on eutrophication in the

German Bight.
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1.3  The time-series station

Concerning the need of continuous data sets for budget calculation a time-series
station (Fig. 1.4) was installed within the scope of the DFG Research Group
“Biogeochemistry of tidal flats” the tidal inlet of the Island of Spiekeroog in August 2002.

In addition to meteorological parameters (wind speed, wind direction, air pressure, air
temperature, air humidity, irradiance; Reuter et al., 2009), the station is equipped with 10

sensor tube openings below sea level for recording oceanographic parameters.
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Fig. 1.4. Sketch of the time-series station. Green labelled sensor tube openings are equipped

with sensor tubes.

At five openings sensor tubes are installed which are equipped with sensors for water
temperature and conductivity in every tube and a pressure sensor in the lowest tube. Outside
the station an acoustic doppler current profiler (ADCP) for determining currents and surface

waves, a multispectral transmissometer (MST) for detecting suspended particulate matter, and
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a methane sensor were installed. Due to its design, the station is operable throughout the year,
even during storms and ice winters. Power generators (wind mill, solar panels, and gas
generator) on top of the upper platform of the station ensure an autonomous electrical energy
management without cable connection to the Island of Spiekeroog. After initiation of the
station in October 2002 the first meteorological and oceanographical parameters were
measured continuously (Grunwald et al., 2007; Reuter et al., 2009).

In order to record tidal and seasonal nutrient variations in the study area, a system of
autonomous nutrient analysers has been established on the station in April 2006 (Grunwald et
al., 2007). This system provides the opportunity of continuous measurements of silica,
phosphate, nitrite, and nitrate in surface waters on an hourly interval. As the water column of
the back barrier area is well mixed (Stanev et al., 2007; Lemke et al., 2009) and stratification
is only observed during short periods after high tide, measurements of surface waters are

assumed to be representative for the system.

1.4  Objectives of the thesis

This thesis forms part of the interdisciplinary DFG Research Group “Biogeochemistry
of Tidal Flats”, established in 2001 at the Institute for Chemistry and Biology of the Marine
Environment (ICBM), University of Oldenburg. The major goals of the Research Group
comprise biogeochemical transformation processes in the open water column, at the water-
sediment boundary layer, and within the deeper parts of the sediments. Furthermore, the fate
and budgets of material and compounds entering and leaving the study area should be
investigated by continuous measurements and modelling approaches (e.g. Kohlmeier and
Ebenhoh, 2007). The main objective of this thesis was to design and maintain a system for
continuous measurements of dissolved nutrients and methane at the time-series station in
order to record tidal and seasonal variations of these parameters and to calculate their budgets.

Thus, chapter 2 describes the development of such system for continuous
measurements of nutrients and methane in the surface waters entering and leaving the back
barrier area of Spiekeroog Island. After a time-intensive planning phase, the nutrient analyser
system has been installed on the time-series station in November 2005. After eliminating
start-up problems comprising sample and rinse water supply, the analysers produce
continuous nutrient data since April 2006. Methane measurements were conducted using a
commercial sensor, which was mounted outside the pole in 2003. The sensor had to be
modified, since previous measurements during a cruise with R/V “Heincke* revealed a

thitherto strong dependence on the incident flow of water to the membrane surface.
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Installation of a pump, which ensured a constant flow, solved this problem and additionally
reduced the response time of measurement. However, due to persistent sensor problems as
instability of sensor performance, leakage, and electrical malfunctions of the sensor, methane
measurements were aborted in November 2005. However, the obtained data base was
sufficient for budget estimations by model calculations, which are presented in chapter 3.

For studying methane sources in the Wadden Sea pore water samples originating form
tidal flat sediments down to 5 m depth were analysed by conventional GC techniques
(Niewohner et al., 1998) as methanogenesis in deeper sediments is supposed to contribute
significantly to methane budgets (Roy et al., 2008). The pore water samples were obtained by
using permanently installed pore water lances from the Janssand tidal flat (Fig. 1.3; Beck et
al., 2007). As the freshwater entering the study area via flood-gates in Neuharlingersiel (Fig.
1.3.) may also form an important source these waters as well as the connected small coastal
tributaries were investigated by using the methane sensor. Based on the resulting data, model
calculations show that the pore waters reflect the ultimate source for methane in the Wadden
Sea, whereas the freshwater plays only a minor role. Furthermore, the methane distribution in
the river Weser, the German Bight, and the open North Sea was investigated during several
cruises with R/Vs “Senckenberg” and “Heincke”. Along with methane data from the time-
series station, model approaches reveal a significant contribution of the back barrier tidal flats
on the methane budget of the southern North Sea.

Chapter 4 is focussed on nutrient dynamics in the back barrier area of Spiekeroog
Island. Time-series station measurements of an almost 3 year period are presented to evaluate
tidal and seasonal dynamics. Pore water and freshwater measurements again identify the tidal
flat sediments as the major source in the back barrier area. Correspondingly, mathematical
model simulations by using the ecosystem model EcoTiM (Kohlmeier and Ebenhéh, 2007)
provide export budget estimations, which are comparable to riverine nutrient inputs into the
German Bight. These results justify the term “bio-reactor Wadden Sea” as particulate organic
matter imported from the open North Sea is remineralised within the back barrier tidal flat
systems.

The study presented in chapter 5 addresses biogeochemical processes within deeper
pore waters of a permeable intertidal sand flat. The vertical distributions of sulphate,
hydrogen sulphide, dissolved organic carbon, nutrients, methane, and alkalinity were studied
down to 5 m sediment depth to identify the dominant terminal metabolic pathways of organic
matter degradation. A sediment model setup is used to estimate the impact of advective

transport within the sediment on pore water concentration profiles. Furthermore, hourly
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determined nutrients at the time-series station help to investigate the significance of pore
water contribution on the water column tidal pattern.

In chapter 6, the trace metal dynamics in the water column and pore waters and their
response to algae blooms are presented. As postulated by Dellwig et al. (2007b), the
molybdenum cycle in the back barrier area is strongly influenced by reduction in oxygen-
depleted micro zones of aggregates, which are formed during breakdown of algae blooms
(Passow, 2002; Bhaskar et al., 2005). Thus, the comparison of diatom cell counts with silica
concentrations determined at the time-series station should be assesses in terms of whether
continuous nutrient data can be used as an indicator for both the onset and breakdown of
diatom blooms. Accordingly, continuous nutrient data are a useful tool to schedule sampling
campaigns for investigation of dynamics related to the development ad breakdown of algae

blooms.

1.5 Outline of the author’s contribution
The thesis comprises five manuscripts presented in chapters. The author’s contribution

to the included studies is detailed below.

Chapter 2
A novel time-series station in the Wadden Sea (NW Germany): First results on continuous
nutrient and methane measurements

A setup for continuous measurements of nutrients and methane at the time-series
station in the tidal inlet of the back barrier area of Spiekeroog Island was developed.

The concept of continuous nutrient analysis was developed by the author, the co-
authors, and the company 4-H Jena engineering. Adaption and maintenance of nutrient
analyser setup was done by the author himself. Methane sensor adaption and improvement by
installing a pump, as well as maintenance work was done by the author himself. All data
presented in the manuscript were analysed by the author himself, except ship-based nutrient
measurements and methane comparison measurements by GC. The concept of the manuscript,
the interpretation, evaluation, and discussion of the results as well as the preparation and
editorial handling of the manuscript was developed by the author, who was supported by
suggestions of Olaf Dellwig, Bernhard Schnetger, and Hans-Jiirgen Brumsack.

The manuscript has been published 2007 in Marine Chemistry 107, 411-421.
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Chapter 3
Methane in the southern North Sea: Sources, spatial distribution and budgets

This study addresses methane distribution in the Southern North Sea. Results of
measurements at the time-series station, in the German Bight, the River Weser, pore waters of
the tidal flat Janssand, and freshwater concentrations at the flood-gate in Neuharlingersiel
were investigated in terms of sources of methane for the water column of the back barrier area
and the German Bight. Two model approaches were used to estimate export budgets of the
back barrier area to the German Bight.

The concept of this study was developed by the author who also conducted all
measurements of the sampling campaigns. Correlation calculations were done by Jan A.
Freund. Budget estimations using the EcoTiM model were conducted by Cora Kohlmeier.
Joachim W. Dippner provided hydrodynamical data for a further approach of budget
estimations, which were calculated by the author. Interpretation, evaluation, and discussion of
the results as well as writing of the manuscript were done by the author, who was supported
by suggestions of Olaf Dellwig, Cora Kohlmeier, Melanie Beck, Joachim W. Dippner, and
Hans-Jiirgen Brumsack. Editorial handling was done by the author.

The manuscript has been published 2009 in Estuarine, Coastal and Shelf Science 81, 445-456.

Chapter 4
Nutrient dynamics in a back barrier tidal basin of the Southern North Sea: Time-series,
model simulations, and budget estimates

This study focuses on nutrient dynamics in the back barrier area of Spiekeroog Island.
Nutrient measurements and analyser maintenance at the time-series station were conducted by
the author. Since November 2007, Melanie Beck and Waldemar Siewert continued operating
the setup. Pore water sampling was conducted by Nicole Kowalski, who also analysed the
samples with support by Olaf Dellwig. Total algae cell counts were done by the company
‘Aqua ecology’, while freshwater samples were collected by Gerd Liebezeit and analysed by
Heike Rickels. Model calculations and budget estimations were performed by Cora
Kohlmeier. The concept of the manuscript, the interpretation, evaluation and discussion of
results was done by the author, who was supported by Olaf Dellwig. Writing of the
manuscript was done by the author, Olaf Dellwig, and Cora Kohlmeier, who were supported
by comments of Melanie Beck and Hans-Jiirgen Brumsack.

The manuscript has been submitted to Journal of Sea Research.
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Chapter 5
Sulphate, dissolved organic carbon, nutrients and terminal metabolic products in deep pore
waters of an intertidal flat

This study addresses biogeochemical processes in deep pore waters of a permeable
intertidal sand flat in the back barrier area of Spiekeroog Island. Results of deep pore water
studies are shown and organic matter degradation pathways were identified at one sampling
site. The concept of the study was developed by Melanie Beck, who also conducted all
sampling campaigns. All samples were analyzed by Melanie Beck except for nutrient and
total alkalinity analyzes as well as sediment analyzes, which were carried out by our lab
assistants Carola Lehners, Eleonore Griindken, and Martina Wagner. Methane concentrations
in pore water were analyzed by Maik Grunwald, who further contributed sea water phosphate
and silica data determined at the time-series station in the back barrier area of Spiekeroog
Island. Interpretation of the results and writing was done by Melanie Beck with help of all co-
authors. The modelling part was contributed by Jan Holstein.
The manuscript has been published 2008 in Biogeochemistry 89, 221-238.

Chapter 6
Trace metal dynamics in the water column and pore waters in a temperate tidal system:
response to the fate of algae-derived organic matter

In this study, the tidal and seasonal response of redox-sensitive trace metal dynamics
in the water column and pore waters on algae blooms is investigated. Water column sample
collection was done by Olaf Dellwig and Nicole Kowalski. Water column nutrient
concentrations were determined by Maik Grunwald. Phytoplankton cell counts were
performed by Maike Piepho. Pore water sampling and analysis was conducted by Nicole
Kowalski, who also developed the concept of the manuscript and did the writing with support
of all co-authors.

This manuscript has been published 2009 in Ocean Dynamics 59, 333-350.
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2. Continuous measurements at the time-series station

2 A novel time-series station in the Wadden Sea (NW Germany):

First results on continuous nutrient and methane measurements

M. Grunwald, O. Dellwig, G. Liebezeit, B. Schnetger, R. Reuter, H.-J. Brumsack

This chapter has been published 2007 in Marine Chemistry 107, 411-421.

Abstract

In autumn 2002 a time-series station was installed in the tidal inlet between the Islands
of Langeoog and Spiekeroog (Southern North Sea, NW Germany) to continuously measure
physical, chemical, and meteorological parameters, even during extreme weather conditions
(gale-force storms, drifting ice). Inside the pole of the station sensor tubes are installed in
direction of the prevailing tidal currents. The tubes are equipped with hydrographic sensors
(pressure, temperature, conductivity) and allow retrieval of water for nutrient analysis by
automated instruments located inside the pole. Dissolved methane and the nutrients ammonia,
nitrite, nitrate, phosphate, and silicate are measured at the station.

Nutrient patterns obtained during spring and summer 2006 reflect the development of
nutrient concentrations during the annual spring phytoplankton bloom. Methane
measurements showed a tidal dependence with maxima at low tide, which emphasizes the

tidal flat sediments as the dominating source for methane in the open coastal water column.

2.1  Introduction

The Wadden Sea is a highly dynamic environment due to physical and biological
forcing. In addition to eutrophication, human activities (e.g. dike building, land reclamation)
and freshwater contribution influence this coastal system (e.g. Flemming and Davis, 1994;
Flemming and Nyandwi, 1994; Dellwig et al., 2000; Hinrichs et al., 2002; Colijn and van
Beusekom, 2004). While the Wadden Sea of the Southern North Sea is mainly controlled by
physical forcing in autumn and winter, biological processes dominate the system during
spring and summer (e.g. Lunau et al., 2006; Dellwig et al., 2007b). Biomass formation in tidal
flat areas is dominated by phytoplankton and microphytobenthos production (Reid et al.,
1990), with production rates depending on nutrient availability and light regime (Colijn,
1982). Seasonal as well as tidal changes in aggregate composition and concentration affect the

light attenuation coefficient. These changes depend on tidal current velocities, shear rates, and
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2. Continuous measurements at the time-series station

aggregate formation processes (Behrends and Liebezeit, 1999; Grossart et al., 2004; Lunau et
al., 2006; Dellwig et al., 2007b). Wadden Sea data for dissolved nutrients are predominantly
available at an annual or seasonal resolution (de Jonge and Postma, 1974; Helder, 1974; van
Bennekom et al., 1974; Martens, 1989; van Beusekom and de Jonge, 2002). Nutrient time-
series on a tidal resolution are essentially lacking. According to Langner-van Voorst and
Hopner (1996), Villbrandt et al. (1999), Billerbeck et al. (2006a,b), and recent pore water
measurements (Beck et al., pers. comm.), tidal flat sediments presumably are an important
source for dissolved nutrients and dissolved inorganic and organic carbon, and may contribute
to the budget of the open water column. Despite of rather small bacterial numbers and low
organic matter contents (Bergamaschi et al., 1997; Llobet-Brossa et al., 1998; Rusch et al.,
2003) the sandy sediments dominating the investigated area are characterized by a high
organic carbon mineralization rates (Cammen, 1991; D'Andrea et al., 2002; Huettel et al.,
2003).

In coastal zones values of dissolved methane may be orders of magnitudes higher than
in open ocean waters (e.g. Scranton and McShane, 1991; Bugna et al., 1996). Methane is
generated within the tidal flat sediments by archaea (e.g., Methanomicrobiales and
Methanosarcinales, spp.: Wilms et al., 2006a) and is transported by diffusion and advection
(Hovland et al., 1993) into the open water column. While methane data for European rivers,
estuaries, and the North Sea are available (Scranton and McShane, 1991; Rehder et al., 1998;
Upstill-Goddard et al., 2000; Middelburg et al., 2002), information for the Wadden Sea is still
scarce.

In spring 2001 a research group was established to investigate biogeochemical
processes in the Wadden Sea of Spiekeroog Island (NW Germany). One major aim of this
project is to evaluate, whether the Wadden Sea system presently is in a steady state or whether
it is subject to a net loss or gain of material and compounds. Modelling, which forms an
integral part of the research group, also relies on continuous data sets to tune model
parameters and to verify model results. Especially the online availability of nutrient data
allows monitoring the biological state of the tidal flat system. The time-series station provides
the unique opportunity to obtain data sets over extended time periods at high temporal

resolution.

2.2 Geographical settings

Figure 2.1 shows the study area in the Southern North Sea and the position of the
time-series station between Langeoog and Spiekeroog Islands in the main tidal inlet (Otzumer

Balje) of the back barrier area of Spiekeroog Island. The water depth (below mean sea level)
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2. Continuous measurements at the time-series station

is 13.5 m at position 53°45'01.00" N and 007°40'16.30" E. The back barrier tidal flat area is
characterized by semidiurnal tides under mesotidal conditions (tidal range 2.2-2.8 m) and
encompasses an area of about 74 km” (Walther, 1972). During low tide, the area of dry-falling
tidal flat sediments amounts to 46 km” during spring tide and 30 km® during neap tide. The
tidal flat sediments are dominated by sands in the western part while in the eastern part mixed
and muddy deposits prevail. The permeable sandy sediments may significantly influence the

geochemical budgets of the Wadden Sea water column owing to draining pore waters during

ebb tide (e.g. Dellwig et al., 2007a).
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Fig. 2.1. Map of the study area in the German Bight. The detailed map shows Spiekeroog

Island, the back barrier tidal flats, the position of the time-series station in the tidal inlet
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(Otzumer Balje), and the pore water sampling site Janssand (JS).
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2. Continuous measurements at the time-series station

2.3 Materials and methods

2.3.1 Time-series station

The time-series station (Fig. 2.2 and Fig. 2.3) consists of a 35.5 m long steel-pole with
a diameter of 1.6 m. About 15 m of the pole are grounded in the sediment to resist tidal
currents, wind, and floating ice sheets. The water column covers 13.5 m of the pole at mean
sea level and the remaining 7 m are above the water line. This station is designed for

operation throughout the year, even during heavy storms and ice winters.

Fig. 2.2. Photograph of the time-series station

On top of the pole a platform houses two containers, one for the electrical system,
containing storage batteries, fuse boxes, battery charging equipment, and a PLC
(Programmable Logic Controller), with the latter controlling the electrical equipment. The
second container houses a station computer for data storage, power management, and sensor
control. A wind generator, solar panels, and a gas generator (in case of insufficient wind and
sun) are located on an upper platform for electric power supply. The whole station has a self-
sufficient electrical system and does not require any connection to onshore electricity

networks.
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2. Continuous measurements at the time-series station

Ladders provide access to the station, the platforms, and the inner pole. The
submerged part of the pole contains ten flanges and sensor tube openings, ranging from 0.5 m
to 11.5 m above sea floor (Fig. 2.3). These openings serve to install sensor tubes in the
prevailing tidal current direction. Five openings are equipped with exchangeable sensor tubes
(inner diameter 22 cm) at 1.5 m, 3.5 m, 5.5 m, 7.5 m, and 9.0 m above the seafloor. This setup
enables measurement of several physical parameters (temperature, pressure in the lowermost

tube, and conductivity) at different depths to identify possible vertical gradients.
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Fig. 2.3. Sketch of the time-series station. White sensor tube openings are equipped with

sensor tubes, black ones are not.
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2. Continuous measurements at the time-series station

For nutrient measurements, water from the sensor tube 9.0 m above seafloor is used.
The sensor for methane measurements is attached at the exterior pole at a fixed position about
0.5 m below low-tide water level.

The entire system described above is controlled by a land-based computer station
located at the University of Oldenburg. It is possible to connect to the time-series station via
modem and wireless LAN (local area network). Special remote software enables to manage
the whole measuring and controlling equipment. Data stored on the time-series station
computer are transferred automatically every four hours to the land station. If required, data

transmission can be initiated manually.

2.3.2 Nutrient analyses

Figure 2.4 shows a sketch of the hardware set-up of the nutrient analysers. The belt
filter and the analysers are mounted to the uppermost ladder at the inside of the pole. While
the filter system is unmovable fixed, the nutrient analysers and a container (20 L) with
imidazole buffer solution for nitrate measurements are situated on swivel-mounted racks. All
racks are attached by hinge joints to a stainless steel pipe. This concept allows maintenance of
the analysers without dismounting. De-ionized (DI) water is stored in three fibre reinforced
polyethylene (PE) bags (total volume 150 L).

At the 9.0 m sensor tube a water-inlet device is installed, consisting of a ball valve, a
self-closing corrosion-free magnetic valve (Biirkert, Fluid Control System Type 0121,
Germany), and a sediment trap. A water volume of approx. 7 L min™ is transported by a
membrane pump (Johnson, Aqua Jet, WPS 2.4, 24V, Germany) to the belt filter (Metrohm,
Series 01.12, Germany). If the water flow falls below an alarm threshold, the entire system is
stopped to prevent damage. The cellulose filter belt (length 100 m; Schleicher & Schuell, No.
1574, Germany) has a pore size of 7 to 12 um. Prior to analysis the entire tubing from the
inlet via the belt filter towards the outlet is rinsed for three minutes, followed by a five
minutes rinse of the nutrient analysers with filtered water. After nutrient analysis the analysers
are cleaned with 75 mL DI-water from the PE bags. The supply of DI-water lasts for about

two weeks when measurements are performed once every hour.
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Fig. 2.4. Sketch of nutrient measurement hardware arrangement located in the upper part of

the pole.

Controlling and monitoring of nutrient analyses, including pump, valve, and flow
meter, is assured via Soft-PLC software (-4H-Jena, Germany). The Soft-PLC is subdivided
into four main sub-programmes: ‘wait for start’, ‘operate’, ‘stop water’, and ‘error water’.
Continuous nutrient measurements for ammonia, nitrite, nitrate, phosphate, and silicate are
performed by Systea uMac1000 analysers (Systea, Italy). These analysers are based on a
loop-flow reactor (LFR) and loop flow analysis (LFA) technology. The filtered sample is
pumped into the analysers and the required reagents are added automatically by negative
pressure. Determination of nutrients is performed by conventional photometry.

Three analysers are installed on the station for ammonia and phosphate, nitrite and
nitrite + nitrate, and silicate. Analysers for two parameters operate in sequential mode. After

each measurement a wash cycle with DI-water is performed automatically. If concentrations
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exceed the calibration range by a given percentage (Table 2.1, ‘Full range’), the analysers
automatically dilute the sample and repeat the measurement (dilution factor approx. 10). An
overview of determination methods, calibration ranges, cuvette lengths, and wave lengths is
given in Table 2.1. Reagents used for nutrient measurements have a shelf life of about two to
three weeks, depending on the ambient temperature inside the pole. Approximately 330 to 500
analyses of each parameter are performed in-between maintenance intervals. Despite of the
temperature-depending durability of reagents, no interference of measurements with
temperature or humidity of the inner pole was recognized. Calibration and reproducibility
measurements are performed with solutions containing 11.1 pmol L ammonia, 2.1 pmol L™
phosphate, 60 pmol L™ nitrite + nitrate (6.5 pmol L' as nitrite), and 50 umol L™ silicate (see
Table 2.1).

Table 2.1. Measuring principles and parameters of nutrient determination.

Cuvette Calibration Full
Parameter Reference length A(nm) range SD’ range** Remarks
(mm) (umol L) (%)
Ammonia Patton and 50 660 0.01-11.1 0.4 350 Trisodium citrate and
Crouch disodium EDTA are
(1977) added to  prevent
precipitation of Ca and
Mg  hydroxides or
carbonates.
Phosphate Murphy and 50 660 0.01 -2.1 0.1 500
Riley (1962)
Nitrite Shinn 15 530 0.01 —6.5 0.3 266
(1941)
Bendschnei
der and
Robinson
(1952)
Nitrite + Morris and 15 530 0.17-60 1.85 184 Internal copper-coated
Nitrate Riley (1963) cadmium granule
Strickland column (operation time
and Parsons ~1000 samples) to
(1968) reduce nitrate to nitrite
Silicate Chow and 15 850 0.38-50 1.01 208
Robinson
(1953)

* Standard deviation of calibration solution measurements

** 04 excess of maximum calibration concentration measured without dilution
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2.3.3 Methane measurement

For the measurement of dissolved methane (CHy) in surface water, a sensor (Capsum
Technologies, Germany) is installed at the exterior pole at 10.5 m above the seafloor. The
measuring principle of the sensor is based on the adsorption of hydrocarbon molecules
(mainly CHy) on a tin dioxide semiconductor detector, which results in resistance variation as
reported by Garcia and Masson (2004) and Marinaro et al. (2004). During operation,
hydrocarbon molecules diffuse through a silicone membrane into the detector chamber. The
detection limit of the sensor is 0.02 pmol L. As the measurement is diffusion-controlled, the
sensor has been modified by adding a pump (Rule, 360 GPh, 23 L h', USA), which ensures a
constant flow of water to the membrane surface and reduces equilibration time. Furthermore,
the constant jet of water protects the membrane from fouling.

For data verification methane was determined in water samples by gas
chromatographic headspace analysis as described by Niewo6hner et al. (1998). Sampling was
done with a FreeFlow sampler (Hydro-Bios, Germany) at the time-series station. The water
was immediately transferred into serum flasks, crimped, and frozen upside down in dry ice.
The results (Fig. 2.5) generally show a reasonable agreement between both techniques with a

mean sensor deviation of +11%, most likely caused by the inaccuracy of sensor calibration.
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Fig. 2.5. Methane measurements of sensor vs. GC.
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2.4 Results and discussion

2.4.1 Nutrients

Concentrations of silicate, phosphate, nitrate, nitrite, and ammonia measured from
April to July 2006 at our time-series station are shown Figure 2.6. In Table 2.2 mean values of
ship-based measurements from previous years are shown for comparison.

Decreasing concentrations of silicate in April (from about 20 umol L to minimum
values of on average 0.26 pmol L) reflected the development of the spring diatom bloom
(Fig. 2.6a). The subsequent breakdown of this algal bloom in late April to early May led to a
moderate increase in silicate of up to 5 umol L, due to decomposition of diatom frustules
within the water column of the back barrier area. Such processes may be accelerated by high
shear stress due to tidal forces. Maximum concentrations were observed at low tide (Fig.
2.6f), which suggests the tidal flats to be an essential source for dissolved silicate. Pore water
measurements from a sand flat site (Janssand (JS), Fig. 2.1b) between March and June 2006
revealed an average concentration of 60 pmol L' in the upper 10 cm of the sediment (M.
Beck, pers. comm.). In contrast, during high tide silicate remained extremely low, caused by
the influx of silicate-low North Sea water. Additionally to the above mentioned mineralization
processes a distinctly lower consumption of dissolved silicate by diatoms after breakdown of
the spring bloom must be taken into account. Thus, the pore water discharging at low tide will
impact silicate water column signals. Due to the lack of silicate mineralization rates as well as
pore water fluxes, we cannot assess the importance of these two processes at this point of

time.

Table 2.2. Mean concentrations of ship-based measurements in the tidal inlet at time-series

station position.

Month  Year, day (usli:ioclalt?l) f;l::;l:lﬁ;} (pljr:)lii;f'l) (Enilt(flaie") n
April 2000, 19-20  13.6(7432.2) 0.5 (0.2/0.8) 10(0.51.8)  30(24.6/349) 48
2003,23-26  29(0.1/9.1)  02(0.021.0)  05(0.3/1.0)  10.0(6.9/13.4) 82
2005, 27 17(0.629)  0.4(0.1/0.8) 0.4(03/0.5  51(3.9092) 25
May 2000, 17 8.6(1.2/16.1)  0.5(0.1/1.1) 0.5(0.1/1.8) 2.0 (0.4/50) 21
Jly  2005,20-22  2.9(0.6093)  0.5(0.0/1.1) 0.05(0.0/0.2) 0.7 (0.02.4) 55

Values in brackets show concentration ranges (min/max). The numbers of analysed samples are given by ‘n’.

Nutrient measurements are performed according to Liebezeit et al. (1996).
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The minor decrease in silicate in early May might be due to a further, less pronounced
onset of diatom growth, followed by another breakdown at the end of May. The subsequent
increase in distinct amplitudes with higher values at low tide point towards recycling

processes within the Wadden Sea system.
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Fig. 2.6. Nutrient concentrations at the time-series station from April to July 2006 (a-e). The
grey bar indicates the time period shown in f-j, where the tidal resolution of the individual

parameter is shown. The dots mark the hourly measurements and the tidal gauge is given by
the dashed line.
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Phosphate showed a general increase during the time interval, with a tidal signal
similar to that of silicate (Figs. Fig. 2.6b and g). This behaviour was most likely caused by
release of phosphate from the tidal flat sediments as well as re-mineralisation processes within
the water column. During winter phosphate is scavenged by ferric oxyhydroxides within the
sediments. More pronounced reducing conditions during warmer periods lead to reduction of
iron compounds and release of phosphate (Gunnars and Blomqvist, 1997). A further source
during low tide is the decomposition of particulate phosphate imported from the North Sea, as
described by DeJonge and Postma (1974). Because of technical problems, April data were not
available. However, time-series station data combined with ship based measurements of
previous years (2000, 2003, and 2005) showed a mean value in April of about 0.4 umol L',
which supports the trend of increasing concentrations from spring to summer.

Nitrite and nitrate showed a general decrease from April to July (Figs. Fig. 2.6¢ and d)
due to consumption by phytoplankton, where nitrate is used for biomass formation. In
contrast to nitrite, which showed the typical tidal pattern with maxima at low tide, nitrate
revealed an indifferent behaviour (Figs. Fig. 2.6h and 1). In April maximum concentrations
occurred during high tide (not shown), which is supported by elevated North Sea values.
Raabe et al. (1997) reported concentrations of about 10 pmol L for the German Bight.
However, in July the pattern changes to high nitrate values (on a generally low level) at low
tide (not shown), possibly caused by re-mineralisation processes within the upper sediment
layer of the tidal flats. The pattern of nitrate in June (Fig. 2.6h) showed no distinct tidal
dependence, which may be caused by enhanced bacterial ammonia oxidation during high and
low tide. In contrast, tidal behaviour of nitrite (Fig. 2.61) reflected the release of nitrite
enriched pore waters during low tide.

Ammonia (Fig. 2.6e) in general revealed almost no coupling to other nutrient patterns.
Fig. 2.6j shows a tendency towards lower values occurring during high tide and low tide in
parallel to higher nitrate concentrations, probably caused by bacterial ammonia oxidation.
Ammonia may have two different sources. Enhanced bacterial activity after algal bloom
breakdown within the water column may lead to ammonification of proteins and amino acids
(Herbert, 1999) and corresponding increases in ammonia concentration. Bacteria cell counts
(J. Stone, unpubl. data) of up to 6*10° cells mL™" in May 2006 support the assumption of high
bacterial activity, when compared to cell counts with at maximum 2*10° cells mL™" in January
2005. The second source is the pore water, which is enriched in ammonia (up to 100 pmol L™,
M. Beck, pers. comm.), when compared to the Wadden Sea water column. Both, microbial
production within the water column and the pore water signal seem to impact the water

column signal, thus obscuring tidal variation (Fig. 2.6j).
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2.4.2 Methane

Figure 2.7a shows surface concentrations of dissolved methane from September to
November 2005. The concentration ranges between 0.12 and 0.54 pmol L (mean 0.29 pmol
L™"). Such values correspond well to concentrations reported for estuaries and rivers of the

German Bight (Scranton and McShane, 1991; Upstill-Goddard et al., 2000; Middelburg et al.,
2002).
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Fig. 2.7. Methane concentrations at the time-series station from September to November 2005
(a).Methane concentrations (black) and corresponding wind speed data (grey). (b) Tidal

pattern from 17" to 21 of September 2005. The dashed line denotes the tidal gauge.

The concentration pattern shows a tidal dependence with maxima at low tide (Fig.
2.7b), which indicates the Wadden Sea to be a source for methane. Pore water draining from
tidal flats seems to be the main source for dissolved methane in this system. Pore water
methane concentrations of up to 180 pmol L at 4.0 m and 90 pmol L at 1.0 m sediment
depth and additional measurements of tidal creek waters with concentrations up to 3.7 umol

L' support this assumption.
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The development and spontaneous change in concentration, like in late October 2005
(Fig. 2.7), was apparently caused by variation of wind speed and direction (data not shown).
As described by Scranton and McShane (1991) increasing wind speed (>10 m s) leads to
enhanced degassing of methane from the water column, whereas long-term changes are a
consequence of changes in the variation of the tidal water level. The larger the amplitude from
low tide to high tide, the more pore water is released from the sediments, and vice versa. This
effect additionally supports the assumption that tidal flat pore waters form the main source for

dissolved methane in the Wadden Sea.

2.4.3 Maintenance of the instrumentation

Larger data gaps are due to different reasons, like insufficient electrical power supply
owing to low production by the wind generator and solar panels, clogging/breakdown of the
water supply pump, and severe weather conditions preventing maintenance work. The latter
reasons are in most cases responsible for malfunctions and data loss. Continuous
measurements in the study area require intensive maintenance efforts, due to pronounced bio-
fouling of sensor components and tubes. The sensor tubes have to be cleaned or replaced
manually. If necessary, anti-fouling paint has to be applied. Analyser tubings are
preferentially made of silicone for inhibition of fouling. Despite of this precaution tubings
need to be cleaned and/or exchanged approx. every four months, since bio-films might be a
source for ammonia and phosphate as well as a sink for ammonia by nitrifying bacteria.

We will try to reduce these effects by applying new anti-fouling techniques (e.g.
electrochemical). Additionally to bio-fouling, high SPM concentrations complicate the
operation of a continuous and autonomous time-series station. High SPM concentrations alter
the durability of the belt filter. The life-time of a 100 m filter belt varies between three weeks
and two months, depending on the SPM load.

The pump of the methane sensor is treated with commercial anti-fouling paint which
protects it from fouling for more than two months, but the silicone membrane of the sensor
has to be changed every four to six weeks due to abrasion by the water-jet of the pump.
However, this abrasion protects the membrane against bio-film formation

The analysers perform wash cycles with distilled water after each measurement. This
largely inhibits fouling inside of the analysers. But on the longer term they are affected by
(bio-) film formation and residua of analysis solutions. Therefore the analysers have to be

periodically removed and cleaned on-shore.
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2.5 Summary

It has been demonstrated that a continuous nutrient and methane analysis of surface
waters by a time-series station is feasible in a highly dynamic area, the NW German Wadden
Sea. The direct measurements do not require sample storage or treatment such as preservation.
Hourly sampling frequencies of nutrient measurements allow resolving tidal, diurnal and
seasonal variability. Such a time-series station can provide the necessary data for long-term
monitoring of processes in coastal waters, e.g. the development of toxic plankton blooms. We
have used the data of the times-series station for the planning of ship-based sampling
campaigns focussed on questions related to the development and breakdown of plankton
blooms. The combination of meteorological and oceanographic parameters with nutrient data
(and methane) allows new insights into the dominant driving forces of the bioreactor Wadden
Sea. The impact of events like heavy storms, ice winters or other extreme weather conditions
can be evaluated.

Besides the on-line availability these data may help to verify mathematical models
describing the complex Wadden Sea system, and to perform balance calculations for specific
compounds like nutrients. In summary, the operation of the station helps to answer one of the
key questions whether the Wadden Sea system is in a steady state regarding import/export

from or to the German Bight and to the North Sea.
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Abstract

Measurements of methane (CH4) so far have always shown supersaturation in the
entire North Sea relative to the atmospheric partial pressure and the distribution of surface
CH,4 reveals a distinct increase towards the shore. Since North Sea sediments presumably are
an insignificant source for CH, the coastal contribution via rivers and tidal flats gains in
importance.

In this work, CHy4 data from the River Weser, the back barrier tidal flats of Spiekeroog
Island (NW Germany), and the German Bight are presented. Results from the River Weser are
compared to other rivers draining into the German Bight. Measurements in the tidal flat area
of Spiekeroog Island highlight this ecosystem as an additional contributor to the overall CHy
budget of the southern North Sea. A tidally driven CH4 pattern is observed for the water
column with maximum values during low tide. Tidal flat sediments turn out to be the
dominating source because pore waters discharged during low tide are highly enriched in
CHa. In contrast, the freshwater contribution to the tidal flats by small coastal tributaries has
almost no impact on water column CH, concentrations. The CHy4 level seems to be disturbed
irregularly by wind forcing due to elevated degassing and prevention of advective flow when
tidal flats remain covered by water.

Based on our data, two model calculations were used to estimate the impact of tidal
flats on the CH4 budget in the German Bight. Our results demonstrate that the back barrier
tidal flats of the east Frisian Wadden Sea contribute CH4 in an order of magnitude between

the Wash estuary and River Elbe and thus have to be considered in budget calculations.
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3.1 Introduction

Methane (CHy) is the most abundant organic compound in the Earth’s atmosphere. It
contributes largely to the greenhouse effect by absorption of infrared radiation and
photochemical reactions (Crutzen and Zimmermann, 1991; Lelieveld et al., 1993). CHy
affects tropospheric ozone, hydroxyl radicals, and carbon monoxide concentrations as well as
stratospheric chlorine. Principal atmospheric reactions of CHy are described in detail by e.g.
Cicerone and Oremland (1988). Methane is produced in stomachs of ruminant mammals and
by termites, but most biogenic CH,4 originates from bacterial production under anaerobic
conditions in wetlands, swamps, rice fields, and landfills (Cicerone and Oremland, 1988; Sass
et al., 1990; Fung et al., 1991; Bartlett et al., 1992; Roulet et al., 1992a; Roulet et al., 1992b).
Marine environments may account for up to 10% of the global atmospheric CH4 budget
(Oremland et al., 1987; Cicerone and Oremland, 1988; Bange et al., 1994). Marine CH,4
produced within the water column originates from bacterial production in the digestive tracts
of zooplankton (Bianchi et al., 1992; Marty, 1993; de Angelis and Lee, 1994) and from
sinking organic particles (Karl and Tilbrook, 1994). However, the highest amount of CHy is
produced by methanogenesis in deeper sediment layers of productive coastal areas (Scranton
and McShane, 1991; Hovland et al., 1993). Further sources are river runoff (de Angelis and
Lilley, 1987; Scranton and McShane, 1991; Middelburg et al., 2002) and ground water
discharge (Bugna et al., 1996; Kim and Hwang, 2002). Besides microbial oxidation (Ward et
al., 1987; Jones, 1991), removal of dissolved CH4 occurs mainly via sea-air flux by both
diffusive and turbulent transfer as well as bubble effervescence (Upstill-Goddard, 2006).
Increasing atmospheric CH4 concentrations during the last two centuries (Ehhalt et al., 2001)
document that production by above mentioned processes is higher than removal.

Although shelves and estuaries represent only a small part of the world’s ocean area
they contribute about 75% to the global oceanic CHy flux (Bange et al., 1994). In this
contribution we focus on the CHy4 distribution pattern in the German Bight (southern North
Sea) and the adjacent coastal environment. Riverine input is regarded as a major coastal
source (Scranton and McShane, 1991; Upstill-Goddard et al., 2000; Middelburg et al., 2002;
Bange, 2006), while the contribution of intertidal flats has not been studied so far. In this
contribution we present data for the water column and pore water from the back barrier tidal
flats of Spiekeroog Island. On the basis of tidal CHy patterns, two different model approaches
are used to estimate the CH4 exchange between the tidal flat area and the German Bight. The
resulting annual CHy4 discharge is compared with riverine CH, input from literature in order to

assess the relevance of tidal flat areas for the coastal CHy4 cycle.
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3.2 Geographical setting

The Wadden Sea of the southern North Sea covers an area of about 9300 km? and
stretches along a 500 km long coastline from Den Helder in The Netherlands to Esbjerg in
Denmark (Ehlers, 1994). The semi-enclosed East Frisian Wadden Sea with its barrier islands
amounts to about 15% of the entire area, which is connected to the German Bight by tidal
inlets. The system is characterized by semidiurnal tides with a tidal range of 2.2-2.8 m. The
dominant M, tide has a period of 12 hours and 25 minutes and the S, tide of 12 hours forms a
spring-neap tide cycle of app. 14.8 days. The main study site of this contribution is the back
barrier tidal flat area of Spiekeroog Island, which covers about 74 km? (Walther, 1972).
Freshwater is contributed in irregular intervals to the back barrier tidal flats via a flood-gate in

Neuharlingersiel (Fig. 3.1b).

60°N 53°50'N

40 ™
%0
'
%

OB‘).. Time-series station 53°45’'N

58°N . o o

o °Tidal creek
NN

54°N

6°'E 8°E 8 1SE 8°30'E 8°45E 9°00'E
Fig. 3.1. (a) Map of the study area in the German Bight. Black dots denote sampling sites. The
detailed map (b) shows Spiekeroog and Langeoog Island, the transect in front of the islands,
the back barrier tidal flats, the position of the time-series station and the sampling site OB9 in
the tidal inlet (Otzumer Balje), the pore water sampling sites Janssand (JS) and
Neuharlingersieler Nacken (NN), and the position of tidal creek measurements. White areas in
Fig. 3.1b indicate tidal flats emerging during low tide. Map (c) shows the transect of River
Weser. Map (d) shows the classification of boxes used in the Euler-Lagrangian model

including averaged water depths of the boxes.
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The catchment area of the flood-gate encompasses about 125 km” and is characterized
by marsh soils in the north and fen peats and forests in the south. The amount of freshwater
discharge depends on precipitation in autumn and winter, while during the vegetation growth
period in late spring and summer the freshwater contribution is distinctly lower (Dellwig et

al., 2007a).

3.3 Material and methods

3.3.1 Methane measurements

Dissolved CH4 was determined by using a sensor (Franatech, formerly: Capsum
Technologies, Germany) for continuous measurements during pre-defined time intervals.
Hydrocarbon molecules diffuse through a silicone membrane into the detector chamber. As
the measurement is diffusion-controlled we modified the sensor by installing a pump (Rule,
360 GPh, 27.3 L min™") to ensure a constant flow of water to the membrane surface. The
measuring principle of the sensor is based on the adsorption of hydrocarbon molecules
(mainly CHy) on a tin dioxide semiconductor detector. This leads to changes in resistance
proportional to the gas concentration (Garcia and Masson, 2004; Marinaro et al., 2004). The
calibrated concentration range of the sensor is 20 — 10,000 nM. Sensor accuracy was checked
by head space gas chromatographic (GC) measurements with a flame ionisation detector
(Varian CX-3400 equipped with a capillary column, plot-fused silica column No.7517, 25 m
by 0.53 mm, Al,O3/KCI coated; Chromopack) according to the setup described in Niewohner
et al. (1998). Accuracy (2.9%) and precision (13.9%) of GC measurements were controlled
using a 100 ppmv standard of CH4. The deviation of sensor data to GC measurements is
+11%, most likely due to inaccuracy of sensor calibration (Grunwald et al., 2007).

Data from the time-series station (Grunwald et al., 2007) were determined in intervals
of 10 minutes. The sensor was fixed in the water column about 11 m above seafloor. The
immersion depth of the sensor varies from 0.5 to 3.5 m depending on the state of the tidal
cycle.

During ship-based measurements the sensor was fixed at app. 2 m water depth and the
measurement interval was 1 min. During transects off the islands of Langeoog and
Spiekeroog (Fig. 3.1b) ship speed was 5 kn in east-west direction. Each transect took about
one hour. The River Weser transect started 4 hours after local high tide and lasted until about
2.5 hours before low tide.

Pore water samples were taken by an in-situ sampler (Beck et al., 2007), which
consists of a permanently installed polyethylene pipe with 20 sampling ports down to 5 m.

Each port is connected via Teflon tubes to the sediment surface where pore water from
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different depths can be extracted by syringes. Pore waters were transferred into serum flasks,
sealed, and immediately frozen upside down in dry ice. Methane was determined by GC head
space measurements in the laboratory.

Freshwater measurements at the flood-gate in Neuharlingersiel (Fig. 3.1b) were

performed by using the sensor at a depth of 1 m with a recording interval of 10 min.

3.3.2 Sulphate analysis

Pore water samples for sulphate analysis were taken from in-situ samplers. All
samples were filtered immediately using Whatman glass microfibre filters GF/C (1.2 pm)
which were pre-combusted at 400 °C. Samples were stored in PE vials which were pre-rinsed
with purified water (18.2 MQ). Sulphate was analysed by ion chromatography (Dionex DX

300) at 250-fold dilution. Precision and accuracy were 3% and -5.3%, respectively.

3.3.3 Suspended particulate matter

Samples for suspended particulate matter (SPM) were taken from surface water in the
River Weser. Depending on SPM load, 200 to 400 mL of water were filtered through pre-
weighed Whatman glass microfibre filters GF/F (0.7 um), rinsed with 60 mL purified water,
dried at 60 °C for 48 h, and re-weighed for determination of total SPM.

3.3.4 Saturation calculations

Methane percent saturations were calculated using the solubility equilibration of
Wiesenburg and Guinasso (1979). For North Sea and Wadden Sea saturation calculations,
salinity and temperature data of a calibrated CTD (Model OTS 1500, ME Meerestechnik-
Elektronik, Germany) were used. For freshwater calculations salinity and temperature were

recorded using a WTW LF196 conductivity meter (WTW, Germany).

3.3.5 Correlation calculations

Wind speed was measured using a wind sensor (Type 14576, Lambrecht, Germany)
installed at the top of the time-series station at about 10 m above mean sea level. While CHy
was determined in intervals of 10 minutes with only few irregularities (<1.7%), the interval of
wind speed measurements was 1 minute with hardly any irregularities (<0.05%). The use of
an automatic outlier removal procedure (iterated removal of points that exceeded five
standard deviations until convergence was reached) removed less than 0.5% of CH4 raw data,
while wind speed data remained unaffected. Data sets were smoothed and standardised by

averaging segments of 30 min which results in equidistant data points. Remaining gaps,
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caused by the outlier removal procedure, were finally closed by cubic spline interpolation.
From the equidistant pre-processed data we estimated a cross-correlation function by using
Matlab’s built-in function xcov (CH4, windspeed, ‘coeff’). It renders a normalized and
advantageously biased estimator, while statistically unreliable estimates at larger lags are
suppressed. The null hypothesis of uncorrelated data series was tested with 600 pairs of
surrogate data series that were constructed from the measured methane and wind speed series
by randomising their related Fourier phases, thus preserving mean, variance and auto-

covariance structure of the original series.

3.3.6 Modelling CH, dynamics of the back barrier area by a coupled Euler-Lagrangian
model

The Euler-Lagrangian model is an extension of the complex ecosystem model EcoTiM
(Ecological Tidal Model; Kohlmeier and Ebenhoh, 2007) to CHs. EcoTiM considers tracers
moving along a 2D velocity field. Every tracer holds the CH4 concentration. Due to the 2D
approach, each tracer has a variable contact area to the sediment with changing water levels.
These contact areas represent the interface to the sediment. The water movement as well as
the processes concerning the CH4 concentrations are calculated with a fixed time step of
1/100 day. The number of Lagrangian tracers amounts to 200, while each tracer describes a
volume of 2.22 - 10° m”.

The area used for model calculations stretches from the water shed behind Langeoog
Island to the water shed behind Spiekeroog Island in west-east direction. In north-south
direction the area is bordered by the 5 m water depth line during high tide and the coastline.
The back barrier area in the model is subdivided into five boxes (No. 3-7) plus one box (No.
2) between the North Sea (No.1) and the back barrier area (Fig. 3.1d). This subdivision is
based on a combination of the underlying depth profile (adopted from nautical charts) and the
different emerging tidal flats (compare Fig. 3.1b). The mean depth of the boxes is given in
Fig. 3.1d.

Water transport in the back barrier system is modelled using a surface velocity field
from a general circulation model (Stanev et al., 2003). A detailed description of the
implementation is given in Kohlmeier and Ebenh6h (2007). The here presented model
extension describes the cycling of CH4, which is assumed to have a parameterized efflux out
of the sediment into the water column. The model is designed to describe the cycling of CHy4
within the back barrier area and focuses on general interactions at the North Sea boundary and

the sediment-water interface. The results give an averaged estimation of the budgets between
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the back barrier area and the adjacent open sea. Variations due to riverine input are included

in the synthetic boundary conditions.

3.3.6.1 Initial conditions, boundary conditions and forcing

The boundary conditions at the North Sea boundary are derived from transect data
beyond the islands of Langeoog and Spiekeroog in May 2003 and September 2005 (Fig.
3.1b). It is assumed that the CH4 concentration follows roughly the tidal signal. Hence, it has
been derived by a functional correlation of the tide amplitude. The resulting signal for the
North Sea boundary conditions of CH4 reflects the tidal cycle as well as the variation due to
the spring-neap cycle. Changes in concentration due to degradation and degassing of CHy
have been neglected in this calculation. The impact of model parameterization on CHy
concentration is estimated by a reference run (run 1), which is compared to runs with
modifications of the North Sea boundary and sediment conditions. Varied parameters are the
North Sea boundary mean concentration of CH4 (m), the North Sea boundary concentration
amplitude (a), and the pore water discharge (d). The parameter sets for the different runs are
given in Table 3.1. In an additional run, the relevance of freshwater input through the flood-

gate has been considered.

Table 3.1. Parameter variation of the mean CH, concentration (m) at the North Sea boundary,
the tidal amplitude of the CH4 concentration (a) at the North Sea boundary, the pore water

discharge (d), and the resulting export out of the back barrier area.

Parameter runl run2 run3 run4 run$
m [nM] 130 100 150 130 130
a [nM] 50 30 70 50 50
d [umol m?2d'] 120 120 120 60 180

Export [10°mola’] 32 32 32 16 48

3.3.6.2 Benthic-pelagic-coupling

Since the model is 2D, the total exchange of one box (Fig. 3.1d) with the underlying
sediment area is calculated by summing up the exchange of all single moving water bodies
within the considered box at the actual time. It is assumed that every water body (with fixed
volume) has a certain depth depending on the actual water level at its position. This depth

determines an estimation of the area of interaction which is related to the geographical area of
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the box. The efflux of CHy is calculated for every area of interaction, where a constant pore

water discharge according to Table 3.1 is assumed.

3.3.7 Budget calculations based on hydrodynamical model data
The tidal circulation model of the inner part of the German Bight is based on the

Reynolds equation of motion and the equation of continuity in a vertically integrated form:
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where u and v are the west-east and south-north component of the velocity, h is the
undisturbed water depth, { the water elevation, f the Coriolis parameter, g the gravity, and tg a
quadratic bottom stress. The vertically integrated transports are defined by:
U= judz, V= jvdz, and H=h+{.
-h -h

The boundary conditions at closed boundaries are 1) the normal component of the
velocity is zero, and 2) half slip conditions at the coast. On the open boundary 1) the spatial
derivatives of the velocities are zero and 2) the sea level is prescribed as Cpoundary = (X, Y, 1).

The equations are discretized in a staggered Arakawa C-grid (Arakawa and Lamb,
1977) and solved with a semi-implicit scheme for the pressure gradient in the equations of
motion and the divergence of the transport in the continuity equation using a successive over-
relaxation method which has been modified for the physics of flooding and falling dry in the
Wadden Sea area with the technique of moving boundaries (Duwe and Hewer, 1982). The
non-linear advection terms are discretised with a vector upstream scheme (Lillington, 1981).
The model has a grid size of one nautical mile and the time step is 300 s. A detailed
description of the model and a model validation with respect to observations from tide gauges
and current meters is given in Dippner (1984).

The model needs a spin-up time of three periods of an M, tide to reach a periodic
steady state. For this paper, two simulations are performed and the northward transport

between the islands of Spiekeroog and Langeoog is calculated. In the first simulation the
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model is forced at the open boundary with an M, tide only and integrated over a single M,
period. In the second simulation the influence of an S, tide is considered. The model is forced
with an M, + S, tide at the open boundary and integrated over their beat period of 14.8 days.
For CHy transport calculation, 94 tidal cycles of the CH4 dataset (September —
November 2005) were taken into account, while data obtained during extreme events like
gale-force winds were omitted. The water volume transport of the M2 + S2 tide is multiplied
with the corresponding CH4 concentration for each time step resulting in CH, transport over a
tidal cycle. By summing up these data net CHy transport is calculated for each of the 94 tidal

cycles.

34 Results

A summary of both CH4 concentrations and saturations of CH4 at the flood-gate
(Neuharlingersiel), in the back barrier area, on transects off the islands of Langeoog and
Spiekeroog, in the Jade Bay, and in the River Weser is given in Table 3.2. A detailed

consideration of each site is given in the following sections.

Table 3.2. CH,4 concentrations and saturations of tidal flats and coastal tributaries.

Location Month / year CH, (nM; range) CH, saturation (%; range)
Neuharlingersiel (flood-gate) 12/2003 5850 (2760-7970) nd.”
Neuharlingersiel (flood-gate) 09 /2004 4400 (2130-8490) nd.”
Neuharlingersiel (flood-gate) 10/2004 1350 (830-2440) nd.”
Time-series station 10-11 /2005 280 (140-570) 12,052 (6246-24,066)
OB9 08 /2003 170 (20-270) 10,550 (1374-17,243)
OB9 01/2005 260 (190-340) 11,010 (7970-14,520)
Coastal area transect (10 m depth line) 05 /2003 155 (70-270) 5519 (3337-7325)
Coastal area transect (10 m depth line) 09 /2005 144 (40-237) 7940 (2213-13,114)
Jade Bay transect 11/2005 416 (23-583) 18,468 (1042-25,719)
River Weser transect 03/2003 1135 (367-1860) 49,116  (16,099—-81,990)

“not determined

3.4.1 North Sea

The concentration level of the southern North Sea is low, when compared to adjacent
coastal areas and rivers (Fig. 3.2). Generally, CH; decreases further offshore and shows
highest concentrations in the estuary of the River Weser. Transects north of 55.5 °N reveal
concentrations <20 nM (sensor detection limit) in September 2005 and are omitted in Fig. 3.2.
According to Rehder et al. (1998), who observed a distinct patchiness along an east-west

transect at ~58 °N, values range between 4 and 30 nM. Additionally, the same authors
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observed elevated concentrations along ~58 °N due to gas release from abandoned boreholes
and natural CHy vents (e.g. Dando et al., 1991). Such enrichments were not detected during

the cruise presented here.

CH, [nM]
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Fig. 3.2. CHy4 concentrations in the German Bight, coastal areas, and River Weser. Data
originate from cruises HE188 in May 2003 (squares), HE238 in September 2005 (circles),
HE243 in November 2005 (diamonds), and from time-series station data obtained in October

to November 2005 (triangles).

3.4.2 Wadden Sea

Transects off the islands Langeoog and Spiekeroog close to the 10 m water depth line
(Fig. 3.1b) show differences between high tide and low tide CH,4 concentrations (Fig. 3.3).
During high tide transect median concentrations are 86 nM (70 — 111 nM) in May 2003 and
79 nM (40 — 91 nM) in September 2005. In contrast, during low tide elevated values with a
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median of 201 nM (142 — 252 nM) in May 2003 and 208 nM (160 — 237 nM) in September
2005 were detected. Maximum concentrations are observed in the main efflux region in the

tidal inlet, while minima are located in front of the islands.
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Fig. 3.3. High tide and low tide CH4 concentrations along the west-east-transects beyond the
Islands Langeoog and Spiekeroog in May 2003 (solid line) and September 2005 (dashed line).
‘A’ (53.8 °N, 7.56 °E) and ‘B’ (53.82 °N, 7.7 °E) indicate start and end points of the transects.

34.2.1 Back barrier area

CH; concentrations determined at the time-series station in October and November
2005 (Fig. 3.4a) range from 140 to 570 nM (median: 280 nM) with minima at high tide and
maxima at low tide. Increasing concentrations coincide with ebb tide and decreasing values
with flood current (Fig. 3.5a). Additionally, ship based measurements at the tidal inlet (OB9,
Fig. 3.5b) reveal a median concentration of 170 nM (20 — 270 nM) in August 2003, whereas
concentrations of 260 nM (190 — 340 nM) were observed in January 2005. These data show
the variability of both average concentration and concentration range in this area. Wind speed
and CHj concentrations seem to show a certain correspondence (Fig. 3.4). In order to
substantiate this, cross-correlation calculations between both time-series data sets of October

to November 2005 were performed.
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Fig. 3.4. CH4 concentrations (a), wind speed (ws; b), and cross-correlations (xcov) with time

lag (1) of CH4 and wind speed (c) in October to November 2005.

The result is shown in Fig. 3.4c for lag parameters ranging between —200 hours (CHy4
advancing wind speed) and +200 hours (wind speed advancing CH4). The most pronounced
signature is a minimum at the lag t,;,=17 hours with a value of C(7,;,,) = -0.41 which

indicates a significant (p < 0.01) anti-correlation between CH,4 concentration and wind speed.
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Fig. 3.5. CH4 concentrations (solid line) and tidal gauge (dashed line) at the time-series

station in 2005 (a) and at OB9 (b) in August 2003 (black line) and January 2005 (solid grey

line).

3422

concentration pattern with mean concentrations of 5850 nM (December 2003), 4400 nM

(September 2004), and 1350 nM (October 2004). Freshwater concentrations vary by one order

CH4 concentrations in freshwater (Table 3.2, flood-gate Neuharlingersiel) show no

Freshwater

- 45 -



3. Methane in the Southern North Sea

of magnitude (830 to 8490 nM). Large variations are related to the opening of the flood-gate
with subsequent increases in concentration, whereas during slack times concentrations
decrease. On average CH,4 concentration increases continuously by 2800 nM within 2.4 hours
after opening the flood-gate, while the decrease by 1300 nM within 9.5 hours is seen directly
after closing the flood-gate. Freshwater CH4 contribution to the back barrier area can be
assessed by using an average of the determined concentrations (3870 nM) and the annual
freshwater discharge. In 2003 and 2005 (no data available for 2004) water discharges were
17.4 and 18.5 - 10° m’ a™ (Rupert et al., 2004; L. Aden, pers. comm.), which results in an
annual freshwater CH, contribution of 6.7 - 10* mol a™ (2003) and 7.2 - 10* mol a™ (2005).

3423 Sediments and pore water

Measurements in a tidal creek (Fig. 3.1b) in February 2005 showed exponentially
increasing values during ebb tide with up to 3700 nM two hours before low tide. At the
adjacent tidal flat Neuharlingersieler Nacken (NN, Fig. 3.1) Wilms et al. (2006a) reported
pore water concentrations of up to 125 uM in the sulphate minimum zone at 100 - 200 cm
depth. Seasonal pore water measurements on the Janssand tidal flat (JS) (Fig. 3.1b) show no
systematic seasonal behaviour, but increasing CH,4 concentrations with depth from below 10
UM in the upper 50 cm to maximum concentration at 4 m depth (Fig. 3.6). Sulphate
concentrations generally decrease with depth with a stronger depletion in the summer months

(Beck et al., 2008c).
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Fig. 3.6. CH, and SO, pore water measurements at site Janssand (JS) in 2006. SO,* data are
average values of February, March, April, June, and July. Horizontal lines in SO, data

denote the annual min/max.

3.4.3 Budget calculations

3431 Coupled Euler-Lagrangian model

A coupled Euler-Lagrangian model is used to estimate whether the back barrier area
forms a zone of import or export of CH, to the German Bight or whether it is in a steady state.
The resulting exports from the back barrier area to the German Bight through the main tidal
inlet varies from 2250 mol per tide for an estimated pore water contribution of 60 pmol m™ d-
' up to 6750 mol per tide for 180 umol m™> d”'. The mean annual tidal export out of the back
barrier area at the border of boxes 2 and 3 (Fig. 3.1d) for the different runs are summarised in

Table 3.1.
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3.4.3.1.1 The reference run

The reference run (run 1) reveals an annual mean CHy4 concentration of 314 nM (range
287 to 354 nM) within the back barrier area (mean of boxes 3 to 7). The mean value in the
northern part of the tidal inlet (box 3) is 300 nM (range 266 to 351 nM). On the eastern part of
the tidal flats (box 7) the annual mean is 341 nM (range from 250 to 500 nM). Single events
range from 217 nM to 661 nM. The results for boxes 3 and 7 for the time interval of one
month are compared to the data from the time-series station (Fig. 3.7). The mean annual tidal
back barrier efflux (from box 3 to box 2) amounts to 4500 mol CHj4 per tide resulting in a net
efflux of app. 3.2 - 10° mol a”. The flood-gate contribution is of minor importance and

enhances the total CH, efflux to 3.3 - 10° mol a', which is equivalent to about 3% freshwater

CHy,4 contribution.
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Fig. 3.7. Comparison of model data (black line) and data from the time-series station (grey

line) for different model boundary conditions.
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3432 Hydrodynamical model

In a second approach to assess the CH, contribution of the back barrier area to the
German Bight a tidal circulation model is used. The M, + S, water volume transport has a
mean amplitude of 11,228 m’® s™' and a net residual offshore transport of 325 m’ s”'. By
averaging transport data of 94 calculated tidal transports (September — November 2005) a
CH, export of 3.6 - 10° (+ 0.39 - 10°) mol a”' into the German Bight is estimated for the tidal
flat area of Spiekeroog Island.

3433 Estimation of CHy4 sources for the back barrier area

To identify the dominating source for CHy4 in the back barrier area, calculations based
on salinity differences between the German Bight and the back barrier area are performed
(Dellwig et al., 2007a). These calculations are based on the assumption that differences in
salinity are caused by rainfall as well as by freshwater contribution via the flood-gate. The
percentage of total freshwater volume input can be calculated on the basis of salinity
differences between the German Bight and the back barrier area (2.0 in September and 2.1 in
October 2004). Thus, freshwater has an amount of 6.0 % (September) and 6.2 % (October) of

the water volume in the back barrier area.

Table 3.3. Estimation of freshwater and pore water CHy4 contribution to the back barrier are of

Spiekeroog Island.
September October
2004 2004
Mean salinity German Bight 33.1 33.1
.. . 31.1 31.0
Salinity back barrier area (29.5-32.4) (29.2-32.2)
A Salinity 2.0 2.1
% total freshwater (flood-gate + rain) 6.0 6.2
% Rainfall of % total freshwater 95 74
% Flood-gate input of % total freshwater 5 26
% Freshwater (only flood-gate) 0.3 1.6
Freshwater CH, (nM) 4400 1350
Back barrier area CH, (nM) 170 280
% CH,4 via freshwater (flood-gate) 8 8
% CH,4 via porewater 92 92

We derived the percentage of input only via the flood-gate by taking the ratios of
rainfall and flood-gate discharge of total freshwater input into account. The results reveal that
a percentage of 0.3 % (September) and 1.6 % (October) of back barrier area freshwater is

contributed via the flood-gate. Based on freshwater concentration at the flood-gate the CHy
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contribution can be calculated. The results show that 8 % of back barrier area CH4 origins

from freshwater contribution via the flood-gate both in September and October 2004. Hence,

an amount of 92 % of back barrier area CH,4 is contributed via pore water. Data of these

calculations are summarized in Table 3.3.

3.4.4 Riverine input to the German Bight

In River Weser (Fig. 3.1c) CHy concentrations increase upstream (Fig. 3.8). Single

measurements in the estuary at salinity 6.1 (not shown) reveal CH4 concentration of 500 nM.

This value is used for discharge calculations as the effective CH4 input concentration.
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Fig. 3.8. Data of the River Weser transect in May 2003 with CHy (solid line), salinity (dotted

line), and SPM (dashed line with circles).

The increase south of 53.49 °N may be related to the presence of elevated amounts of

suspended particulate matter (SPM). At salinity 0.7 (end of transect) CH4 reaches maximum
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concentrations of 1860 nM. The water discharge varies over a large scale both monthly and
annually (Engel, 1995; FGG-Weser, 2008). The ‘Flussgebietsgemeinschaft Weser’ (FGG-
Weser) indicates a discharge of 339 m’ s (10.7 - 10° m’ a’) as an annual average in 2003.
Based on the effective input concentration of 500 nM in the estuary, we estimate a River

Weser CH, discharge of 5.4 10° mol a™ (Table 3.4).

3.5 Discussion

3.5.1 Methane distribution in the southern North Sea and in the coastal environment

The distribution of dissolved CH4 in any environment represents a balance of CHy4
sources and sinks. In the North Sea, CH,4 is generally consumed by microbial oxidation and
removed from the water column due to degassing. Additionally, Atlantic Ocean inflow is a
diluting component due to its concentration of 2.5 — 3.5 nM CHy in surface waters (Rehder et
al., 1998). The sandy sediments of the North Sea are not assumed to be an important source
for CHy (Scranton and McShane, 1991). The two dominating sources of CHy in the German
Bight are the Wadden Sea environment and riverine input. The concentration pattern in the
southern North Sea shows distinctly higher values in the mouth of the River Weser and in the

coastal areas (Fig. 3.2).

3.5.1.1 Wadden Sea

CH,4 concentrations in the tidal inlet between Spiekeroog and Langeoog islands reveal
a tidal periodicity with maximum values observed during low tide (Fig. 3.4 and Fig. 3.5).
Reasons for lower CH,4 concentrations at high tide are (i) dilution with CH4 depleted offshore
waters, (i1) CHy degassing from the water column, and (ii1) CH4 oxidation within the water
column. Degassing of CH, presumably occurs when water in the tidal inlet passes a shoal
with enhanced turbulence and wave activity off the islands leading to degassing processes.
Biological oxidation within the water column is strongly dependent on temperature (Pulliam,
1993) and salinity. Only very low oxidation rates are observed at salinities above 6 (de
Angelis and Scranton, 1993). Scranton and McShane (1991) determined CH4 oxidation rates
with minor impact on CHy4 loss in comparison to high sea-to-air emissions. Thus, we assume
that CH,4 oxidation is of minor importance in our investigation area since the residence time of

back barrier area water is comparatively low.
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Since the tidal pattern is disturbed irregularly and the level of CH4 concentration
changes, a further driving force has to affect CH4 concentration besides the tide. Turbulence
at the air-water interface regulates gas transfer processes (Jahne et al., 1987). Layer stability,
surfactants, bubbles, and bottom driven turbulence may be further influencing factors, as
suggested by Broecker et al. (1978), Merlivat and Memery (1983), Broecker and Siems
(1984), Goldman et al. (1988), Kourtidis et al. (2006), and Upstill-Goddard (2006). However,
they have not been considered in this study due to lack of data. As wind speed has a major
effect on gas transfer (Wanninkhof, 1992) we performed correlation calculations between
wind speed and CH, concentrations. The median wind speed of 6.9 m s™ in the investigated
time period represents the average wind situation in the study area. Wind data in 2005 and
2006, covering about 95,000 measurements, reveal an average wind speed of 6.6 m s
(prevailing 31% of the time). A special wind situation occurred in October 25" — 26™ 2005
when the wind direction was changing from SE to NW and wind speed was increasing to 16
m s with a median of 12.6 m s. This led to a low tide water level only 0.6 m below the
preceding high tide. Due to the elevated low water level, the tidal flat sediments were
completely covered by water, thus suppressing deep advective flow at tidal flat margins. The
resulting decrease in CHy4 concentration supports our assumption, that tidal flats represent the
major source for CHa.

Correlation calculations of wind speed and CH4 concentration show a prominent
maximum in anti-correlation with a time lag of 17 hours, which demonstrates that CHy
concentrations decrease while wind speed increases and vice versa. The time lag of 17 hours
only represents the maximum in anti-correlation. As figure 3.4c shows, this anti-correlation
can also be observed both without any time shift before the maximum emerges and after the
time lag of 17 hours. Thus, the influence of wind speed resulting in decreasing CHy
concentration arises immediately after increase of wind speed. The enhanced wave activity
triggered by wind force may as well have caused higher degassing of CH4 from the water

column.

3.5.1.1.1 CHysources for the back barrier area

Apart from possible groundwater discharge from shore as well as from the adjacent
islands, which is not in the focus of this study, elevated CH4 values during low tide may be
caused by two major sources: (1) pore waters draining from the tidal flat sediments during ebb
tide and (i) freshwater contributed to the back barrier area via the flood-gate at

Neuharlingersiel (Fig. 3.1b).
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Tidal flat sediments are a source of anaerobically produced CHy4 (Kelley et al., 1995;
Middelburg et al., 1996; Van der Nat and Middelburg, 2000) since they form a zone of intense
organic matter remineralisation (Billerbeck et al., 2006b; Wilms et al., 2006a; Wilms et al.,
2007; Beck et al., 2008a; Beck et al., 2008c). Fresh marine organic compounds are transferred
into the anaerobic zone due to enhanced advective pore water exchange with the water
column as described for tidal flat margin sediments by Howes and Goehringer (1994),
Billerbeck et al. (2006a,b), and Wilson and Gardner (2006). For our investigation area Beck et
al. (2008b) and Gittel et al. (2008) emphasize the importance of the margins of the tidal flat
Janssand as loci of enhanced microbial activity due to their lithological and hydrological
conditions favouring advection down to several meters sediment depth. The significance of
heterotrophic as well as autotrophic activity in different sediment types of our investigation
area is pointed out in several publications (Grossart et al., 2004; Stevens et al., 2005;
Billerbeck et al., 2006b; Wilms et al., 2007). Generally, Rusch et al. (2006) reported that
sandflats with low organic carbon contents have remineralisation rates comparable to those of
organic-rich muds since higher permeability of sandflats enables enhanced pore water
advection and exchange of components. Enhanced permeability also favours release of CHy to
the open water column (Rey et al., 2008). On the tidal flat Janssand CH, pore water
concentrations increase with sediment depth which point towards enhanced methanogenesis
by methylothrophic archaea in deeper parts of the sediment (Wilms et al., 2006a; Wilms et al.,
2007). This coincides with decreasing sulphate concentrations below 2 m since methanogens
are in direct substrate competition with sulphate reducers. However, according to Wilms et al.
(2007) and Madigan et al. (2003) methanogens can escape this competition by utilization of
certain methylated substrates (e.g. methylamines, dimethyl sulphides) which are not utilized
by sulphate reducers. Concerning our investigation area we postulate CH, production within
the entire sediment with the main production zone below 5 m depth, as indicated by the
depletion in SO,”. Elevated CH; concentrations above 5 m, coexisting to sulphate
concentrations of almost seawater level, may be caused by upwards diffusing CH,. Based on
the lack of seasonality in CH4 concentration profiles (Fig. 3.6) we assume that the annual CHy
contribution to the open water column via pore water is almost constant.

In contrast to pore water contribution freshwater is discharged irregularly. Thus, the
tidal pattern of CHy4 in the back barrier area seems not to be formed by this source. To
estimate the impact of freshwater discharge in comparison to pore water contribution we used
different approaches. Calculations of a coupled Euler-Lagrangian model result in a freshwater
contribution which is responsible for 3 % of back barrier area CH4. Additionally, estimations

based on salinity differences between the German Bight and the back barrier area show that
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freshwater contributes 8 % of CH, in the tidal flat area. In a third approach to identify the
main source for CHy in this system we compared the calculated freshwater CH, discharge via
the flood-gate in 2003 (6.7 * 10* mol a’) and 2005 (7.2 * 10* mol a™) with the total export of
the back barrier area. Since the export amounts to 3.3 * 10° mol a™! (Euler-Lagrangian model)
and 3.6 * 10° mol a (hydrodynamical model) freshwater accounts for only up to 2 % as a
source for CHy in this area.

Hence, despite the enrichment of freshwater in CHy4 the impact on the back barrier area
water column budget may be regarded as minor (less than 10%). In contrast, all our budget
estimations point out that the sediment pore water system forms the major source providing at

least 90% of Wadden Sea CHy.

3.5.1.2 Riverine input to the German Bight

Estuarine and river water concentrations of CHy4 along with their inputs to the southern
North Sea are reported in several publications (e.g. Scranton and McShane, 1991; Upstill-
Goddard et al., 2000; Middelburg et al., 2002; Bange, 2006). Both river concentrations and
contributions to the North Sea encompass a wide range due to varying discharge rates and
different properties of the catchment areas. According to de Angelis and Lilley (1987) surface
CH,4 in rivers is not only produced in underlying sediments. The authors measured both
surface and bottom water samples of different Oregon rivers and observed no consistently
higher bottom CH4 concentration as it would be expected if sediments would represent the
major source. Since even rivers with rocky bottoms or little sediment cover contain elevated
CHy concentrations, the authors postulate that most of the CHj originates from lateral
diffusion from stream banks and runoff from forests and agricultural soils. In this study we do
not consider the importance of groundwater discharge for the CH, budget, which remains
largely unknown.

During a River Weser transect, CHy4 values increase stepwise upstream (Fig. 3.8). The
first prominent increase south of 53.49 °N is associated with the onset of the turbidity
maximum, while the slight increase in the CHy profile south of 53.43 °N is most likely caused
by local contributions of small tributaries, channels, and flood-gates. Upstill-Goddard et al.
(2000) postulated that especially in the turbidity maximum elevated amounts of CH4 are
released from the underlying anoxic sediments during active particle resuspension.
Furthermore, they assumed bacterial in-situ CHs production in the water column on
suspended particles, similar to N,O production in the Humber as reported by Barnes and

Owens (1998). Morris et al. (1978) pointed out that the turbidity maximum is a region of
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intense biogeochemical activity and O, depletion, where bacteria attached to tidally trapped
suspended particles provide the basis for enhanced nitrification, which forms the source for

N,O.

3.5.2 Budget calculations

3.5.2.1 Coupled Euler-Lagrangian model

The coupled Euler-Lagrangian model as a part of the ecological tidal model EcoTIM
(Kohlmeier and Ebenhdh, 2007) is used to estimate the net CH4 import or export of the back
barrier area to the German Bight. To review the reliability of the reference run (compare
4.3.1) a sensitivity analysis is applied, which shows that the modification of the North Sea
boundary conditions do not lead to a significant change in the mean CH, concentration. The
reduction of pore water discharge leads not only to a reduced mean concentration of CHy in
the back barrier area, but also to lower amplitudes during the tidal cycle. An enhanced
discharge leads to both, a higher mean concentration and higher tidal amplitudes. Variation of
pore water discharge has a comparably larger influence on CH4 concentrations in the pelagic
part of the back barrier area than changing conditions at the North Sea boundary.

In our coupled Euler-Lagrangian model approaches the temporal variability of CHy4
concentrations, beside the tidal signal, differs from the measurements (Fig. 3.7) because no
special wind forcing for the simulated time range is assumed. The simulation results for the
tidal flats of box 7 show a better accordance with the field data than the results for the tidal
inlet (box 3). This is a consequence of the 2D-setup of the model. The concentrations as
simulated for box 3 are mean values for the total water column. Additionally, box 3 may
extend too far northwards, when compared with the position of the time-series station. It is
not consistent with measured tidal variations, due to dilution processes with lower
concentrated offshore water. Thus, model results of box 7 obviously better reproduce the
concentration pattern measured at the time-series station. Despite the mentioned uncertainties,
the resulting CH, export of the back barrier area to the German Bight (3.3 - 10° mol a™)

represents a realistic estimate for the tidal flat CH4 budget.

3.5.2.2 Hydrodynamical modelling

In a second attempt to estimate the annual back barrier area CH4 contribution to the

German Bight we used data from a hydrodynamical model combined with CH4 concentrations
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measured late in 2005. This approach is strongly simplified because all water transport data
are based on one mean tidal cycle. Thus, no differences in tide situation like spring and neap
tide were taken into account, in contrast to the Euler-Lagrangian data. However, despite this
uncertainty the results of 3.6 - 10° (£ 0.39 - 10°) mol a” differ only slightly from those
obtained from the coupled Euler-Lagrangian approach (3.3 - 10° mol a™). To evaluate this
way of estimation one has to take into account that (i) freshwater contribution only plays a
minor role in this system, (i) biological degradation is negligible, (iii) pore water shows no
significant seasonality, and (iv) the wind situation in the considered period represents the
annual mean. Thus, the main influencing factors can be assumed to be almost constant or
having a minor impact. Therefore, we suspect that our estimates of the CH, contribution from

the back barrier area to the German Bight are reasonable.

3523 Rivers

Table 3.4 provides a summary of European rivers discharging into the southern North
Sea. The discharge volume of riverine freshwater varies over a large scale, depending on their
catchment area. However, when riverine CH, contribution is regarded, it is obvious that river
size and runoft are not the only crucial factors. Upstill-Goddard et al. (2000) reported that the
rivers Rhine, Humber, Wash, and Tyne are responsible for about 71% of the total annual
discharge to the southern North Sea (ca. 99 - 10° m’® a'l; Howarth et al., 1994). Based on the
data presented in Table 3.4 the rivers mentioned before including the Rivers Weser and Elbe
contribute a water discharge of 108 - 10° m® a”'. Radach and Pitsch (2007) calculated an
annual continental discharge of European rivers of 133 - 10° m® a™ (£ 26 - 10° m’ a). Thus,
freshwater discharge via rivers as listed in Table 3.4 represents about 81% of the annual
riverine freshwater discharge to the southern North Sea. The differences in volumes and
percentage of discharge represent the variability of freshwater contribution to the North Sea,
depending on the years considered. We wanted to assess the CHy4 contribution of the River
Weser to the German Bight. Upstill-Goddard et al. (2000) corrected the low salinity end
member data of their studied estuaries for losses (oxidation and gas loss), whereas Rehder et
al. (1998) present uncorrected data for the River Elbe since they found no losses affecting the
advective transport of CHy. In the budget calculation for River Weser we use the effective
CH4 input data derived from estuarine measurements at salinity >5, where removal by
oxidation and gas loss is essentially completed (Upstill-Goddard et al., 2000). At our time of
survey (May 2003) the water discharge of river Weser was about average over the last 10

years (FGG-Weser, 2008). Our estimation of 5.4 - 10° mol a” CH, underlines the high impact
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% mol a™), i.e. the River Weser

of this river in comparison to the River Elbe (2.2 - 10
contributes CH4 in the same order of magnitude with about one third discharged water
volume. This emphasises the River Weser as a considerable source of CHy for the German

Bight.

Table 3.4. Summary of European rivers discharging into the German Bight.

River Mean water Low  salinity Low salinity Effective CH,contribution Reference
discharge end member end  member CH, to southern
(10°m’a’y  CH, (nM) CH, input  North Sea
(% Saturation) (nM) (10°mol a™)

Upstill-

Rhine 59.8 7099 23+10° 354 21.2 Goddard et al
(2000)

Weser 10.7 1860 7.9« 10 500 5.4 This paper
Upstill-

Wash 1.6 47,000 1.6+10* 2400 3.8 Goddard et al
(2000)
Rehder et al

Elbe 27 80 n.n. 80 2.2 (1998)
Upstill-

Humber 7.9 439 1.4+10* 33 0.3 Goddard et al
(2000)
Upstill-

Tyne 1.3 650 2.2+ 10 113 0.1 Goddard et al
(2000)

Total 108.3 32.9

3.5.3 Assessment of the significance of back barrier areas

Compared to the CHy4 contribution of the rivers Rhine, Wash, Weser, Humber, Elbe,
and Tyne to the German Bight the back barrier area of Spiekeroog Island forms a significant
source of CHy. Staneva et al. (2009; J. Staneva, pers. comm.) calculated an area of the entire
back barrier tidal flats from Den Helder to Esbjerg of about 3364 km® (including estuaries)
and 1688 km? without estuaries. The back barrier area from Norderney to Wangerooge (East
Frisian Wadden Sea) encompasses an area of about 197 km’. Based on water volume
transport data provided by the here presented hydrodynamical model and by assuming that
our study area is representative for the entire tidal flat area of the East Frisian Wadden Sea we
extrapolate the CH, export of the Spiekeroog Island back barrier area. Hence, with a net

offshore water transport of 700 m® s™ the East Frisian back barrier areas contribute 7.8 - 10°
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mol a’! CHy4 to the southern North Sea which is between the magnitude of the rivers Rhine
and Weser (Table 3.4). Therefore we conclude that tidal flat systems play a significant role in
the CH,4 budget of the German Bight.

3.6 Summary and concluding remarks

Methane measurements in the southern North Sea reveal a general supersaturation
with respect to the atmospheric partial pressure. CHs shows elevated concentrations in the
coastal areas, while values are decreasing offshore. Thus, estuaries, rivers, and tidal flats seem
to be a source of CHy for the German Bight. Methane concentrations of River Weser reveal
stepwise increases due to the turbidity maximum and the contribution by small tributaries. In
general, water discharge does not seem to be the governing factor of riverine CHy
contribution.

The concentration pattern of Wadden Sea CHs shows a tidal periodicity with
maximum values during low tide. Lower concentrations at high tide are mainly caused by
dilution with CHy-poor offshore waters as well as degassing processes. Biological CHy
degradation is of minor importance in our investigation area due to short residence time of the
corresponding water masses within the back barrier area. Rough estimates show that
freshwater contributed via the flood-gate represents a minor fraction of the tidal flat CHy
budget. In contrast, pore water forms the major source for Wadden Sea CH4 generated by
biogeochemical remineralisation processes in anaerobic sediments. Since pore water CHy
concentrations show no distinct seasonality the amount of interstitially produced CHj
presumably is almost constant. Despite the recurrent tidal forces the periodical pattern as well
as the concentration level of CHy in the back barrier area is heavily influenced by strong
winds. Cross-correlation calculations reveal an anti-correlation of wind speed and CHy
concentration.

Two different approaches of model based calculations show that CH4 contribution of
the tidal flat systems to the German Bight is in the same order of magnitude as those of major
rivers. We conclude that the back barrier tidal areas have to be taken into account for the CHy

budget of marine systems.
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Abstract

In the tidal inlet of the back barrier area of Spiekeroog Island (Southern North Sea),
nutrient concentrations (silica, phosphate, ) nitrite + nitrate) were determined hourly by an
autonomously analysing system on a permanently installed time-series station from April
2006 to December 2008. The high frequency of analyses provides the opportunity to study
nutrient dynamics on annual, seasonal, and tidal time scales. By comparing the nutrient input
to the tidal flat area via freshwater through the flood-gate and pore water discharge from tidal
flat sediments, we conclude that nutrients are primarily supplied to the water column by pore
waters, while the freshwater contribution is negligible. To assess the annual nutrient

contribution of our study area to the German Bight, we used a numerical Euler-Lagrangian

model (EcoTiM) to calculate annual budgets of silica, phosphate, and Znitrite+nitrate. The

model indicates that the back barrier area of Spiekeroog Island exports inorganic silica,

phosphate, and Znitrite-+nitrate to the North Sea (silica: 128 * 10° mol a™'; phosphate: 3 * 10°

mol a™'; Znitrite plus nitrate: 29* 10° mol a). Extrapolating our data to the whole Wadden
Sea along the southern North Sea reveals that the back barrier areas export silica and
phosphate in the same order of magnitude and nitrite plus nitrate in one order of magnitude

lower than the sum of the rivers Elbe, Weser, and Ems.

4.1 Introduction

The Wadden Sea as part of the Southern North Sea forms the transition zone between
the terrestrial and open marine realm. This dynamic system is influenced by freshwater inputs
via rivers and small coastal tributaries from the hinterland as well as by the exchange with

offshore waters. Since eutrophication has been recognized as a global challenge (Nixon,
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1990), many studies focus on sources and sinks of nutrients in coastal areas (de Jonge and
Postma, 1974; van Raaphorst and Kloosterhuis, 1994; van Beusekom et al., 1999; van
Beusekom and de Jonge, 2002; van Raaphorst and de Jonge, 2004; van Beusekom, 2005;
Soetaert et al., 2006; Withers and Jarvie, 2008). Tidal systems, such as the Wadden Sea with
its chain of barrier islands, are of special interest since they are characterised by intensive
production and mineralization of organic matter.

High amounts of particulate organic matter are imported from the North Sea (van
Beusekom and de Jonge, 2002) and after bacterial mineralization (Bottcher et al., 2000;
Bottcher et al., 2004; Werner et al., 2006; Al-Raei et al., 2009) dissolved species are exported
from the Wadden Sea, thus justifying the idea of the “bio-reactor Wadden Sea” (de Jonge and
Postma, 1974; van Beusekom et al., 1999; van Beusekom et al., 2001; van Beusekom and de
Jonge, 2002; van Beusekom, 2005). Generally, about 70% of the coastal remineralisation of
organic matter (OM) takes place in the water column (Smith and Hollibaugh, 1993). In
contrast, in more shallow areas benthic processes gain in importance and can account for 50-
60% of the total carbon mineralization (Heip et al., 1995). Algae and (cyano-)bacteria
contribute significantly to these benthic transformation processes (Colijn and de Jonge, 1984;
de Jonge and Colijn, 1994).

Once nutrients are produced by OM degradation in surface sediments, their release to
the open water column is governed by several factors, i.e. sediment permeability (Rusch and
Huettel, 2000; Rusch et al., 2000), tidal pumping (Billerbeck et al., 2006b; Beck et al.,
2008b,c), and bioturbation (Volkenborn et al., 2007). As shown by Fong et al. (1993),
consumption by benthic organisms also influences the amount of released nutrients. The
authors observed growth limitation of pelagic algae due to consumption of nutrients by
benthic primary producers.

So far little is known about the importance of back barrier tidal areas for the nutrient
budget of the Southern North Sea. In this contribution, we present nutrient dynamics in the
surface waters of the back barrier tidal flat area of Spiekeroog Island (Southern North Sea)
which were determined continuously by a time-series station between 2006 and 2008
(Grunwald et al., 2007). The numerical model “EcoTiM” (Kohlmeier and Ebenhdh, 2007)
was used to simulate the nutrient variations and to estimate the outflow of nutrients from the
Wadden Sea to the open North Sea. In order to assess potential nutrient sources in the
Wadden Sea, we also analyzed pore waters of surface tidal flat sediments and small coastal

tributaries.
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4.2  Geographical setting

The Wadden Sea in the Southern North Sea (Fig. 4.1) stretches from Den Helder (The
Netherlands) to Esbjerg (Denmark) and encompasses an area of about 9500 km®. A chain of
barrier islands forms the boundary between the Wadden Sea and the open North Sea. The
entire Wadden Sea system is characterised by semidiurnal tides with a tidal range between 1.5
m in the most westerly part and 4 m in the estuaries of the rivers Weser and Elbe. The main
study site of this contribution is the back barrier area of the Island of Spiekeroog, which
covers about 74 km” (Walther, 1972). Depending on water level, freshwater contribution to
the back barrier tidal flat occurs generally about 2 h before low tide via a flood-gate in
Neuharlingersiel (Fig. 4.1b). The catchment area of the flood-gate is about 125 km” and is

composed of marsh soils in the north and fens as well as forests in the south.
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Fig. 4.1. Map of the study area. (a) German Bight position where North Sea samples were
analysed which were used as boundary conditions in the model setup. The close-up view (b)
shows the sampling sites in the back barrier area of Spiekeroog Island: Time-series station,
JS1, and the flood-gate in Neuharlingersiel. (c) Classification of boxes used in the Euler-

Lagrangian model simulations with corresponding average water depths.
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Nutrient dynamics are studied at a time-series station (Grunwald et al., 2007) located
at 53°45.02° N and 7° 40.27° E in the tidal inlet between the Islands of Spiekeroog and
Langeoog. Pore waters samples were obtained by using permanently installed lances located
on a sandy tidal flat Janssand (site JS1, 53° 44.18” N, 7° 41.9’ E; Beck et al., 2007). During
high tide the JS tidal flat is covered by 1 - 2 m of water, while it is subaerially exposed for

approximately 6 hours around low tide.

4.3 Materials and methods

Time-series station

In surface waters of the back barrier area of Spiekeroog Island, nutrients were
determined by automated nutrient analyzers (Systea, nMac1000) mounted on a permanent
time-series station in the tidal inlet (Fig. 4.1). At the study site, the average water depth of
13.5 m (below mean sea level) varies due to semidiurnal tides with a range of 2.6 m
(Flemming and Davis, 1994). Samples were taken from a through-flow tube which crosses the
time-series station at 9 m above seafloor. Nutrients were measured hourly after automated
filtration by a belt filter (Metrohm, Series 01.12) of 7 — 12 um pore size (Schleicher &
Schuell, No. 1574). The time-series station and the analyzer setup is described in detail by
Grunwald et al. (2007) and Reuter et al. (2009). Detection limits are 0.38 uM (silica), 0.01
UM (phosphate), and 0.17 uM (nitrite plus nitrate). The agreement of analyser and laboratory
spectrophotometer (Spekol 1100, Analytik Jena) measurements according to methods
described by Grasshoft et al. (1999) were 3.6% for phosphate, 11.3% for silica, and 6.0% for

nitrite plus nitrate.

Total algae cell counts

Samples for the analysis of total algae cell counts (phytoplankton abundance of a size
class >3um) were collected at the position of the time-series station in 2008. Surface water
was sampled at low tide in an at least monthly interval. Each sample of 100 mL was treated
with 2 — 3 drops of Lugol’s solution (aqueous iodine / potassium iodide solution) and stored at
4°C in brown glass bottles until analysis. Using the Utermohl method (Utermohl, 1958), a

sample aliquot of 25 mL was counted under an inverted microscope (Zeiss Axiovert 25).
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Pore water

Pore waters were sampled at position JS1 (Fig. 4.1) in a monthly interval from January
— October 2008. Samples were taken using a permanently installed in-situ sampler (Beck et
al., 2007). The samples were filtered through 0.45 um SFCA syringe filters into pre-cleaned
PE-bottles and acidified to 1 % (v/v) with HNOs (supra pure, Merck). For phosphate and
silica analysis, a 5-fold diluted aliquot was measured using ICP-OES (iCAP 6300 Duo,
Thermo Fisher). Accuracy and precision were controlled by a spiked seawater standard Cass-
4 solution (National Research Council, Canada) containing 16 pM phosphate and 890 uM
silica. Accuracy / precision were 3% / 7% for silica and 6% / 5% for phosphate. A comparison
to concentrations determined using a spectrophotometer shows a deviation of 9% for silica

and 10% for phosphate.

Freshwater
In freshwater, nutrients were analysed in a monthly interval from February 2002 to
April 2004 at the flood-gate in Neuharlingersiel. Nutrients were determined according to

Grasshoff et al. (1999).

Modelling nutrient dynamics in the back barrier area

The ecological tidal model (EcoTiM) is a semi-Lagrangian model describing water
transport by tracers moving along a velocity field (Kohlmeier and Ebenhdh, 2007; Kohlmeier
and Ebenhoh, 2009). The tracers are assumed to have a finite volume and represent the real
volume in this system at any time. Water transport in the back barrier system is included
using a surface velocity field from a general circulation model (Stanev et al., 2003). North Sea
boundary conditions are taken into account by (i) equating box 1 with the North Sea
conditions and (ii) tracers entering box 1 become mixed with North Sea water. Turbulent
diffusion is considered by a randomized offset of water bodies. Diffusive exchange processes
between different water bodies are further implemented. Conditions at the North Sea
boundary for state variables were taken from the COCOA-model, a Continental Coastal
Application of ERSEM (Lenhart et al., 1997). For inorganic silica, phosphate, and nitrite plus
nitrate the boundary conditions were derived from measurements in 2002 (MARNET, 2008)
determined in the German Bight at 54.17°N and 7.45°E (Fig. 4.1a). Nutrient input via the
flood-gate in Neuharlingersiel is based on concentrations determined during this study and
freshwater discharge rates published by Rupert et al. (2004). Atmospheric interaction is not

considered in the model.
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The model is treated as a 2D-model. The total exchange of a box (Fig. 4.1c) with the
underlying sediment area is calculated by summing up the exchange of all single moving
water bodies within the box at the actual time. Every water body (with fixed volume) has a
certain depth depending on the actual sea level at its position. The model is forced by
temperature and irradiance (Photosynthetically Active Radiation, PAR) measured at the time-
series station.

The basis of the ecological model is the European Regional Seas Ecosystem Model
(ERSEM), which is a biomass based differential equation model describing the cycling of
carbon and nutrients within a marine ecosystem (Baretta-Bekker and Baretta, 1997).
According to the ERSEM-philosophy of a top-down approach, the food web consists of
functional groups and not of single species. The food web is built with respect to trophic
position, size, and function. The model describes the main metabolic processes within and the
predation processes between the functional groups. These processes are: carbon assimilation,
nutrient uptake and lysis of primary producers, grazing processes of secondary producers, and
respiration, mortality excretion, and exudation of all organisms. As an extension to the
original benthic food web of ERSEM (Ebenhoh et al., 1995), benthic silica dependent algae
and non-silica dependent algae are added, following the description of Blackford (2002).

The benthic system is segmented into three layers, an oxic, a nitrate dominated, and an
anoxic layer. The separating horizons of these layers are variable and depend on the
concentrations and distribution of oxygen and nitrate in the sediment. The benthic nutrient
model (Ebenhdh et al., 1996; Kohlmeier, 2004) governs the nutrients nitrate, phosphate, and
silica as well as their exchange with the pelagic system depending on the nutrient gradients at
the sediment surface. Fluxes are determined by pre-calculated equilibrium profiles. The
vertical extension of the modelled benthic system is limited to 30 cm. Transport of benthic
organic particulate material as postulated by van Beusekom and de Jonge (2002) is included
as exchange process between adjacent sediment areas (Ebenhoéh et al., 2004).

Furthermore, the model is implemented in CEMoS (C Environment for Model
Simulation; Hamberg, 1996). The water movement is calculated with a fixed time step of
1/100 day. Ecological processes are calculated with a Runge-Kutta method with time step
adaption and a maximum time step of 1/100 day. The number of Lagrangian tracers amounts
to 200. Each tracer describes a volume of 2.22 * 10° m’. A more detailed description of the
model is given in Kohlmeier and Ebenhoh (2007).

Calculations comprise the period of the first to the last low tide in 2007 (364.82 days).
Different scenarios (runl - run4) are investigated, which are used as a sensitivity analysis. The

reference run (runl) is parameterised according to Kohlmeier and Ebenhoh (2007). In a
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second run (run2), the contribution via the flood-gate in Neuharlingersiel is excluded to
calculate the freshwater impact on nutrient budgets of the back barrier area. In runs3 and 4 the
influence of benthic organic particulate matter import is estimated. While in run3 the benthic
sedimentary import of particulate matter into the back barrier area is excluded, the amount is

doubled in calculations of run4.

4.4 Results and discussion

4.4.1 Seasonal dynamics in surface waters of the Wadden Sea

Since April 2006 dissolved nutrients (silica, phosphate, and nitrite plus nitrate) were
determined by automated nutrient analysers mounted on a time-series station (Grunwald et al.,
2007) in the tidal inlet of the back barrier area of Spiekeroog Island (Fig. 4.1). The time-series
station provides the opportunity to measure dissolved nutrients hourly throughout the year,

even during gale-force winds or ice winters.

Silica

Silica shows a pronounced seasonal cycling in surface waters of the back barrier area
of Spiekeroog Island (Fig. 4.2), with highest values determined during late autumn and winter
(December — March). Silica median concentrations in autumn/winter of the years 2006/2007
were about 23 uM. Measurements of the same period in 2007/2008 exhibit a similar level at
21 uM. Although, there are some data gaps (dashed lines in Fig. 4.2), the silica pattern during
the winter period reveals distinct differences for the investigated years. While in winter
2006/2007 (December - March) the silica pattern has a plateau-like shape, data from winter
2007/2008 are characterized by a steeper slope with maximum values being reached in
January 2008 (Table 4.1).

Subsequent to elevated winter levels, a rapid decrease is seen in early spring due to the
onset of the spring diatom bloom in the North Sea, as diatoms use silica for their shell
formation (Lewin, 1962; Antia et al., 1963; Grant, 1971; Ryther et al., 1971; Paasche, 1973).
In 2007, silica concentration decrease within 25 days from a value of 28.8 uM (18th March) to
0.4 uM (11th April) resulting in an average loss of 1.1 uM d’'. In 2008, concentrations
decrease from 30.1 uM to 1.7 uM (2rml March - 15™ April) with a gradient of 0.63 pM d’'
within 45 days. Additionally, the spring diatom bloom starts later in 2007 when compared
with 2008. Typically, the spring bloom starts in the shallow waters of the German Bight
between week 6 and 14 (Wiltshire et al., 2008) with inter-annual variations (Townsend et al.,

1994). Wiltshire and Manly (2004) postulated that a delay of the early spring bloom may be
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related to a longer persistence of zooplankton grazers in autumn and early winter (Beare et al.,
2002) thereby reducing the crucial biomass stock necessary to initiate a phytoplankton bloom.
A further reason for a delay in spring bloom is insufficient insolation under disadvantageous
weather conditions (cloudiness, wave action), which is especially important in the turbid
waters of the study area (Smetacek and Passow, 1990; Townsend et al., 1994; Tillmann et al.,
2000; Colijn and Cadee, 2003; Billerbeck et al., 2007; Loebl et al., 2009).

Due to silica consumption by diatoms, silica concentrations reach a minimum in May
2006 as well as 2007 and in late June 2008 indicating silica limitation. In 2006 and 2007, the
diatom growth seems to be limited solely by silica availability. In contrast, phosphate as a
further essential nutrient (Philippart et al., 2007) also reaches a minimum in May 2008 (Fig.
4.2), which probably limited diatom growth and led to a decrease in silica uptake. Generally,
silica concentrations are lowest during spring and summer (April — September) with median
values of 0.41 — 5.48 uM (Table 4.1). This level is below or at least close to the threshold of 2
uM where diatoms compete with dinoflagellates, which leads to a change in the
phytoplankton community with increasing abundance of dinoflagellates (Egge and Aksnes,
1992; Egge, 1998). Due to the breakdown of the summer bloom, silica concentrations
increase rapidly from an average level of about 2 uM at the end of August to a first maximum
in November (about 14 uM). During November and December the silica increase comes to a
halt which is probably caused by a weakly developed bloom in autumn. Insufficient insolation
in autumn and winter further reduces the phytoplankton population and thus silica uptake by
phytoplankton (Hagmeier and Bauerfeind, 1990; van Bennekom and Wetsteijn, 1990; Peeters

et al., 1991), which leads to a second maximum in January (about 25 pM).
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Fig. 4.2. Silica, phosphate, and nitrite plus nitrate in the years 2006-2008 determined at the
time-series station in the tidal inlet of the Island of Spiekeroog. Single measurements are
shown as grey points. The black line represents running average concentrations (dashed
segments: no data are available) and open circles indicate monthly averages. Total algae cell

counts in 2008 (grey line) are given in a logarithmic axis scale.
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Table 4.1. Summary of monthly averaged concentrations for silica, phosphate, and nitrite plus

nitrate for the years 2006 — 2008. Corresponding ranges (min — max) are given in brackets. ‘n’

denote the number of measurements used for averaging. Values indicated by “*

detection limit.

2

are below

Silica [uM]

2006 2007 2008

Median (min - max; n) Median (min - max; n) Median (min - max; n)
January 24.4 (17.0 - 46.6; 267) 28.0 (17.4 - 41.6; 405)
February 21.7 (16.4 - 35.6; 503) 21.5 (13.6 - 26.9; 72)
March 23.1 (8.8 -34.4;524) 10.2 (1.5-30.2; 636)
April 0.4 (<0.38 -20.3;521) 1.1 (<0.38" - 12.2; 445) 2.8 (1.3-9.7;572)
May 0.9 (<0.38" - 6.4; 590) 1.3 (<0.38" - 4.7; 648) 2.9 (1.6-7.2;284)
June 4.7 (<0.38"-13.5; 465) 0.9 (<0.38"-7.7;592) 0.8 (<0.38"—4.0;619)
July 4.4 (<0.38"-15.0;358) 2.0 (<0.38 -5.1;145) 1.6 (<0.38" -7.0;589)
August 1.7 (<0.38"-8.2;278) 2.0 (<0.38"-8.7;363) 2.2 (0.6-9.5;526)
September 2.9 (0.6-9.3;328) 5.5 (0.7 - 16.6; 429) 2.0 (<0.38"-7.8;515)
October nd. (-;0) 14.4 (9.9-21.5;615) 10.5 (4.7 - 19.1; 540)
November 24.7 (13.4-30.7; 83) 142 (3.6-22.1;592) 13.4 (5.9 - 26.5; 695)
December 247 (15.3 - 33.7; 345) 24.1 (11.1-46.6;572) 15.4 (9.7 - 25.5; 527)

Phosphate [pnM]
2006 2007 2008

Median (min - max; n) Median (min — max; n) Median (min - max; n)
January 0.5 (0.01-0.79;261) 0.4 (0.01 - 1.5; 389)
February 0.6 (0.01-2.01;476) 0.4 (0.05—1.0;295)
March 0.6 (0.01 - 1.24; 520) 0.3 (<0.017-0.9; 590)
April 0.2 (<0.017-0.72;408) <0.01" (<0.01" - 0.5; 643)
May 0.4 (0.1-0.8;438) 0.2 (<0.01"-0.59; 588) 0.1 (<0.01"-1.1; 662)
June 0.7 (0.3-1.4;311) 0.4 (0.01-1.14;612) 0.3 (<0.01" - 1.0; 566)
July 0.9 (0.2-2.0;405) 0.6 (0.23 - 1.05; 224) 0.4 (0.01-1.0;591)
August 1.1 (0.7 -2.2;269) 0.8 (0.24 - 1.46; 504) 0.6 (0.2-2.2;523)
September 1.0 (0.6-1.7;316) 0.8 (0.50 - 1.19; 609) 1.2 (0.3-1.8;518)
October 12 (0.8-1.6;237) 1.1 (0.79-1.33;611) 0.8 (<0.01"- 1.4; 539)
November 1.1 (0.7-1.3;74) 0.8 (0.19 - 1.36; 544) 0.7 (0.3-1.2;691)
December 0.9 (0.6-1.3;207) 0.9 (0.29 - 1.37; 347) 0.6 (0.2-0.9;527)

Nitrite plus nitrate [uM]
2006 2007 2008

Median (min - max; n) Median (min — max; n) Median (min - max; n)
January 32.5 (23.1-59.0; 260) 62.9 (15.5-117.9;396)
February 31.3 (20.0 —46.0; 500) 38.3 (21.0 - 76.6; 584)
March 31.8 (12.4—50.6; 547) 17.3 (<0.17" - 67.4; 623)
April 252 (5.3-79.9; 584) 11.8 (5.9-21.3;299) 1.9 (<0.17"-26.5; 651)
May 7.4 (4.1-11.7,557) nd. (-;0) <0.17" (<0.17"; 668)
June 2.4 (0.6 -6.2;508) nd. (-;0) <0.17" (<0.17"; 504)
July 1.2 (<0.17 -2.3;402) 3.1 (1.8-7.3;69) <0.17" (<0.177;592)
August 0.2 (<0.17"-1.9;129) 2.4 (1.8-9.6;316) <0.17° (<0.17"-0.9; 421)
September 0.6 (<0.17 - 1.8; 162) 2.3 (1.5-4.4;580) nd. (-;0)
October 0.5 (<0.17"-4.3;173) 4.6 (2.7-9.1;520) 0.9 (<0.17"-11.9;212)
November 19.7 (2.1-31.2;100) 12.1 (4.3-20.4; 621) 13.4 (<0.17" - 23.6; 565)
December 25.1 (16.7 - 37.3; 106) 24.8 (5.8-47.4;337) 18.4 (0.5-23.7; 180)

n.d.: not determined
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The pattern and concentration levels found in our study area are comparable to
findings in the Belgian coastal area (western Wadden Sea, southern North Sea) in 1993 and
1994 (Schoemann et al., 1998) and in 2002 (van der Zee and Chou, 2005) as well as in the
List tidal basin (northern Wadden Sea, German Bight) in 2004 and 2005 (Loebl et al., 2007;
van Beusekom and Diel-Christiansen, 2009). The authors determined highest silica
concentrations in February with up to 30 uM for the Belgian coast and 35 uM for the List
tidal basin. A subsequent strong decrease in March due to assimilation by diatoms is observed
at all study sites. Similar to our results, Schoemann et al. (1998) also observed some variation
in diatom bloom onset between the years 1993 and 1994. While in 1993 the bloom started in
late March, in 1994 a decrease in silica already occurs in late February. Additionally, the
slopes of concentration decrease differ between the years with a steeper gradient in 1994. This
is in good agreement with our data, where a delayed onset of diatom bloom is accompanied
by a less steep gradient in concentration decrease, which is assumed to be governed by inter-
annual variation of persistence of zooplankton grazers, as mentioned before. Consequently,
low concentrations during summer with increasing levels towards autumn also have been
reported for both, the Belgian cost (Schoemann et al., 1998; van der Zee and Chou, 2005) and
the northern part of the Wadden Sea (Loebl et al., 2007; van Beusekom and Diel-Christiansen,

2009), with similar levels when compared to the back barrier area of Spiekeroog Island.

Phosphate

Phosphate is an essential nutrient for any organism, since phosphorus is needed for
synthesis of e.g. nucleotides for DNA, phospholipids for cell membranes, and the generation
of ATP for energy buffering (Schlesinger, 1997). Thus, the concentration of dissolved
phosphate in marine environments is strongly affected by primary production. In the water
column of the back barrier area, phosphate shows seasonal cycling, however the annual
pattern is different when compared with silica (Fig. 4.2) as maximum levels are observed in
late summer and early autumn. The phosphate level increases to a maximum value of on
average 1.0 uM in September - October, whereas minima of below 0.2 uM are reached
between April and May (Table 4.1). This seasonal pattern is in good agreement with the
behaviour of phosphate reported for the Southern North Sea and the adjacent Wadden Sea
areas (Postma, 1954; de Jonge and Postma, 1974; Brockmann et al., 1990; Hickel et al.,
1993).

As described for the silica cycle, maximum phosphate concentrations are seen at a
different point in time in the years 2006 — 2008. The autumn maxima change from a plateau-

like shape in 2006 to a more peak-like profile in 2008, probably due to different consumption
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and remineralisation conditions. Although phosphate is consumed by phytoplankton,
decomposition of produced biomass prevails over consumption from early summer onwards,
thereby replenishing the pelagic phosphate pool (van Beusekom and Diel-Christiansen, 2009).
The predominance of decomposition over consumption occurs until September/October, when
the annual maximum concentrations are reached. Afterwards, the phosphate level decreases in
autumn and winter, which can be hardly attributed to phytoplankton activity, as supported by
decreasing total algae cell counts (Fig. 4.2). As the phosphorus cycle is not only governed by
bioproductivity and organic matter decomposition, adsorption and desorption processes by
ferric oxyhydroxides in the sediments have to be considered as well (Einsele, 1938; Berner,
1973; Slomp et al., 1996; van Beusekom and de Jonge, 1998). The connection between
dissolved phosphate and the sedimentary iron cycle probably causes lower average winter
concentrations when compared to autumn values. This aspect will be discussed in detail

below.

Nitrite plus nitrate (NO,)

According to van Beusekom et al. (2001), nitrogen input to the coastal zone is
dominated by dissolved inorganic fractions, responsible for about 80% of the total N input.
The authors point out that ammonia is of minor importance (about 5%), while nitrate forms
the major component by accounting for about 75% of the total N import.

The seasonal pattern of nitrite plus nitrate, here referred to as NOy in 2006 - 2008 is
comparable to that of silica (Fig. 4.2) with highest values in winter and the lowest level during
spring and summer. However, the inter-annual variability in winter concentrations is much
more pronounced for NOx when compared with silica and phosphate. In January — March
2007, we determined almost uniform plateau-like average concentrations of about 32 uM,
whereas in the same period of 2008 monthly average concentrations varied from about 63 uM
(January) to 17 uM in March (Table 4.1). Although, there is a small data gap, Figure 4.2
indicates that NO, winter concentrations in 2005/2006 were similar to those in 2008. The
inter-annual variation of winter NOy concentration levels in the study area is likely governed
by both, varying NOy contribution by large rivers and denitrification processes within tidal
flat sediments, as described van Beusekom et al. (2008) for the northern Wadden Sea of the
German Bight. This assumption is supported by findings of e.g. Lacroix et al. (2007) and
Johannsen et al. (2008) who reported highest NOy loads of rivers in winter, while river
concentrations can vary by a factor of 2 between succeeding years (e.g. Lacroix et al., 2007).

Low concentrations in spring and summer denote the direct coupling to primary

production, which is supported by the almost coincident decrease of NOy and silica during
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spring bloom in 2007 and 2008. The pattern as well as concentration levels of NOy observed
in the study area are in good agreement with data for the Dutch Wadden Sea (van Beusekom
et al., 2001) and the List tidal basin of the northern Wadden Sea (Loebl et al., 2007; van
Beusekom and Diel-Christiansen, 2009). However, the NOy cycle is not only affected by
phytoplankton assimilation but by nitrogen recycling processes as well, which occur in both,
the water column (Caperon et al., 1979; Glibert, 1982; Christensen, 1994; Soetaert et al.,
2006; Patsch and Kiihn, 2008) and the sediments (Nixon et al., 1976; Lohse et al., 1993; van
Beusekom et al., 1999; Ehrenhauss et al., 2004; Murray et al., 2006). Especially during spring
and summer, decomposition of organic material leads to enhanced oxygen consumption in
sediments and thus to elevated denitrification (Christensen, 1994; Jensen et al., 1996;
Seitzinger and Giblin, 1996; van Beusekom and Reise, 2008). The concurrent processes of
both, enhanced assimilation by phytoplankton and elevated denitrification are assumed to be

the driving forces for low NOy concentration during the growing season in our system.

4.4.2 Tidal dynamics in the Wadden Sea

The tidal patterns of silica, phosphate, and NOy are exemplarily discussed using data

determined at the time-series station in 2007 (Fig. 4.3).

Silica

Silica shows a uniform tidal pattern in every season, with maximum concentrations at
low tide. Since literature data for silica concentration of tidal systems and estuaries are scarce
on a tidal scale, we compare our data to the data set obtained by Liebezeit et al. (1996). These
authors determined dissolved silica in the study area in May 1993, April 1994, and February
1995. However, no tidally driven dynamics could be observed due to exceptional wave action

and high currents leading to these irregularities (Liebezeit et al., 1996).
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Fig. 4.3. Tidal dynamics of silica, phosphate, and nitrite plus nitrate in winter, spring,
summer, and autumn 2007. Note the different scales for silica (winter) and nitrite plus nitrate.

Grey lines indicate the tidal state.

In our study, differences in amplitude, i.e. concentration range between low and high
tide, and concentration level are observed on a seasonal scale. The winter amplitude in
February 2007 of 6 uM at a high concentration level of about 22 uM decreases towards spring
(May) to an amplitude and concentration level of below 1 uM. For example in June, high tide
silica is depleted while low tide concentrations increase to values of up to 7.7 uM. This
reveals that release of remineralised silica prevails over consumption in the back barrier area.
Furthermore, reduced levels at high tide are due to dilution with nutrient-poor waters from the
German Bight. Hence, decreasing assimilation towards August results in slightly elevated
high tide concentrations of about 2uM. The gain in silica concentration continues during

autumn by gradual replenishment of the water column towards winter.
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Phosphate

During winter (February, Fig. 4.3), phosphate shows no clear tidal-induced pattern.
During spring (May), a slight tidal dependence with decreasing concentrations during high
tide (about 0.2 puM) develops, which is due to elevated phosphate assimilation by
phytoplankton in the German Bight. Towards June, tidal cyclicity is high with amplitudes of
0.6 uM. This points towards increased phosphate release within the back barrier area in June,
which compares well with other back barrier tidal flats and estuaries in the Southern North
Sea (Rutgers van der Loeff et al., 1981; Jensen et al., 1995; Dick et al., 1999). In August, the
tidal pattern is similar to that observed in May. However, the tidal amplitude is smaller in
August compared to June, reaching about 0.3 uM at a concentration level of 0.8 uM. From
November, no tidally-driven pattern can be observed.

The tidal dynamics of phosphate and silica are different since the biogeochemistry of
both nutrients differs. Besides assimilation by phytoplankton, phosphate dynamics are
influenced by adsorption to FeOOH in the tidal flat sediments (see below).

NOy (Nitrite plus nitrate)

The tidal pattern of NOy is different to those of silica and phosphate. In winter, NOy in
general does not reveal tidally-driven dynamics, but during certain days higher concentrations
can be observed at low tide. This tidal dependence only lasts for up to 4 days and seems to be
caused by random contribution of freshwater via the flood-gate. In spring, concentrations are
slightly higher at high tide compared to low tide. The lower concentrations at low tide may
reflect lower assimilation rates in the back barrier area compared to the German Bight.
Enhanced denitrification processes in tidal flat sediments may further lead to depleted
concentrations at low tide. As phytoplankton is able to store nitrate in its vacuoles (Dortch,
1982; Stolte et al., 1994), the deposition of intact cells may result in accumulation in the
sediment (Cadée, 1996) followed by release of nitrate and thus to an enhancement of
denitrification rates (Lomstein et al., 1990).

In summer (August, Fig. 4.3), a coupling to the tidal signal can be seen which is
inverse to the pattern observed in April. Higher NO, concentrations tend to appear during low
tide with an amplitude of 1.2 uM which points towards remineralisation occurring in the back
barrier area. This is in accordance with investigations in the Dutch Wadden Sea (Helder,
1974), where decomposition of organic matter dominates over assimilation in late summer
and autumn. The slight accordance with the tidal state observed in summer (August) becomes

more pronounced in autumn (November), when an amplitude of about 4 uM is observed.
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4.4.3 Nutrient sources in the back barrier area

For the back barrier area of Spiekeroog Island the potential sources for dissolved
inorganic nutrients are freshwater discharge via the flood-gate in Neuharlingersiel, pore
waters draining out of the tidal flat sediments, and precipitation as a source for atmospheric
nitrogen input. Here we focus on the contributions via freshwater and pore water, due to lack

of information about the amount of atmospheric deposition.

4.43.1 Freshwater

In the study area, freshwater discharge via the flood-gate in Neuharlingersiel to the
back barrier area changes seasonally due to rainfall and vegetation periods in the hinterland.
The freshwater contribution is based on averaged water discharge of the years 1996 to 2006
(Rupert et al., 2004) and nutrient concentrations determined at the flood-gate in 2002 — 2004
(Fig. 4.4). High water discharge rates from November to March are directly coupled to
precipitation. In contrast, during the vegetation period freshwater contribution is distinctly
lower and not related to precipitation. The inter-monthly variation of averaged discharge
encompasses a range from 0.4 * 10° m® in June to 3.4 * 10° m’ in January (Rupert et al.,

2004).
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Fig. 4.4. Monthly freshwater contribution of silica, phosphate, and nitrite plus nitrate via the
flood-gate in Neuharlingersiel to the tidal flat area of Spiekeroog (columns). Data are
averaged for the years 2002-2004. For comparison, averaged freshwater discharge rates

(Rupert et al., 2004) via the flood-gate are given (circles).

Monthly amounts of nutrient discharge by freshwater to the tidal flat area reveal
different patterns for silica, phosphate, and nitrite plus nitrate (Fig. 4.4). While silica and
nitrite plus nitrate obeys roughly the freshwater discharge, phosphate contribution seems to be
decoupled, which may be due to different kinds of sources. For dissolved silica weathering

processes of soil minerals (Turner et al., 2003) within the catchment area are the main source,
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while freshwater phosphate as well as nitrite plus nitrate concentration is strongly dependent
on land use and fertilizer application (Turner et al., 2003).

The annual pattern of silica and nitrite plus nitrate discharge via freshwater is
comparable to the one observed at the time-series station (compare to Fig. 4.2), while
phosphate shows no similarities. Silica contribution is directly coupled to the amount of
discharged water volume (Fig. 4.4) and varies between 0.3 * 10® (June) to 4.2 * 10° mol per
month (February). For phosphate, no seasonal pattern is found and contribution via freshwater
is irregular with a range of 0.2 - 8 * 10° mol per month. The seasonal pattern of nitrite plus
nitrate is directly coupled to freshwater discharge volume and reveal a contribution of 0.2 *
10® (June) - 3.5 * 10® (January) mol per month.

Freshwater is discharged irregularly to the back barrier area, only at around two hours
before low tide depending on the level in the flood-gate basin. Therefore, the tidal nutrient
pattern determined at the time-series station, with the exception of random events for NOy in
winter, cannot be explained by freshwater contribution. Further, the highest discharge volume
of 3.4 * 10° m® per month is one order of magnitude smaller than the water volume of the
back barrier area of about 39 * 10° m’ at neap tide low water (Stanev et al., 2003). Thus,
despite the enrichment of silica and phosphate in freshwater compared to the water column in
the back barrier area, the volume of freshwater released to the back barrier area is too small to
produce remarkable signals, even during winter. Consequently, the nutrient discharge via the
flood-gate in Neuharlingersiel is of minor importance, which is supported by results of our

model simulations (see below).

4.43.2 Pore water

A further nutrient source are pore waters draining from tidal flat sediments during low
tide. Nutrients and dissolved organic carbon (DOC) dynamics in tidal flat sediments have
been intensively studied (Howes and Goehringer, 1994; Boéttcher et al., 1998, 2000, 2004; de
Beer et al., 2005; Billerbeck et al., 2006a; Beck et al., 2008b,c; Kowalski et al., 2009).
Intertidal sediments are characterised by enhanced degradation of organic matter with
subsequent release of dissolved nutrients to the interstitial waters. Jansen et al. (2009) studied
pore water dynamics in the upper few centimetres at site Janssand. They emphasized the high

variability in oxygen penetration and solute exchange in this layer.
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Fig. 4.5. Pore water concentrations of silica and phosphate in 2008 at site JS1 (columns). For
comparison, monthly averages of water column concentrations (circles) and total algae cell

counts (squares) are indicated.

In the upper 10 cm sediment at site JS1, pore water concentrations change seasonally.
Silica pore water concentrations are highest during the growth season (March — September),
while during autumn and winter concentrations are lower (Fig. 4.5). Concentrations vary from
25 uM (January) up to 250 uM (June). The pattern of pore water silica seems to be influenced
directly by the diatom succession in the water column. After the onset of the annual diatom
spring bloom in February, silica concentration in pore water increase due to sedimentation,
burial and subsequent decomposition of diatom frustules. Dissolution rates of diatom walls
depend on temperature as well as pH, i.e. dissolution increases at higher temperatures or at
higher pH (Lewin, 1961; Kamatani and Riley, 1979; Kamatani, 1982; Nelson et al., 1995;
Cheng et al., 2009). The decrease in pore water silica towards autumn is due to decreasing

supply of diatom frustules to the sediments.
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For phosphate, the seasonal pattern in pore water differs from that of silica. Similar to
silica, highest phosphate concentrations are observed in March. However, concentrations
decrease more or less linearly in spring and summer towards autumn and winter. Besides the
direct coupling to biological assimilation, phosphate underlies a further source/sink process as
mentioned above. Phosphate from both, organic matter decomposition and the open water
column can be trapped during precipitation of ferric oxyhydroxides in oxic surface sediments.
This process is most pronounced in autumn and winter when decreasing microbial activity
due to lower temperatures (Vosjan, 1974) results in an expansion of the oxic surface layer. In
contrast, both, increased deposition of organic material on sediment surfaces and microbial
activity in summer results in a migration of the anoxic layer towards the sediment surface.
The subsequent reduction of ferric oxyhydroxides leads to a release of dissolved iron (Fez+)
and phosphate to interstitial waters (van Beusekom et al., 2001). Upwards migrating F ¢’ and
phosphate can reprecipitate to some extent when reaching the oxic zone, while part of the
dissolved iron can already precipitate in the anoxic zone in presence of H,S as sulphide.
Phosphate, which is not retained in the sediments, can be released to the water column. Thus,
during spring and summer pore waters are highly enriched in phosphate. Jensen et al. (1995)
figured out a low molar Fe/P ratio of 2 in the sediments of Aarhus Bay. At this level the
buffer capacity of the sediment for P is exhausted. For comparison, the authors found
maximum molar Fe/P-ratios of about 10 in winter and early spring, when the sediments are
well oxygenated and thus still possess capacity for phosphate fixation. Therefore, sediments
act as phosphate sinks during winter (van Beusekom et al., 2001).

Especially in the Wadden Sea, iron-bound phosphate is of the same importance like
particulate organic phosphorous (van Beusekom and de Jonge, 1997; van Beusekom and de
Jonge, 1998). Thus, during summer pore waters can contribute phosphate notably to the back

barrier area water column.

4.4.4 Nutrient budgets

The Euler-Lagrangian model EcoTiM describes the cycling of silica, phosphate and
nitrite plus nitrate in the back barrier area of Spiekeroog Island. The study focusses on the
budgets at the tidal inlet at the boundary between model boxes 2 and 3 (Fig. 4.1c). An
estimation of dissolved inorganic nutrient export as well as the impact of nutrient supply via

freshwater is summarized in Table 4.2.
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Table 4.2. Results of Euler-Lagrangian model simulations. Export of dissolved inorganic
silica, phosphate and nitrite plus nitrate from the back barrier area as well as the impact of
freshwater contribution via the flood-gate are given for different runs of model calculations
(see text). Values in brackets indicate the percentage in comparison to the reference run

(runl).

Silica [10° mol a'] runl run2 run3 run4
Dissolved export 127.7  125.2 (98 %) 38.0 (30 %) 206.4 (162 %)
Freshwater input 2.6 0.0 (0 %) 2.6 (100 %) 2.6 (100 %)
Phosphate [10° mol a™'] runl run2 run3 run4
Dissolved export 3.06  3.0(98 %) 2.7 (89 %) 3.5(114 %)
Freshwater input 0.05 0.00 (0 %) 0.05 (100 %) 0.05 (100 %)
Nitrite plus nitrate [106 mol a'l] runl run2 run3 run4
Dissolved export 289  27.2 (94%) 33.9 (117%) 26.5 (92%)
Freshwater input 1.9 0.0 (0%) 1.9 (100%) 1.9 (100%)

The comparison of reference run (runl) and data determined at the time-series station
in 2007 shows that the seasonal pattern is reproduced by the model (Fig. 4.6). However,
calculated winter concentrations of silica and nitrite plus nitrate are too low compared to time-
series station data. This may be due to the applied boundary conditions, which were not
available for 2007 but have been derived from data in 2002. Thus, winter values at the North
Sea boundary as well as assumed particulate matter import into the back barrier area in
autumn and winter might be underestimated in the model study. Nevertheless, the strong
concentration decrease due to the annual spring bloom is reproduced very well. The annual
simulated phosphate pattern reproduces measured values, with the exception that in summer
(June — October) the model results are too low. This may be caused by an underrated
contribution of phosphate-rich pore waters to the pelagic system or by overestimated
assimilation by phytoplankton. In agreement with the measurements, model results of run2
reveal that nutrient contribution via the flood-gate is of minor importance and accounts for
only 2% (silica), 2% (phosphate), and 6% (nitrite plus nitrate) of the total nutrient budget of

the study area, respectively.
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with data determined at the time-series station (grey circles) in 2007.
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Particulate organic matter (POM) is probably the least studied parameter which is
included in the model. According to van Beusekom and de Jonge (2002) who emphasise the
import of POM into the Wadden Sea, this is implemented in the model calculations. Nutrient
gradients occurring within back barrier areas (Ebenhoh et al., 2004) can only be reproduced
by the model if an additional sedimentary import of organic matter is implemented (Postma,
1961). To analyse the importance of sedimentary import of organic matter, this import is
omitted in run3, whereas in a further scenario (run4) the import is doubled.

While phosphate and nitrite plus nitrate budgets are quite similar for all scenarios,
silica concentrations show significant differences (Fig. 4.7). Without import of additional
sedimentary organic matter, the model underestimates silica winter values within the back
barrier area. The scenario with doubled import (run4) is in good agreement with measured
data in winter, whereas summer values are overestimated.

Since the reference run (runl) is the run most suitable to reproduce the annual pattern
observed by measurements, these data are used for budget estimations. Results of model
calculations indicate that dissolved inorganic silica, phosphate, and nitrite plus nitrate are
exported from the back barrier area of Spiekeroog Island towards coastal waters of the North
Sea. Amounts of 128 * 10° mol a” dissolved inorganic silica, 3 * 10° mol a" dissolved
inorganic phosphate, and 29 * 10° mol a™' nitrite plus nitrate are estimated to be supplied to
the North Sea.

The model results indicate that particulate nutrients are imported from the North Sea
to tidal flat areas. In the semi-enclosed tidal flat areas, settling and degradation of the
imported organic material may be faster than in the open North Sea. The tidal flat ‘bioreactor’
accelerates remineralisation processes and thus the release of dissolved inorganic nutrients,

which are partly exported to coastal waters of the North Sea.
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The entire tidal flat area of the Wadden Sea comprises about 1688 km?* (Grunwald et
al., 2009) excluding estuaries, which is about 23 times larger than the back barrier area of
Spiekeroog Island. An extrapolation of the export values from our study area to the entire
back barrier area of the German Bight denote the significance of tidal flat areas in the line of
nutrient contribution to the German Bight (Table 4.3). The sum of net dissolved export of
silica and phosphate is in the same order of magnitude like the sum of the major German
rivers Elbe, Weser, and Ems (Lenhart and Pétsch, 2001) discharging into the German Bight,
while nitrite plus nitrate (NOy) export is one order of magnitude lower than riverine
contribution. Therefore, nutrient recycling in the tidal flat areas has to be taken into account

when budget calculations for the North Sea are performed.

Table 4.3. Nutrient export from the whole back barrier area of the Wadden Sea in the German

Bight compared with riverine nutrient load.

> Wadden Sea %Vt:ee:sélﬂgi’ Elbe* Weser*  Ems*
b
Silica [10° mol 2™ 30 20 7 10 3
Phosphate [10°mol a™] 70 25 17 7 1
NO, [10® mol a™] 7 23 13 7 3

*: Lenhart and Pétsch (2001)

4.5 Conclusions

Silica, phosphate, and nitrite plus nitrate concentrations of surface water were
determined hourly since April 2006 by automated nutrient analysers mounted on a time-series
station in the tidal inlet of the back barrier area of Spiekeroog Island. The high frequency of
measurements provides the opportunity to identify dynamics on annual, seasonal, and tidal
scales. Silica concentrations are governed by assimilation by diatoms leading to low
concentrations in spring and summer. Due to the subsequent remineralisation of diatom
frustules within the sediments, silica concentrations increase towards autumn with highest
values in winter. Phosphate is not only affected by biological dynamics, but may be trapped
by ferric oxyhydroxides in oxygenated sediments as well. When sediments become anoxic,
phosphate is desorbed from ferric oxyhydroxides and released into the open water column.
NOy concentrations are highest in winter months, mainly controlled by river discharge.
Interannual variation in concentration levels are governed by fluctuating river loads as well as

denitrification processes within the sediments.
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Nutrient patterns at a tidal resolution reveal a different behaviour for silica, phosphate,
and NOx. Silica reveals a consistent relation to the tidal state with higher concentrations at
low tide throughout the year. However, the tidally driven pattern of phosphate is most
pronounced in summer and only a slight dependence to the tidal state can be observed in the
remaining seasons. For NOy a distinct tidal pattern can be observed in autumn, while the
remaining seasons reveal a slight or even no coupling to the tide.

Measured data are used to verify model simulations which are used for budget
calculations. Freshwater contribution to the back barrier area from the hinterland via the
flood-gate is negligible for the nutrient budget, whereas pore waters form the main source of
nutrients, as revealed by both, measurements and numerical modelling. The back barrier area
forms a “bio-reactor” where nutrients are assimilated and remineralised. Modelling indicates
that dissolved inorganic nutrients are exported form the tidal flat area. Thus, tidal flat areas
play a major role in supplying nutrients to the German Bight and have to be considered in

budget calculations besides riverine nutrient discharge.
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Abstract

This study addresses deep pore water chemistry in a permeable intertidal sand flat at
the NW German coast. Sulphate dissolved organic carbon (DOC), nutrients, and several
terminal metabolic products were studied down to 5 m sediment depth. By extending the
depth domain to several meters, insights in the functioning of deep sandy tidal flats were
gained. Despite the dynamic sedimentological conditions in the study area, the general depth
profiles obtained in the relatively young intertidal flat sediments of some metres depth are
comparable to those determined in deep marine surface sediments. Besides diffusion and
lithology which control pore water profiles in most marine surface sediments, biogeochemical
processes are influenced by advection in the studied permeable intertidal flat sediments. This
is supported by the model setup in which advection has to be implemented to reproduce pore
water profiles. Water exchange at the sediment surface and in deeper sediment layers converts
these permeable intertidal sediments into a “bio-reactor” where organic matter is recycled,
and nutrients and DOC are released. At tidal flat margins a hydraulic gradient is generated
which leads to water flow towards the creekbank. Deep nutrient-rich pore waters escaping at
tidal flat margins during low tide presumably form a source of nutrients for the overlying
water column in the study area. Significant correlations between the inorganic products of
terminal metabolism (NH," and PO,’") and sulphate depletion suggest sulphate reduction to be
the dominant pathway of anaerobic carbon remineralisation. Pore water concentrations of
sulphate, ammonium, and phosphate were used to elucidate the composition of organic matter

degraded in the sediment. Calculated C:N and C:P ratios were supported by model results.

5.1 Introduction

It has been demonstrated that sandflats with low organic carbon contents have rates of

organic matter remineralisation comparable to those of organic rich muds (Rusch et al., 2006).
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The permeability of sand facilitates advective pore water transport in contrast to diffusion-
controlled muddy sediments. Rapid exchange between pore water and the overlying water
column has been identified as the most important process responsible for enhanced
remineralisation rates and carbon cycling in sands. In both sandy and muddy sediments water
exchange in the upper sediment layers is facilitated by bioturbation. In sand flats pore water
flow in the upper decimetres of permeable sandy sediments is further enhanced due to
pressure gradients which are generated during inundation by the interaction of bottom
currents with sediment topography like ripples (Huettel et al., 1996; Huettel and Rusch, 2000;
Precht and Huettel, 2004). The induced pore water flow at the sediment surface is an effective
mechanism for rapid exchange of oxygen (Ziebis et al., 1996; Precht et al., 2004; Rusch et al.,
2006), dissolved and particulate organic matter (Huettel et al., 1996; Huettel and Rusch, 2000;
Rusch and Huettel, 2000; Rusch et al., 2001), and nutrients (Cactano et al., 1997; Huettel et
al., 1998) in permeable sediments. Consequently, advective pore water exchange at the
sediment surface leads to fast recycling of organic matter and the removal of metabolic
products within a time range of hours and/or days.

Processes of organic matter mineralisation were described in numerous studies
concerning deep marine and coastal sediments. The dominant organic matter mineralisation
pathways vary depending on the availability of the electron acceptors oxygen, nitrate,
manganese oxides, iron oxides or sulphate. Nitrate reduction is of minor importance (< 10%)
for C oxidation in coastal sediments (Serensen et al., 1981; Canfield et al., 1993b). The
contributions of manganese and iron reduction to C oxidation are less frequently determined.
In many sediments their contribution is small, however, gain importance in Mn or Fe rich
sediments (Canfield et al., 1993a; Thamdrup and Canfield, 1996). Determinations of sulphate
reduction rates in sediments are numerous and have shown that this pathway accounts for 10-
90% of the C oxidation in coastal sediments (Jorgensen, 1982; Thamdrup and Canfield, 1996;
Gribsholt and Kristensen, 2003).

In tidal flat sediments nutrients and dissolved organic carbon (DOC) were examined
by several authors (Howes and Goehringer, 1994; Bottcher et al., 1998, 2000; Jahnke et al.,
2003; Kuwae et al., 2003; de Beer et al., 2005; Billerbeck et al., 2006a; Magni and Montani,
2006; Murray et al., 2006; Weston et al., 2006). However, there are few studies which focused
on these species in sediment depths exceeding 1 m. Charette and Sholkovitz (2006)
determined nutrients and DOC down to about 8 m depth in a subterranean estuary of Waquoit
Bay, USA, but focused on trace elements. Concerning tidal flat sediments, there is thus little
knowledge about biogeochemical processes occurring in pore waters from below the sediment

surface. It is not known whether in relatively young tidal flat sediments of some metres depth
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similar biogeochemical processes occur than in surface sediments of deep marine
environments.

In this study, sulphate, DOC, nutrients, and several terminal metabolic products were
for the first time determined in pore waters down to 5 m depth in an intertidal flat from the
NW German coast. Pore water analyses were complemented by a geochemical
characterisation of the sedimentary column required to understand pore water profiles. In
contrast to previous studies which focus on surface sediments, we try to decipher
biogeochemical processes and organic matter remineralisation pathways in deep intertidal flat
sediments. Biogeochemical processes deduced from pore water results were verified by a

model setup.

5.2 Materials and Methods

5.2.1 Study area

The Wadden Sea, located in the Southern North Sea, forms one of the largest tidal flat
areas extending for almost 500 km between Den Helder (Netherlands) and Skallingen
(Denmark). In Northwest Germany the tidal flat area is located between the coastline and a
chain of barrier islands, which are separated by tidal inlets. These inlets connect the tidal flat
areas with the open North Sea. The tidal flat area itself is divided by a tidal channel system
consisting of large main channels and smaller secondary channels. Sampling was carried out
on the Eastern margin of the intertidal sand flat Janssand, located in the back barrier area of
the Island of Spiekeroog (53°44.183'N; 007°41.904'E; Fig. 5.1). The study area is
characterised by semi-diurnal tides and a tidal range of 2.6 m (Flemming and Davis, 1994).
During high tide the Janssand tidal flat is covered by 1 - 2 m of water. It becomes exposed to
the atmosphere for approximately 6 hours, depending on tidal range and wind direction. The
Janssand tidal flat surface is almost horizontal, except for the margin where the sediment
surface slopes towards the main tidal creek. At low tide the distance between the sampling
location and the water line is approximately 70 m and the difference in altitude amounts to

about 1.5 m.
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Fig. 5.1. (A) Study site in an intertidal sand flat (Janssand) in the back barrier area of
Spiekeroog Island, Wadden Sea, Germany. (B) Tidal flat topography.
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5.2.2 Sample collection

Pore water — Pore water sampling was carried out using in situ samplers described in
more detail in Beck et al. (2007). Each sampler is composed of a polyethylene (PE) pipe with
sampling ports at different depths down to 5 m. Teflon tubings link the sampling orifice to
sampling devices located at the sediment surface. Each in situ pore water sampling system
consists of two samplers. The short sampler (1 m length) has 11 sampling ports at 0.05 m,
0.07m, 0.10 m, 0.15m, 0.20 m, 0.25 m, 0.30 m, 0.40 m, 0.50 m, 0.75 m and 1.0 m sediment
depth. The long sampler (5 m length) has 10 sampling ports located at 1.0 m, 1.25m, 1.5 m,
2.0m, 2.5 m, 3.0 m, 3.5 m, 4.0 m, 4.5 m, and 5.0 m sediment depth. At the top of the sampler
PE syringes can be connected to the sampling system to extract pore water from the sediment.
Depending on sampling depth and diameter of the teflon tubes, different volumes of pore
water were discarded before taking samples for analyses. All samples were pre-filtered
through nylon gauzes of 100 and 50 um pore size located in front of the sampling orifices and
immediately filtered through 1.2 pm GF/C filters after extraction.

Pore water samples were taken on April 25" 2006 except for methane samples which
were retrieved on March 22™ 2006. To elucidate organic matter composition, data from May
2005 till June 2006 are further used. Samples were analysed for nutrients (NH,", PO4”,
H4Si104, NO3’), sulphate (SO42'), sulphide (H,S), methane (CHy,), dissolved organic carbon
(DOC), total alkalinity (TA) and chloride (CI'). Furthermore, the pH value was measured on
site using an aliquot of the sample (pH/Cond 340i, WTW, Weilheim, Germany). Samples for
the analysis of nutrients, TA, SO4>, and CI" were stored in PE vials. Samples for DOC
analyses were acidified by adding 1 ml HCI (6 M) to 40 ml sample and stored in glass bottles.
All PE vials were pre-rinsed with ultrapure water prior to use, while all glass bottles were acid
washed and rinsed with ultrapure water. All samples were stored at 4-6°C until analysis. The
determination of nutrients was conducted the day after sampling.

For the determination of H,S a certain volume of sample, depending on the expected
H,S concentration, was added to 5 ml of a 10 mM Cd-acetate solution immediately after
sampling. The addition of sample was stopped when yellow fluffs of CdS started to
precipitate. Samples for CH, analysis were filled from the syringe into headspace vials with
rubber septa and aluminium crimp seal, and immediately frozen in the field. Degassing of the
sample has to be taken into account because of pore water extraction by vacuum. However,
analyses of CHy in sediment cores taken close to the pore water sampling site showed similar

results suggesting that degassing is rather limited.
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Sediment core — Within a distance of some metres to the pore water samplers a
sediment core was collected in April 2005. An aluminium tube with a diameter of 8 cm was
driven into the sediment by a vibration corer to a depth almost equivalent to the length of the

sampler. Sampling of the sediment core was carried out depending on changes in lithology.

5.2.3 Pore water analysis

Nutrients — Nutrient concentrations (NHy', PO43', H4Si04, NOj3) were determined
photometrically by methods described in Grasshoff et al. (1999) using a spectrophotometer
(Spekol 1100, Analytik Jena). Samples containing high concentrations of sulphide were
diluted to reduce the effect of sulphide on the formation of coloured complexes, especially for
the determination of PO,> and H,SiO,. Total alkalinity was determined by a spectroscopic
method proposed by Sarazin et al. (1999). Solutions containing known concentrations of the
analytes were used to check precision and accuracy of the measurements. Precision / accuracy
were 5.6%/ -2.5% for alkalinity (at 2.5 mM), 5.1%/ -3.0% for NH," (at 1 mM), 4.8% /
1.2% for PO4> (21 pM), and 4.1% / 2.7% for HySiO4 (at 142 uM).

Sulphate — SO,* was analysed by ion chromatography (Dionex DX 300) in a 250-fold
dilution, with standard Atlantic Seawater (Salinity 35.0 (= 0.2%); OSIL, UK) used to control
the precision (3.0%) and accuracy (-5.3%) of the measurements.

Sulphide — For the analysis of H,S the solution containing the yellow CdS precipitate
was filtered through a 0.2 um syringe filter. The filter was washed with 5 ml 1% (v/v) formic
acid and 10 ml ultrapure water to dissolve Cd carbonates also retained on the filter and to
remove any excess Cd that did not react with H,S. The yellow precipitate on the filter was
dissolved by adding 10% HCI (v/v), and the filtrate was made up to a constant volume. Cd
was analysed by FAAS (Perkin Elmer AAS 4100) and the H,S concentration in the samples
was calculated based on the Cd concentrations measured as well as CdS stoichiometry.

Dissolved organic carbon — DOC was analysed by high temperature catalytic
oxidation using a multi N/C 3000 analyser (Analytik Jena, Jena, Germany). Prior to the
determination of DOC, the acidified samples were purged by synthetic air to remove any
dissolved inorganic carbon. Potassium hydrogen phthalate solutions were used for external
calibration and to control precision and accuracy of the measurements. Precision was better
than 2.4% and accuracy better than 1.9%.

Chloride — CI” was determined by micro titration using a 0.1 mM AgNOj solution to
titrate a solution composed of 100 ul sample, 5 ml ultrapure water and 100 pl of a K-

chromate/-dichromate solution (4.2 g and 0.7 g, respectively, dissolved in 100 ml ultrapure
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water). Standard sea water of salinity 30.005 (OSIL, UK) was used to control the precision
(0.41%) and accuracy (-0.11%) of the measurements.

Methane — For measuring methane concentrations, gas from the headspace of the
bottles was injected into a CX-3400 gas chromatograph (Varian, Darmstadt, Germany)
equipped with a capillary column (plot-fused silica column no. 7517, 25 m by 0.53 mm,
Al O3/KCl coated; Chromopack, Middelburg, The Netherlands) and measured by a flame
ionisation detector. Accuracy (2.9%) and precision (13.9%) were controlled by a 100 ppmv

standard of methane.

5.2.4 Sediment analysis

XRF — Sediment samples were freeze dried and homogenised in an agate mill. All
samples were analysed for the elements Si, Al, Ti, and Zr by XRF using a Philips PW 2400
X-ray spectrometer. 600 mg of sample were mixed with 3600 mg of a mixture of
dilithiumtetraborate/lithiummetaborate (50% Li,B407/50% LiBO,), pre-oxidised at 500°C
with NH4NO; (p.a.), and fused to glass beads. Analytical precision and accuracy were better
than 5% for all elements.

Bulk parameters — Total carbon (TC) and total sulphur (TS) were determined using an
CS 500 IR analyser (Eltra, Neuss, Germany), while total inorganic carbon (TIC) was analysed
coulometrically by a CM 5012 CO, coulometer coupled to a CM 5130 acidification module
(UIC, Joliet, USA). Total organic carbon (TOC) was calculated as the difference between TC
and TIC. Total nitrogen (TN) was analysed by an Carlo Erba Element Analyser EA 1108.
Precision and accuracy of TC and TIC analyses were better than at least 3% and 1%,

respectively.

5.2.5 Calculation of sulphate depletion, C:N, and C:P ratios

Sulphate depletion — The SO4~ depletion in pore waters was calculated using the
concentrations determined for the specific sediment depths (Sholkovitz, 1973; Weston et al.,
2006). The depletion in SO,> reflects the net amount of SO4> consumption, presumably via

bacterial SO42' reduction, and was calculated according to

(so; )Dep = [(cz;,W ) Ry )“]— sor),, (1)

where (SO42')Dep is the SO, depletion, (Cl')pw and (SO42')pW are the pore water

concentrations of Cl” and SO42', and Rgw 1s the molar ratio of CI” to SO42' in surface sea water
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(Rsw = 19.33). A hypothetical SO, concentration at a specific depth interval is calculated by
using CI' data. Slight changes in salinity due to rain or fresh water input are thus
compensated. The difference between the hypothetical and the measured SO4* concentration
forms an estimate for the metabolic amount of SO42' reduction.

Ratios — Carbon to nitrogen (C:N) and carbon to phosphorus (C:P) stoichiometry of
the organic matter degraded was estimated by regression analysis of (SO42')De]D against NH,"
and PO, and multiplying the ratios of (SO42')Dep to NH," and PO4* by a factor of 2. This
estimation is based on the assumption that the ratio of C to SO, is 2:1 if the oxidation of
organic matter is coupled to sulphate reduction according to the equation

(CH,0),,,(NH,) H,PO, +53SOF +14H* —>53H,S+16NH; + H,PO; +106HCO; ~ (2)

where organic matter composition follows the Redfield relationship. Using the Redfield
formula represents an approximation. The formula is based on living marine phytoplankton
and is thus uncertain in buried organic matter (Sholkovitz, 1973). A further approximation is
the estimation of the C:SO,4” ratio in the pore water samples by a regression analysis of (SO4>
)bep against TA. Dissolved inorganic carbon (DIC) should be used for the determination of the
C:SO4” ratio. Calculating DIC concentrations by using a program developed for CO, system
calculations (Lewis and Wallace, 1998) revealed that TA equals DIC except at 5 m depth
where a slight pH decline is observed (Fig. 5.5). The use of TA instead of DIC has thus only
very minor implications on the results. TA concentrations are used for regression analyses
because of missing pH values for some sampling campaigns. All ratios were further corrected
by the appropriate diffusion coefficients described by Boudreau (1997) for HCO;, SO4”,
NH,4" and PO43'. The C:N ratio of the organic matter being mineralised was estimated from

the linear regression of TOC against TN determined in sediment samples of April 2005.

5.2.6 Model setup and pore water modelling

Pore water modelling was conducted to study the impact of advective flow on the
observed pore water profiles. The applicability of the regression technique for sites with
advective lateral exchange should further be evaluated by comparing the respective C:N:P
ratios with those of in situ decomposing organic matter in the model setup. For modelling the
pore water profiles, the generic computer model ISM (integrated sediment model) was used
(Wirtz, 2003). It is a partial differential equation model describing diffusive transport and
biogeochemical processes in aquatic porous media. The redox processes are conducted by

functional groups of bacteria and bacterial growth is simulated. The model description is
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confined to the capabilities of the model that have been applied in this study. The model is

implemented in C++ and solved using a 3" order Runge Kutta integration method.

U=
4 —
s LT
g 3>: labile OM
15" =’| __ Advection
4 - —_ 1% TOC
- — refractory
s{  |T— om

Fig. 5.2. Sketch of model sediment column. The upper part is free of organic matter (OM).
The lower part contains 1 % total organic carbon (TOC), most of which is refractory (grey),
however, there is a layer of labile OM around 2.8 m depth. Advection is indicated by arrows.

The division into 20 boxes is indicated by lines.

In the model setup an idealised sediment column is considered, which is free of
organic matter in the upper part (0 - 2.5 m) and contains 1% TOC in the lower part (2.5 - 5 m)
(Fig. 5.2). The model column is composed of 20 boxes with slightly higher resolution near the
surface (Fig. 5.2). At 3.5 m depth horizontal advection is simulated. Above the advective
layer is a zone rich in labile organic matter. Apart from this zone, organic matter is refractory.
The shapes of the pore water profiles are controlled by organic matter degradation and
subsequent nutrient release to pore waters, by diffusion and advective flow. The model was
calibrated to fit the observed pore water profiles by varying advection intensity, rate of decay,
and C:N:P ratios of labile and refractory organic matter. Model fitness was evaluated after the

model reached its steady-state.
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Fig. 5.3. Organic matter degradation scheme of the integrated sediment model. POC quality
classes are converted to DOC classes according to the distribution vectors. Upon hydrolysis,
nutrients are released according to the specific C:N:P ratios. The distribution scheme may be
extended by further POC classes (grey and dashed arrows). DOC is separated into high and
low molecular weight DOC (DOC-H and DOC-L). Larger molecules (DOC-H) can only be
degraded by aerobic heterotrophs or must be converted to smaller units (DOC-L) by
fermenting bacteria. All heterotrophic functional groups can use DOC-L for catabolic

processes.

Special emphasis was put on the organic matter remineralisation process (Fig. 5.3).
According to Boudreau (1992), particulate organic carbon (POC) exists in two qualities
(POC, is labile and POC,; is refractory). POC hydrolysis is implemented as a first order decay
process depending on ambient temperature T via the nonlinear Qo temperature term after
van't Hoff's rule. Upon hydrolysis, NH,, PO43', and H4SiO4 are released according to the
quality-class specific C:N:P ratios. The carbon is distributed to the DOC pools (labile and

refractory) according to the distribution vectors. The effect on cross distribution is indicated
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in light grey dashed arrows. Each DOC quality class is split into high and low molecular
weight DOC (DOC-H and DOC-L) by a global fractioning coefficient. DOC-H can be
degraded by aerobic heterotrophs to CO, or by fermenting bacteria to DOC-L. DOC-L acts as
an electron donor for all six heterotrophic functional groups of bacteria Abac,, (m=1-6) for
catabolic processes according to the scheme of Froelich et al. (1979). The POC hydrolysis
rate is proportional to the POC mass to the power of 2/3 because enzymatic processes depend
on the surface of organic particles, which is simplified as sphere. POC hydrolysis is further
enhanced by enzymatic activity that relates to the abundances of active bacteria Abac,, and
their specific yield factor on DOC. The POC hydrolysis rate of concentration Cpoc with the
quality j is

_ 6
CPOC,j = _%_Qw(r—rsmo 'C;/03C,j v “(I+h- Zym - Abac,,) (3)

m=1
where f is the porosity, rj the specific rate constant (1/d) for quality j, and h the enzymatic
enhancement coefficient. Further parameters are summarised in Table 5.1. Due to the steady-
state requirement, bacterial biomass only shows small variations resulting from the annual
temperature cycle. Thus, the enzymatic enhancement term in equation 3 (in brackets)
becomes nearly constant. In the zone of labile organic matter, approximately 30% of the POC
hydrolysis rate relates to enzymatic enhancement, while in the organic matter free zone there

1s no enhancement.

Table 5.1. Parameters of the model setup.

Parameter Symbol Value

Sediment temperature T time series (Beck et al., 2008¢)
Standard temperature TS 294 Kelvin
Temperature increase reaction factor Qo 2
Specific rate constant for labile organic matter I 8.0¥10° 1/d
Specific rate constant for refractory organic matter I, 1.9%10° 1/d
Porosity f 0.5

Diffusion is implemented according to Fick’s second law. Diffusion coefficients are
used according to Boudreau (1997). Since horizontal chemical gradients as well as horizontal
flow velocities at the study site are unknown, a one dimensional column setup was chosen to
limit uncertainties in model calibration. In this setup, advective flow is realised by a surrogate

process. Non-local transport is a suitable substitute for advection since it connects a box
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directly to a pool of water which exhibits the concentrations Cy of the species i. Instead of
flow velocity, the controlling parameter is the dilution coefficient b.

C, = B(C,, - C)). “

The best fit to the field data was obtained by using a dilution coefficient of 0.005 1/d,
which implies a turnover of the zone of pseudo-advection in 200 days. The model, however,
is fairly insensitive to the dilution coefficient. A variation by one order of magnitude resulted
in no principal change of profile shapes (not shown). The concentrations of introduced water
were derived from pore waters of central parts of the tidal flat because pore water presumably
flows from the central parts towards the margins of tidal flats. The concentrations applied in
the model are average pore water concentrations determined at 17 different depths down to
3.5 m at a location in the central part of the tidal flat (23 mM SO42', 1.0 mM H,S, 0.4 mM
DOC, 0.4 mM NH,', 0.5 mM PO43' and 0.2 mM H4Si0y4). Seasonal sea water concentrations
measured in the back barrier area of Spiekeroog are used as upper boundary conditions for the
modelled column stem (unpublished data). At the lower boundary, concentrations are kept
constant reflecting the quasi-linear gradients of pore water species in the lower part of the

column.

5.3 Results

5.3.1 Sediment geochemistry

Higher amounts of coarse-grained quartz are reflected by enrichments in SiO,,
whereas higher clay contents are characterised by enrichments in Al,Os. At the sampling site
the SiO, content of the sediment exceeds 80% down to 1.8 m depth, whereas below SiO,
contents vary between 60 and 90% (Fig. 5.4). In depths exceeding 1.8 m the Al,O3 content
ranges from about 3 to 9%. The lithology is thus composed of sandy sediment intermingled
by clay lenses down to 3 m depth, a clay layer at 3 m depth, a sandy layer below and clayey
sediments at depths exceeding 4 m depth. Additional Al,O; rich intervals shown in Figure 5.4
reflect very thin clay layers or lenses. Due to lithological inhomogeneity in the sampling area,
the lithology of the sediment core presumably differs slightly from the lithology at the pore
water sampling site. The lithological structure of the sediment core, however, reproduces well

the general sequence of sediment layers typically found in the sampling area.
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Fig. 5.4. Depth profiles of parameters characterising the lithology at the sampling site in an
intertidal sand flat. The continuous lines in Ti/Al and Zr/Al figures indicate the geogenic
background (Wedepohl 1971). The grey bars highlight the clay rich layers of the sediment
profile. Depths of about 1.5 to 2.5 m are marked with a hatched area because the lithological

description shows that the sediment is predominantly sandy, with very thin clay layers.

The content of total organic carbon (TOC) varies between 0.04 and 2.4% with the
highest values found in clay-rich layers (Fig. 5.4). These TOC contents are typical for
sediments in the study area (Dellwig et al., 2000). TOC shows positive correlations with
increasing clay content indicating the importance of organic matter sorption onto clay
particles for preservation of both marine and terrestrial organic matter (Mayer, 1994;
Delafontaine et al., 1996; Baldock et al., 2004).

The elements Ti and Zr are indicators of the energetic conditions prevailing during the
deposition of the sediment. In Figure 5.2 Ti/Al and Zr/Al ratios are displayed instead of Ti
and Zr contents. Normalisation to Al eliminates dilution effects caused by quartz, carbonates,
and organic matter. Any deviation from average shale composition (Wedepohl, 1971) is easily
recognised in element/Al ratios. High Ti/Al and Zr/Al ratios point towards elevated heavy
mineral contents (e.g. ilmenite, rutile, zircon), which are found in layers deposited during high
current velocities. Clay minerals in contrast are deposited during low energy conditions. At
our sampling site the depth profiles of Ti/Al and Zr/Al show that the depositional conditions
changed frequently, in accordance with the very dynamic nature of the back barrier tidal flat
area. The time span needed for the sedimentation of such layers may differ significantly. For
instance, sediment redistribution may occur due to wave action during storms (Chang et al.,

2006b,c; Christiansen et al., 2006).
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5.3.2 DOC, sulphate, and metabolic products in pore waters

The depth trends of sulphate, DOC, nutrients, several metabolic products, chloride,
and pH (Fig. 5.5) are typical for the sampling site and were chosen as representative example
for the sampling period from May 2005 to June 2006. Concentrations change to some extent

within the sampling period of one year, however the trends with depth remain the same.
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Fig. 5.5. Pore water profiles of CI, pH, NOs’, SO42', H,S, CH., H4SiO4, TA, NH,', PO43', and
DOC at the sampling site in an intertidal sand flat of the back barrier area of Spiekeroog
Island (April 2006; CH4 March 2006). DIC concentrations were calculated using TA and pH.
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Concentrations of CI” vary around 500 mM in the entire depth profile with a minimum
concentration of 480 mM at 0.75 m depth. Consequently, no subterranecan fresh water
contribution of the nearby mainland influences the salinity at the sampling site. The pH values
vary between 7.8 in the upper part of the sediment and 6.9 at 5 m depth.

Nitrate pore water concentrations are below 1 uM except at 5 cm depth where a
concentration of 5.6 uM is determined. In contrast, sea water of the study area shows higher
NOs™ concentrations ranging from about 80 uM at the beginning of April to about 5 uM in
May and June 2006 (Grunwald et al., 2007). The slightly elevated NO; pore water
concentration at 5 cm depth is either due to sea water introduced into the sediment,
bioirrigation and/or nitrification. The generally low NO;3™ pore water concentrations imply that
sea water NOs  introduced into surface sediments is rapidly denitrified.

Sulphate concentrations are close to the sea water value of 26 mM (at salinity 31 in the
Wadden Sea) in the upper part of the sediment, followed by a decrease in SO4> concentration.
At a sediment depth of 5 m very low concentrations of SO4* remain. Sulphate reducers were
successfully identified in the study area. Sulphate reduction rates are in the low nM cm™ d!
range and reach up to 1 pMcm™d’ in surface sediments of the back barrier area of
Spiekeroog Island (Bottcher et al., 2000; Wilms et al., 2006b; Wilms et al., 2007). In tidal
flats with mixed sand and clay composition, sulphate reduction rates remain in the low nM
cm” d! range even in some metres depth (Wilms et al., 2006b). These values are comparable
to sulphate reduction rates determined in other tidal flat systems (Kristensen et al., 2000;
Gribsholt and Kristensen, 2003).

Sulphide is the terminal metabolic product of sulphate reduction. In the sediment the
concentration of sulphide is influenced by the formation of the iron sulphides FeS and FeS,
(Howarth and Jergensen, 1984; Moeslund et al., 1994). In the study area the formation of iron
sulphides leads to low sulphide concentrations in the upper metres of the sediment. Modelled
sulphide concentrations are higher than measured ones because the process of iron sulphide
formation is not implemented in the model setup (Fig. 5.6). Modelling thus confirms the
precipitation of iron sulphides. To a small extent sulphide oxidation to sulphate may occur in
these layers, too (Thamdrup et al., 1993). Sulphide concentrations do not constantly increase
with decreasing sulphate concentrations. At 3 m depth the sulphide concentration is high,
although sulphate shows little depletion. This finding cannot be fully explained and is not
reproduced in the model setup (Fig. 5.6). It may be due to entrapment of sulphide in or below

a less permeable clay-rich sediment layer.

- 101 -



5. Deep pore water dynamics

$0,% [mM] H_S [mM] DOC [mM]
0 8 16 24 32 0 2 4 6 8 3 4
0 L 1 L 1 L Il L L 1 " 1 L 1 n 1
14
E
s
o
w
a 34
44
5
NH," [mM] PO,* [uM] H SO, [uM]

0 3 6 9 12 0 300 600 900 1200 0 300 600 900 1200
A . " . PR B TP B

Depth [m]

Fig. 5.6. Modelled (continuous line) and measured (points) pore water profiles. Same samples
as in Figure 5.3. To test to sensitivity of the pore water profiles to organic matter composition,
simulations were conducted with Redfield ratios increased and decreased by 50% (dashed

lines).

Methane shows concentrations of about 5 uM at the sediment surface, and increases to
about 100 uM at greater depths. Methane concentrations already start to increase in a
sediment depth of about 1 m, where high sulphate concentrations are still found. This
illustrates the coexistence of sulphate reducers and methanogens (Wilms et al., 2007), and
most notably, the upward diffusion of methane from its depth of production below 5 m depth
towards the sediment surface.

At the sampling site the sandy sediment surface is covered by ripples leading to
advective pore water flow at the sediment surface (Huettel et al., 1996; Huettel and Rusch,
2000). Thus, organic material is easily introduced into the upper layers of the sandy sediments
and subsequently degraded aerobically and anaerobically. The degradation products are either
used by microorganisms for their metabolism, form part of other biogeochemical reactions or
become enriched in pore waters. The enrichment of DOC, NHy", PO, and TA with depth

reflects the decomposition of organic matter. The increase in H4SiO4 concentrations mirrors
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the dissolution of biogenic silica. At shallower depths where exchange between pore water
and overlying water column occurs, these species show concentrations only slightly higher
than in the sea water of the study area (Schnetger et al., 2001; Dellwig et al., 2007a; Grunwald
et al., 2007). In the model setup exchange processes between sediment layers of some
decimetres depth and the overlying water column are not considered. Therefore, measured

concentrations are lower than modelled ones in the upper metre (Fig. 5.6).

5.3.3 Stoichiometry of organic matter degradation

Concentrations of (SO42')Dep are positively correlated with TA, NH,", PO43 ", and DOC.
In Fig. 5.7A the correlations are displayed for samples taken in April 2006. To support these
results, regression analyses were performed for all samples taken throughout one year from
May 2005 until June 2006 (Fig. 5.7B). The ratio of TA:(SO42')Dep is 1.7 for samples from
April 2006 and does only slightly change if all samples analysed during a one year period are
taken into account (Table 5.2). This ratio is close to the expected C:(SO42')Dep ratio of 2, based
on Redfield ratios and the assumption that organic matter is degraded by sulphate reduction.
Methanogenesis is presumably responsible for organic matter degradation besides sulphate
reduction at the study site, however to a much smaller extent. Estimates of the C:N ratio of
degraded organic matter are 3.1 regarding samples of April 2006 and 2.8 for samples obtained
during the whole sampling period of one year (Table 5.2). The C:P stoichiometry is 76 for
samples from April 2006 and 104 for all samples. The modelled C:N and C:P ratios are 3.5
and 77, respectively (Table 5.2).

5.4 Discussion

5.4.1 Terminal metabolic pathways

The oxidation of organic matter in sediments is coupled to electron acceptors, the use
of which depends on their reactivity and availability. Aerobic respiration is followed by
nitrate reduction, reduction of Mn'' and Fe" oxides, sulphate reduction and finally
methanogenesis (Froelich et al., 1979). Based on the availability of SO~ compared to other
electron acceptors, sulphate reduction contributes largely to anaerobic carbon oxidation in
marine subsurface sediments (Jorgensen, 1982).

In this study pore water profiles are used to evaluate the pathways of organic matter

degradation in an intertidal flat, with focus on depths exceeding 1 m. At the study site bottom

- 103 -



5. Deep pore water dynamics

flow interacting with sediment ripples generates an intrusion of oxygenated water into the
sediment surface. The surface layer where organic matter is remineralised aerobically thus
extends to some centimetres depth (Billerbeck et al., 2006a). Nitrification, denitrification, and
nitrate reduction seem to be closely coupled in the surface sediment leading to low NOj
concentrations over the entire depth profile. Assuming that oxygen respiration and
denitrification are restricted to the sediment layers containing measurable oxygen and nitrate,
these two processes are thus confined to the upper few centimetres of the sediment.

The tight coupling of products of organic matter degradation like NH,", and PO,> with
(SO42')DQp suggests that in anoxic sediment layers the organic matter is mainly degraded by
sulphate reduction (Fig. 5.7). Sulphate concentrations remain at a high level down to 3.5 m
depth and do attain concentrations close to zero only at 5 m depth. Sulphate reducing bacteria
can metabolise labile organic matter when sulphate concentrations are exceeding ~1 mM
(Alperin et al., 1994). Except at 5 m depth, enough sulphate is thus available as terminal
electron acceptor for sulphate reducing bacteria. Pore water advection within the sediment
may lead to an underestimation of the sulphate amount reduced in the sediment. The relatively
constant sulphate concentrations in the permeable sandy layers down to 2 m depth point
towards a replenishment of sulphate by sea water and/or pore water from central parts of the
tidal flat. Nevertheless, the general conclusion concerning the importance of sulphate
reduction as pathway of anaerobic organic matter degradation remains valid. Weston et al.
(2006) drew similar conclusions regarding the relevance of organic matter remineralisation
pathways for intertidal creek-bank sediments in Georgia and South Carolina, USA.

A conclusion about the depth where methane is actually being produced can hardly be
drawn. Due to concentration gradients and pressure fluctuations induced by tidal cycles,
methane will supposedly slowly migrate from its depth of production towards the sediment
surface. The main zone of production may thus be located below 5 m depth where sulphate is
depleted. In spite of minor methanogenesis occurring in the sediment layers down to 5 m
depth, sulphate reduction thus contributes to a large extent to anaerobic organic matter
remineralisation. This conclusion is supported by the model results. Depth profiles of
sulphate, DOC, and nutrients are reproduced in the model setup where sulphate reduction was

assumed to be the anaerobic remineralisation process (Fig. 5.6).
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Fig. 5.7. Ratios of DOC, TA, NH,", and PO,>" concentrations to (SO42')Dep concentrations.
Best-fit linear regressions are calculated for samples from April 2006 separately (A) and for

all samples taken from May 2005 till June 2006 (B).
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5.4.2 Organic matter remineralisation

DOC concentrations correlate very well with (SO42')Dep, with maxima in the zone of
maximum sulphate depletion (Fig. 5.7). However, it is not evident if this correlation is
reflecting a single biogeochemical process involving DOC and SO,”. Hydrolysis and
fermenting microorganisms could have converted organic matter leading to the production of
refractory and labile DOC, whereas the labile part is used by sulphate reducers (Bottcher et
al., 1997; Rusch et al., 1998).

The organic matter mineralised at the sampling site is richer in N and P than expected
from the Redfield ratio. The C:N and C:P ratios according to Redfield are 6.6 and 106,
respectively. Deduced from pore water analyses, the organic matter at our sampling site has a
C:N ratio of about 3 and a C:P ratio of 75-106 (Table 5.2). We assume that the regression
technique yields valuable results, although certain sediment layers are influenced by
advection. Advection mainly occurs in sediment layers above 3 m depth and to a small extent
at 3.5 m depth. Regression analyses are however dominated by pore water results from below
3 m depth where a sulphate depletion of more than 4 mM is calculated and advection is of

minor importance.

Table 5.2. Stoichiometry during organic matter degradation estimated from slopes of pore
water concentrations of total alkalinity TA and sulphate depletion (SO42')Dep against NH, " and
PO,” concentrations for samples of April 2006 and for all samples taken form May 2005 till
June 2006. The ratios of suspended particulate matter and the ratios derived from modelling

pore water profiles are further displayed.

C: SO, C:N C:P

Suspended particulate matter 7.8%
Sediment April 2005 8.6
Pore water April 2006

TA 1.7 3.2 77

(SO42>)Dep 3.0 75
Pore water model April 2006 3.5 77
Pore water May 2005 — June 2006

TA 1.8 2.8 106

(SO, )ep 2.7 101

* Lunau et al. (2006)
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The deviation from the Redfield ratios does not represent a completely unexpected
finding as the Redfield ratio is based on average oceanic relationships. In intertidal creek bank
sediments of South Carolina and Georgia, USA, C:N ratios down to 3.4 were determined as
well (Weston et al.,, 2006). The results further suggest that organic matter components
containing nitrogen are degraded with higher priority. This finding is in accordance with
Weston et al. (2006) who found preferential hydrolysis of particulate organic nitrogen relative
to particulate organic carbon when organic matter mineralisation rates are high. In our study
area suspended particulate matter determined in the open water column has an average C:N
ratio of 7.8 (Lunau et al., 2006). This suspended matter is partly incorporated into the
sediment and in the following degraded by microorganisms (Huettel et al., 1996; Huettel and
Rusch, 2000; Rusch and Huettel, 2000). The C:N ratio of about 3 calculated based on
metabolic products in pore water is thus lower than the ratio determined for suspended
particulate matter in the open water column suggesting preferential degradation of nitrogen
containing compounds in the sediment. The C:N ratio of 8.6 determined for the organic matter
in the sediment supports this hypothesis because it reflects an enrichment of carbon in
sedimentary organic matter compared to suspended particulate matter.

Anaerobic oxidation of methane may occur in the sediment to a certain degree (K.
Bischof, pers. commun.). Anaerobic oxidation of methane consumes sulphate (Hensen et al.,
2003) which would have lead to an overestimation of the respiratory sulphate reduction.
However, reducing the calculated sulphate depletion would result in even lower C:N ratios.
Furthermore, ratios estimated from sulphate depletion and total alkalinity are similar
suggesting that anaerobic oxidation of methane is unimportant in the upper 5m of the
sediment.

Modelling our pore water profiles results in C:N and C:P ratios similar to those
calculated by regression analysis (Table 5.2). In the model the unexpectedly high PO,
concentration at 2.5 m depth is disregarded. The exclusion of this PO,>" concentration in the
model setup seems to be of minor importance as a regression analysis of (SO42')Dep against
PO4> without the PO,> concentration at 2.5 m depth does not result in a significantly different
C:P ratio. The estimations of C:N and C:P ratios by regression analysis are thus supported by
the model results. In simulations Redfield ratios were increased and decreased by 50% to test
the sensitivity of the depth profiles to Redfield composition (Fig. 5.6) Due to the relative
proximity of the advective and reactive layer, the pore water profiles of NH,", PO4 and
H4Si04 are somewhat insensitive to variable Redfield ratios. This limits its usability for
validating the applicability of the regression technique but the robustness of the resulting pore

water profiles supports the hypothesis of the advective layer.
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5.4.3 Pore water profiles

Pore water depth profiles are controlled by biogeochemical, sedimentological, and
hydrological processes. In general, sulphate, DOC, nutrients, total alkalinity, methane, and
sulphide show either an increase or decrease with depth depending on whether the species are
consumed or produced during organic matter remineralisation (Fig. 5.5). Despite the dynamic
sedimentological conditions in the study area, the general depth profiles determined in the
relatively young intertidal flat sediments of some metres depth are comparable to those of
deep marine surface sediments (Sholkovitz, 1973; Canfield et al., 1993a,b; Thamdrup and
Canfield, 1996; Mékeld and Tuominen, 2003).

At the study site concentration gradients do not always increase or decrease
continuously with depth. At depths exceeding 3.5 m sulphate shows a stronger depletion with
depth than in the overlying sediment layers, whereas DOC, ammonium and phosphate exhibit
a more pronounced enrichment. This is probably due to a displacement of the tidal flat
margin. Within 14 years the eastern tidal flat margin of the Janssand was displaced about
100 m to the east (B.W. Flemming pers. comm.) suggesting that the sampling site may
formerly have been located at the tidal flat margin in contrast to its recent position 75 m away
from the low tide water line. In the study area tidal flat margins show a high microbial
activity, especially near the low water line, resulting in high nutrient concentrations
(Billerbeck et al., 2006a). Sediments at depths exceeding 4 m which show enrichments in
nutrients and DOC thus probably formed part of the former tidal flat margin.

In permeable sediments pore water depth profiles may be further influenced by pore
water advection. In several studies advection processes were described in tidal flat sediments
(Whiting and Childers, 1989; Howes and Goehringer, 1994; Billerbeck et al., 2006a,b; Wilson
and Gardner, 2006). All these studies were carried out close to tidal flat margins where at low
tide a hydraulic gradient is generated between the pore water level in the tidal flat and the
water level in the tidal creek. There are evidences that advection occurs in specific sediment
depths at our sampling site. For example, NH,  shows an unexpected low concentration at
3.5 m depth. The sediment is lithologically composed of layers with different porosities and
permeabilities. At 3.5 m depth a sediment layer which is more permeable than the layers
above and below promote water flow. In the sediment core this permeable layer is
geochemically identified as a sandy layer below 3 m depth owing to its high SiO, content.
The depth of the permeable layer in the sediment core does not exactly match the depth of low
NH," concentrations at the pore water sampling site due to slight compression of the sediment

core during vibration coring. The NH," depth profile thus implies that NH, " concentrations at
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3.5 m depth are influenced by deep pore water advection. The NH;" minimum at 3.5 m depth
may be caused via channelled pore water flow from central parts of the sand flat where
average NH;" concentrations of about 0.4 mM are determined down to 3.5 m depth. DOC and
total alkalinity further show lower concentrations at 3.5 m depth compared to intervals above
and below. In the model setup the shape of the pore water profiles is well reproduced when
non-local transport is implemented in the model as surrogate process for advection at 3.5 m
depth. The only exceptions are the sulphide concentration at 3 m depth and the PO,
concentration at 2.5 m depth. The model results thus support the hypothesis that pore water

exchange processes are influenced by advection besides diffusion.

2 6
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Date
Fig. 5.8. Sea water PO43' and H4Si104 concentrations determined at a monitoring station in the
back barrier area of Spiekeroog Island in May 2006. The dashed line indicates the tidal

variations of the sea water level.

At tidal flat margins pore water flow generated by a hydraulic gradient may lead to the
release of pore waters from creekbanks. This may have an impact on the chemistry of the
overlying water column. In the back barrier area of Spiekeroog Island, PO43' and H4S10,4 sea
water concentrations vary depending on the state of the tidal cycle with higher concentrations
being determined at low tide (Fig. 5.8). In the study area concentrations in deep pore water are
10 to 1000 times higher than in sea water (Liebezeit et al., 1996; Schnetger et al., 2001;
Grunwald et al., 2007). Pore water seepage at the tidal flat margin thus may explain increases
n PO43' and H4SiO4 concentrations in sea water during low tide. Our pore water
concentrations determined several metres afar from the low tide water line do not completely

equal those of seeping pore waters at the tidal flat margin. However, the results of our study
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give first insights into deep pore waters, which may be horizontally transported towards the
tidal flat margin where they seep out of the sediment. Close to the low tide water line at the
tidal flat margin where most of the pore water seeps are found, the oxic layer of the sediment
surface is very thin or even lacking. This suggests that the seeping pore waters may
chemically only be slightly modified before entering the overlying water column.

Fresh water, which occasionally flows into the back barrier area at low tide via a flood
gate, may additionally represent a nutrient source. At the flood gate of Neuharlingersiel (Fig.
5.1) the average PO43' and H4S104 concentrations determined in 2002 and 2003 were 4 uM
and 110 pM, respectively (at salinities about 1). Fresh water concentrations are lower than
deep pore water concentrations (Fig. 5.5) and fresh water does not flow into the back barrier
area during every low tide. Fresh water thus presumably releases a smaller amount of

nutrients into the back barrier area compared to pore water.

5.5 Conclusions

Biogeochemical processes are for the first time described in tidal flat sediments of
some metres depth. Despite the dynamic sedimentological conditions in the study area, the
general depth profiles obtained in the relatively young intertidal flat sediments of some metres
depth are comparable to those determined in deep marine surface sediments. Lithological and
hydrological conditions however exert influence on sulphate, DOC, and nutrient pore water
profiles. In some sediment layers advective flow occurs besides diffusive transport. Due to the
hydraulic gradient generated at tidal flat margins during low tide between the pore water level
and the water level in the tidal creek, pore waters rich in remineralisation products are
transported towards the tidal flat margin. The release of these nutrient-rich pore waters at
creekbanks may account for the increase in sea water nutrient concentrations in the study area
during low tide.

Sulphate reduction has been identified as the most important pathway for anaerobic
organic matter remineralisation. Pore water concentrations of sulphate, ammonium, and
phosphate have been used to elucidate the composition of organic matter degraded in the
sediment. The calculated C:N and C:P ratios are below the Redfield ratio. Preferential
hydrolysis of particulate organic nitrogen relative to particulate organic carbon may explain
the low C:N ratios of about 3. Model results support the results concerning the composition of
remineralised organic matter and the importance of sulphate reduction as the dominant

anaerobic remineralisation process.
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Abstract

Tidal and seasonal behaviour of the redox-sensitive trace metals Mn, Fe, Mo, U, and V
have been investigated in the open water column and shallow pore waters of the back barrier
tidal flats of the island of Spiekeroog (Southern North Sea) in 2002 and 2007. The purpose
was to study the response of trace metal cycles on algae blooms, which are assumed to cause
significant changes in the redox-state of the entire ecosystem. Trace metal data were
complemented by measurements of nutrients and enumeration of algae cells in 2007.

Generally, Mn and V show a tidal cyclicity in the water column with maximum values
during low tide which is most pronounced in summer due to elevated microbial activity in the
sediments. Mo and U behave almost conservatively throughout the year with slightly
increasing levels towards high tide. Exceptions are observed for both metals after summer
algae blooms. Thus, the seasonal behaviour of the trace metals appear to be significantly
influenced by productivity in the water column as the occurrence of algae blooms is
associated with an intense release of organic matter (e.g. transparent exopolymer particles,
TEP) thereby forming larger organic-rich aggregates. Along with elevated temperatures in
summer the deposition of such aggregates favours microbial activity within the surface
sediments and release of DOC, nutrients, and trace metals (Mn, Mo, and V) during the
degradation of the aggregates. Additionally, pronounced reducing conditions lead to the
reduction of Mn(IV)-oxides and Fe(Ill)-(oxihydr)oxides, thereby releasing formerly
scavenged compounds as V and phosphate. Therefore, pore water profiles show significant
enrichments in trace metals especially from July to September. Finally, the trace metals are
released to the open water column via draining pore waters (esp. Mo, Mn, and V) and/or fixed

in the sediment as sulphides (Fe, Mo) and bound to organic matter (U).
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Non-conservative behaviour of Mo in oxygenated seawater, first observed in the
investigation area by Dellwig et al. (2007b), was shown to be a recurrent phenomenon which
is closely coupled to bacterial activity after the breakdown of algae blooms. In addition to the
postulated fixation of Mo in oxygen-depleted micro-zones of the aggregates or by freshly
formed organic matter, a direct removal of Mo from the water column by reduced sediment

surfaces may also play an important role.

6.1 Introduction

The back barrier tidal flats of the East-Frisian island chain form the transition zone
between the terrestrial and marine realm (Fig. 6.1). Such ecosystems are subject to
pronounced dynamics caused by distinct tidal and seasonal changes of physical, chemical, and
biological parameters significantly influencing biogeochemical element cycles (e.g. de Jonge
et al., 1993; Raabe et al, 1997; van Beusekom et al., 1999; Philippart et al., 2000; van
Beusekom and de Jonge, 2002; de Beer et al., 2005; Lunau et al., 2006; Dellwig et al.
2007a,b). Especially redox-sensitive trace metals like Mn or Mo are promising candidates for
reflecting variations in bioproductivity and microbial activity. Dellwig et al. (2007a), for
instance, investigated the tidal and seasonal behaviour of Mn in the water column of the study
area and reported a strong relationship between water column signatures and microbial
activity within the underlying sediments. Additionally, Bosselmann et al. (2003), Dellwig et
al. (2007a,b), and Beck et al. (2008a) found pronounced dynamics of redox-sensitive trace
metals in the top sediments which appear to be controlled by redox stratification and
deposition of detrital inorganic matter.

As a consequence of the different electro-chemistry of redox-sensitive trace metals
their response to changing redox conditions varies. While U, Mo, and V occur as soluble
oxyanions in oxygenated seawater, Mn is only soluble under reducing conditions (e.g. Morris,
1975; Collier, 1985; Burdige, 1993; Shiller, 1997; von Langen et al., 1997; Statham et al.,
1998). The trace metals can be stabilized in the dissolved phase by complexation with
inorganic (carbonate, chloride, phosphate, and sulphate) or organic ligands (fulvic, humic
acids). They further can be removed from the water column by “scavenging” on organic
(Hoffman and Fletcher, 1981) or inorganic particles (Goldberg, 1954; Balistrieri et al., 1981),
assimilation by organisms (Cole et al., 1993) or co-precipitation with minerals (e.g. sulphides,
Huerta-Diaz and Morse, 1992). Hence, the response of trace metals in the open water column
and the pore waters to changing redox conditions should provide information about the state

of the investigated ecosystem.
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The major aim of this contribution is to draw attention to the response of selected
redox-sensitive trace metals (Mn, Mo, U, V, Fe) to changes in bioproductivity,. Therefore,
tidal and seasonal characteristics of trace metals in the open water column and in the pore
waters of surface sediments were investigated during several sampling campaigns in the back
barrier tidal flats of the island of Spiekeroog (NW Germany). In 2007 trace metal dynamics

are accomplished by measurements of nutrients, sulphur species, and algae cell numbers.

6.2 Geochemistry of selected redox-sensitive trace metals

In oxic sea water uranium (U) behaves conservatively as soluble U(VI) carbonate
complex but can be reduced enzymatically by microorganisms (Lovley et al., 1991, 1993)
leading to insoluble U(IV) (uranyl). Additionally, U shows a strong tendency towards
complexation with organic matter (Klinkhammer and Palmer, 1991).

Molybdenum (Mo) occurs as soluble molybdate anion (MoO,”) in oxygenated
seawater and is generally assumed to behave conservatively, i.e. it follows salinity (Bruland,
1983; Collier, 1985). However, some deviations from conservative behaviour have been
reported by several authors for various ecosystems. For instance, Head and Burton (1970) and
Cole et al. (1993) observed Mo removal from oxic estuarine waters which was explained by
plankton assimilation and adsorption on organic matter. Yamazaki and Gohda (1990) also
suggested that organic Mo capture by biological activity could be responsible for Mo
depletion in shallow coastal and oceanic waters. Such association of Mo with particulate
organic matter was earlier mentioned by Szilagyi (1967) and Nissenbaum and Swaine (1976).
As a further process of Mo removal from the water column, Berrang and Grill (1974)
explained decreasing Mo values in the water column of Saanich Inlet by Mo scavenging via
freshly formed MnOy phases. More recently, Tuit and Ravizza (2003) observed both Mo
enrichment and depletion in the equatorial Pacific. The authors suggested a strong relationship
between Mo and cyanobacteria growth. Dellwig et al. (2007b) reported extreme Mo depletion
in coastal waters of the Southern North Sea and postulated Mo fixation in oxygen-depleted
micro-zones of large aggregates and/or scavenging by freshly formed organic matter. In
sulphidic waters, however, MoO4> is sequentially transformed to particle-reactive
thiomolybdates (Erickson and Helz, 2000) which are predominantly captured by iron
sulphides (Vorlicek and Helz, 2002; Helz et al., 2004; Vorlicek et al., 2004) or particulate
organic matter. Thus, molybdenum removal by anoxic or even euxinic sediments by sulphide-
organic matter-Mo interactions presumably forms the ultimate process for Mo burial (Helz et

al., 1996; McManus et al., 2002; Algeo and Lyons, 2006; Neubert et al., 2008).
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Variations of vanadium (V) are also linked to salinity but with a slight salinity-
independent surface depletion in ocean waters. V occurs in three oxidation states: As V(V)
forming soluble oxyanions, e. g. H,VO4 and HVO42', and under reducing conditions as
V(IV), forming the oxocation VO(II) (vanadyl), and V(III). Reduction of V(V) is assumed to
be caused by sulphide (Wehrli and Stumm, 1989; Wanty and Goldhaber, 1992) leading to
particle-reactive species which precipitate as oxyhydroxides (Wehrli and Stumm, 1989) or
form stable complexes with humic acids (Szalay and Szilagyi, 1967).

Reactive iron (Fe) occurs under oxic conditions as Fe(Ill)-(oxyhydr)oxides and can be
reduced chemically by sulphide (Poulton, 2003) or enzymatically by Fe(Ill)- and sulphate-
reducing bacteria to Fe*" (Lovley et al., 1993). Depending on the availability of reactive iron
the reduction of Fe(Ill) in a sulphide-containing system results in the formation of Fe-
sulphide minerals like Fe-monosulfides and pyrite (e.g. Berner, 1984; Canfield, 1989;
Canfield et al., 1992).

Due to the slow oxidation rate, dissolved manganese (Mn™") is relatively stable in oxic
waters, €.g. as chloro-complexes (Roitz et al., 2002). Bacterially catalysed or photochemical
Mn*" oxidation leads to precipitation of Mn-oxides (Emerson et al., 1982; Anbar and Holland,
1992; Nico et al., 2002) which have the ability to trap other trace metals by “scavenging® (e.g.
Feely et al., 1983; Koschinsky et al., 2003). Suboxic and anoxic conditions favour microbial
reduction of Mn(IV) (Burdige and Nealson, 1985) thereby releasing scavenged trace metals.
Recently, Trouwborst et al. (2006) reported the occurrence of Mn®* in the suboxic zone of the

Black Sea water column as an important intermediate during bacterial oxidation of Mn*",

6.3  Geographical Setting

The Wadden Sea system of the Southern North Sea extends over a length of 450 km
from Den Helder (Netherlands) in the West to Esbjerg (Denmark) in the North. The
development of the coastal area started about 7500 BP with the Holocene sea-level rise. The
mesotidal regime of the East Frisian Wadden Sea (tidal amplitude: 2.2 to 2.8 m) formed a
complex system of barrier islands and back barrier tidal flats (Streif, 1990). Deep inlet

channels between the islands enable water and material exchange with the open North Sea.
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Fig. 6.1. Map of the study area showing the back barrier tidal flats of Spiekeroog island,
Wadden Sea (NW Germany). The detailed map presents sampling sites in the tidal inlet
(Otzumer Balje, OB) and on the Janssand tidal flat (JS).

Sampling sites of this work are located in the back barrier tidal flat of the island of
Spiekeroog which is situated in the East Frisian Wadden Sea of NW Germany (Fig. 6.1).
Surface water samples were taken in the tidal inlet between the islands of Spiekeroog and
Langeoog (Otzumer Balje, OB) near a time series station located at position 53°45'01.00"N,
7°40'16.30"E (Grunwald et al., 2007). Sampling of pore waters and sediments was carried out
on the Janssand (JS), a sand flat (position 53°43'57.72" N, 7°41'17.00" E) which becomes
exposed during low tide (Fig. 6.1). The high permeability of sandy sediments enables
advective pore water transport which leads to more effective organic matter degradation and

nutrient release whereas processes in muddy sediments often are more influenced by diffusion

(Billerbeck et al., 2006a; Franke et al., 2006).
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6.4 Material and Methods

6.4.1 Sampling

In 2002, surface water samples for the analysis of dissolved and particulate matter
were taken during four cruises aboard R/V “Senckenberg” at position OB (Fig. 6.1).
Depending on suspended particulate matter (SPM) concentrations, 0.15 to 1.25 L of water
were filtered through pre-weighed Millipore Isopore© membrane filters (0.45 pum
polycarbonate (PC), for multi-element analyses) and Whatman glass microfibre filters GF/F
(0.7 pm glass fibre [GF], for TC and TIC analyses). Filters were rinsed with purified water,
dried at 60°C for 48 h and re-weighted for the determination of total SPM. Samples for the
analysis of dissolved metals were directly taken with pre-cleaned PE-syringes and 0.45 um
SFCA syringe filters. These samples were acidified with HNOs (supra pure, Merck) to 1 %
(v/v) and stored in pre-cleaned PE-bottles. Tidal creek water samples (five samples for each
cruise) were also directly taken with syringes. Pore waters were sampled with portable lances.
The samples were subsequently treated in the same way as the seawater samples.

In 2007, sampling of seawater and suspended particulate matter (SPM) from the upper
1 metre of the water column was performed with a multi water sampler (Hydro-Bios, Kiel,
Germany) aboard of R/V “Navicula” (Carl von Ossietzky University, Oldenburg). Pore water
was sampled with an in-situ pore water sampler which is permanently installed in the tidal flat
sediments and reaches a maximum depth of 5 metres (Beck et al., 2007). This communication
only focuses on pore water from the uppermost metre. For data from deeper parts of the
sediment column the authors refer to Beck et al. (2008a,c¢).

Seawater and pore water samples were rinsed through 0.45 pm SFCA syringe filters.
Samples for metal analyses were acidified to 1 % (v/v) with HNOjs (supra pure, Merck). For
determination of hydrogen sulphide (H,S) 2 ml of filtered sample were fixed in a PE vial with
100 pl of 5 % zinc acetate solution.

For SPM determination during the campaigns in 2007, 0.5 to 1.5 L seawater was
filtered through pre-weighted PC filters (Millipore Isopore membrane filters, 0.4 pm pore
size). After rinsing the filters with approx. 100 ml purified water they were dried at 60° C for
48 h.

6.4.2 Geochemical analysis

For analysis of particulate metals the PC filters were completely digested with

an acid mixture of HNO;, HCIO4 and HF in a PDS-6 pressure digestion system (Loftfields
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Analytical Solutions) at 180° C for 6 h and measured by ICP-OES (Thermo, iCAP 6300
Duo). A more detailed description of these procedures is given by Dellwig et al. (2007).
Water samples were measured using ICP-OES (Thermo, iCAP 6300 Duo) and HR-ICP-MS
(Thermo Finnigan, Element 1 and 2). For ICP-MS measurements the samples were diluted
25-fold according to the method published by Rodushkin and Ruth (1997) and 2-fold for ICP-
OES.

Sulphide was determined after the method described by Cline (1969). A diamine
reagent (N, N-dimethyl-p-phenylenediamine sulphate and ferric chloride diluted in
hydrochloric acid) was added to a sample aliquot. After a reaction time of 20 min the
absorbance was measured photometrically (Analytik Jena AG, Specord 40) at a wavelength of
670 nm. Sulphate was also determined by photometry (wavelength 450 nm) after the method
described by Tabatabai (1974) using aliquots from ZnAc fixed samples after centrifugation.

DOC was measured by temperature catalytic oxidation (Analytik Jena AG, multi N/C
3000 analyser) using K-hydrogenphthalate for external calibration.

Photometric measurements of the nutrients phosphate, ammonium and silica in pore
waters were performed using the methods described by Grasshoff et al. (1999). Determination
of total alkalinity followed the method described by Sarazin et al. (1999). Silica in surface
water was determined by automated nutrient analysers installed at the time series station and
based on a loop-flow reactor and loop-flow analysis technique. A detailed description of the

time series station and the nutrient analyzer setup can be found in Grunwald et al. (2007).

6.4.3 Phytoplankton count

For phytoplankton cell count seawater samples (2.5 L) were filtered through plankton
nets with 10 um mesh size. The cells were preserved by the addition of Lugol’s solution and
stored in PE bottles at 4°C. Phytoplankton cells were enumerated according to the method by
Utermohl (1958). Aliquots of the concentrated samples were stored over night in 10 ml
chambers to enable sedimentation of the cells. Analyses were performed with an inversion
microscope (Zeiss Axiovert 100), and the cells were counted in 2 or 3 diametrical transects
across the whole chamber. 200-fold magnification was used to identify species with high
abundances and small cell size, afterwards 100-fold magnification was used for species with

small abundance and large cell size.
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6.5 Results and discussion

6.5.1 Influence of algae blooms on tidal flat sediments

The Wadden Sea is subject to drastic short-term changes due to the general influence
of the tidal regime and changes in primary production, mainly by microalgae. The occurrence
of algae blooms during spring and summer leads to an intense consumption of nutrients and
subsequently a high production of biomass in the water column. Figure 6.2 shows
phytoplankton cell counts and the corresponding variations in silica from April until the end
of August 2007. Cell numbers of diatoms increase distinctly during mid of April reflecting the
onset of the spring bloom. The time offset of about 2 weeks which is obvious between
decreasing silica concentrations and increasing diatom cells in April has methodological
reasons as only diatoms larger than 10 pm were sampled. Therefore, the apparent beginning
of the bloom is delayed due to the exclusion of smaller cell sizes in the present sampling
protocol (Heike Simon, personal communication). On the basis of these diatom counts the
bloom lasted for about two weeks and was paralleled by elevated numbers of Phaeocystis
species. During breakdown of the spring bloom, which is caused by the reduced availability
of nutrients in the open water column, the values of silica increased again and showed some
fluctuations afterwards. In early June, a second diatom bloom occurred which lasted for about
ten days in the study area. A significant increase in silica values marks the breakdown of this
second bloom in mid June. In the following time-period only slight changes in diatom

numbers and some variations in silica occurred.
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Fig. 6.2. Silica concentrations and diatom cell counts in the water column of the Spiekeroog

island back barrier area in 2007.
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An important consequence of algae lysis is the pronounced release of DOC (Dellwig
et al., 2007b) and nutrients (Martens and Elbrachter, 1997) to the water column. Thus, high
amounts of organic compounds like TEP (transparent exopolymer particles) are released. In
contrast to the spring bloom when microbial activity is comparatively low, the microbial
biomass decomposition is much more intense during the summer months (Dellwig et al.,
2007b) resulting in the production of sticky carbohydrates which colligate suspended
inorganic and organic particles in the water column thereby forming larger aggregates
(Passow, 2002; Chen et al., 2005). The resulting aggregates hydraulically behave differently
and sinking velocities resemble of coarser grained material. Therefore, significant amounts of
aggregates are deposited on the tidal flat sediments forming a fluffy layer of organic-rich
material on the sediment surface (Chang et al., 2006a). Subsequently, the deposited organic-
rich aggregates are incorporated into the upper first centimetres of the sediment by tidal forces
(Rusch and Huettel, 2000; Billerbeck et al., 2006a). These coupled processes result in a
supply of freshly formed and readily degradable marine organic matter to the sediments.
Along with increasing temperature in summer, the organic matter input leads to elevated
activity of microorganisms in the upper sediment layer (Bottcher et al., 1999; Bosselmann et

al., 2003).
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Fig. 6.3. Concentrations of a) DOC, TA, ammonium, phosphate, and silica, and b) hydrogen
sulphide and sulphate in the pore waters at site JS in 2007.
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In the pore water profiles, DOC, total alkalinity (TA), ammonium, and phosphate (Fig.
6.3a), which represent products of organic matter degradation, are clearly enriched as seen in
the depth interval of around 20 cm after the summer bloom when comparing data from July
and September 2007. Along with the increase in HS™ and parallel decreasing SO,* values in
July and August 2007 (Fig. 6.3b), these enrichments can be explained by elevated microbial
activity, which is favoured by the organic matter input after the algae bloom breakdown in
June.

In contrast, elevated phosphate values in September are most likely caused by
dissolution of Fe(Ill)-(oxyhydr)oxides due to pronounced reducing conditions in the
sediments during late summer. Iron phases are known to adsorb PO,> during formation,
which are again released when solid phases are reduced (e.g. van Raaphorst and Kloosterhuis,
1994).

The variations of silica in the pore waters are less pronounced as dissolution of diatom
frustules is a relatively slow process which seems to occur throughout the entire year,
resulting in an almost constant release of silica out of the sediment (Beck et al., 2008c). Thus,
increasing concentrations of silica after collapsing algae blooms (Fig. 6.2) are more likely the
result of advective pore water release (Billerbeck et al., 2006a; Beck et al., 2008a,c) and
reduced consumption rather than decomposition of diatoms within the water column. While
the lysis of algae cells is a comparatively fast process, their frustules are stable for longer time
periods, are therefore deposited on the sediment surface and enter slightly deeper layers due to
tidal forces (e.g. Rusch and Huettel, 2000).

Overall, algae- and temperature-induced increases in microbial activity in the water
column and especially in the top sediment layers lead to a shift of redox conditions in the
sediment and reduces the thickness of the oxic sediment surface layer. An example of such
extreme changes in sedimentary redox conditions is the formation of anoxic sediment surfaces
where sulphidic pore waters are drained out of the sediment (e.g. Bottcher et al., 1998, 1999;
Bottcher, 2003). Upward advective pore water flow has been shown to be promoted by near
surface methane formation.

The data presented so far reveal intense interactions between water column and
sedimentary processes. Thus, seasonal variations in the top sediments are remarkably
influenced by bioproductivity in the open water column. The following chapters provide an
insight into the interaction of both reservoirs with respect to selected redox-sensitive trace

metals.
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6.5.2 Uranium

The data from the Wadden Sea cruises in 2002 (site OB) show a general depletion of
dissolved U (Fig. 6.4) when compared with the level in ocean waters (14 nM; Ku et al., 1977;
Maeda and Windom, 1982).

15 LT HT February 2002 160 LT HT February 2002
0B E oB
TR E
1 1404
— 4 N\ - E‘ E
E 1 £.1205
410 émoé_ﬂﬁmm_
° o E
oo ] = 3 M
1 80+
- J N BN S Y0 [ AN S — N
0 6 12 18 24 30 0 6 12 18 24 30
15 LT HT May 2002 160 LT HT May 2002
OB 3 0B
R =1
s | =
T £ 120 4
. [ 3
° b [] E
s ] 1 = ‘i
1 80 -
i ek L L e L 60 ,““|““‘
0 12 24 36 48 60 72 0 12 24 36 48 60 72
15 LT HT August 2002 160 LT HT August 2002
oB oB
1 140
. W W M w o2 5
= £ 120
i '§'51ooE '
— B hd =
° o El
2 = -
| 807
5 T T T [T [T [ TOT T T [ O[T T I T[T T IorTT 60EHHWHH\HH‘\HHWHH\HH\\HH\|HH‘\HHWHH\HIH\HHI
0 12 24 36 48 60 72 0 12 24 36 48 60 72
15 LT HT November 2002 160 LT HT November 2002
OB E oB
_wNV\J\ _. 140
—_ W_,\ =
z | 51205%\1“\0——-’\4\[‘\,
= 107 8 E
g ) S E
2 o 1007
> : =
80
B e 605Hm_HHW.,,".HWHH[HH._W.W..,
0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48
Time [h] Time [h]

Fig. 6.4. Seasonal variations of dissolved U and Mo in the water column of the Spiekeroog
island back barrier area in 2002. Data presented in blue colour are normalized to offshore
salinity. The grey line denotes the North Atlantic value; the vertical grey lines mark high tide
(HT) and the dashed line low tide (LT).
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Table 6.1. Average values and range (in parentheses) of salinity, SPM, POC, and dissolved

and particulate trace metals in the Wadden Sea and in freshwater flowing into the back barrier

area via flood-gates in Neuharlingersiel in 2002.

Wadden Sea freshwater (flood-gate)

January May August November winter summer
salinity 272(263-284)  30.9(30.8-31.0)  31.2(31.0-31.3)  29.5(29.0-30.2) 1.7(0.5-3.8) 2.1(0.5-3.8)
DOC [mM] 0.24(0.19-029)  021(0.18-0.28)  0.21(0.17-0.25)  0.21(0.18-0.25) 1.3(0.9-1.8) 1.2(0.8-2.4)
Mngs [tM] 0.07(0.02-0.16)  0.28(0.07-0.58)  0.63(0.14-1.1)  0.07(0.01-0.16) 4.0(2.2-6.3) 4.1(0.8-8.4)
Moygss, [nM] 92 (86-100) 100 (95-105) 131 (94155) 115 (110-121) 11(6-19) 11 (4-19)
Fe g5 [UM] — — — — 11 (6.5-19) 10 (0.1-31)
Ugiss. [nM] 11.4(10.8-12.0) 122(11.6 -12.8)  122(113-12.9) 120(11.4 -145)  22(0.9-42) 1.6 (0.7-4.0)
Viiss, [nM] 36 (28-43) 34(28-43) 53 (37-70) 32 (28-36) 45 (16-90) 86 (49-164)
SPM [mg17] 62 (28-43) 12 (3.1-47) 8.4 (2.6-46) 45 (12104) 24 (8.2-38) 37(9.2-84)
POC [%] 3.6 (2.6-4.0) 52(13-12) 43(2.5-85) 42(3.3-4.8) 8.6 (7.3-11) 13 (7.8-20)
Mnp, [mg kg'l] 763 (657-838) 1105 (626-3923) 1289 (676-1846) 903 (434-1046)  471(333-687) 2273 (698-5772)
Mopqy [mg kg 2701674 9.9(1.1-83) 19 (4.6-83) 2.2(1.6-4.7) 2.6(1.6-4.3) 2.8 (0.9-9.5)
Fe par. [%] 3.6 (3.4-3.8) 29(1.7-47) 2.8(1.3-35) 3.7(3.3-4.0) 8.3 (4.7-13) 7.0 (3.5-12)
Upa, [mg kg'l] 29(25-33) 1.9(1.3-3.0) 2.0(0.9-3.1) 21(1.7-2.4) 2.2(1.8-2.6) 1.5(0.9-2.1)

Viat_[mg kg 133 (109-155) 100 (52-141) 98 (45-150) 125 (114-155) 153 (104-182) 136 (80-184)

In a first approximation this difference is caused by the lower salinity in the Wadden
Sea as the freshwater from continental run-off contributes only minor amounts of U (Table
6.1). Dissolved U shows a tidal pattern with maximum concentrations during high tide for
most of the cruises. A normalisation to North Sea salinity smoothes the tidal pattern in
February 2002 and moves all data points close to the ocean value (Fig. 6.4). In contrast,
during the cruises in May and August 2002 when salinity was distinctly higher and almost
constant over the entire tidal cycles (Table 6.1), the normalized U concentrations increase
only slightly and the general pattern remains unaffected. This finding contradicts a strictly
conservative behaviour. Hence, the tidal variation of U in summer must be caused by other
processes. Moreover, the depletion of U in the water column especially during low tide must
be linked to processes like fixation of U within anoxic parts of the tidal flat sediments
(Klinkhammer and Palmer, 1991; Shaw et al., 1994). This assumption is in accordance with
measurements in August 2002 of pore waters and tidal creek waters draining out of the

sediment during low tide, which are depleted in U (Fig. 6.5).
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Fig. 6.5. Seasonal variations of dissolved U, Mo, V, and Mn in pore waters and tidal creek

waters in 2002.

In the time series of 2007, U normalized to salinity shows a slight seasonal variation in
the water column with depletion phases in April/May and June (Fig. 6.6) which is probably
due to the breakdown of algae blooms and U sorption on organic particles. In 2002 U
enrichment on SPM was insignificant (Fig. 6.7) but is probably masked by the geogenic
background of U (3.0 pg g'; Wedepohl, 1971)). In pore waters uranium is generally depleted
in comparison to the water column due to a fast fixation in the sediment caused by
complexation with organic matter and microbial reduction (e. g. Klinkhammer and Palmer,
1991; Lovley et al., 1991, 1993). While the pore water shows depletion at 5 cm depth higher
concentrations occur at 10 to 25 cm depth with values around 5-6 nM from April to June (Fig.
6.8a). This behaviour is in agreement with investigations carried out by Morford et al. (2007).
In addition, these authors found typical enrichments in the uppermost centimetres (0-5 cm),
due to diffusion from the open water column into the sediment. Such a pattern is not reflected

here as the first sampling occurred at 5 cm depth.
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Fig. 6.6. Concentrations of dissolved U, Mn, V, and Mo in the water column of the
Spiekeroog island back barrier area from April to September 2007. The grey line denotes the

North Sea value.

In July an enrichment of U with respect to deeper parts of the profile is seen at 5 to 10
cm sediment depth. This enrichment increases to a maximum value of almost 12 nM in
August (Fig. 6.8a). This behaviour could be the result of release from organic matter during

its degradation and mineralization. Additionally, U release from reduced Fe(Ill)-
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(oxyhydr)oxides could also be responsible for the U enrichment in the uppermost sediment
layers. In August 2007 the U concentrations in the water column reach the seawater value
(Fig. 6.6) most likely due to U release from sediments.

In the depth interval from 15 to 20 cm U is removed from the pore water by reduction.
This depth coincides with the depth of highest iron (Fe*") concentrations. The conformity of
uranium reduction depth with reduction depth of iron was also described by Cochran et al.
(1986), Zheng et al. (2002) and Morford et al. (2005) confirming the investigation results of
Lovely et al. (1991) who found that U(VI) reduction is coupled with Fe(Ill) reducing
bacteria. U which is released during Fe(IlI)-(oxyhydr)oxide reduction may be directly fixed in

the sediment.

6.5.3 Iron

In April 2007 dissolved iron shows elevated values of up to 88 uM in the pore water
of the uppermost sediment layer (Fig. 6.8b), which is probably caused by intense reduction
after the algae bloom in spring. Anoxic conditions may prevail during this period but with a
presumably limited occurrence of sulphide (no sulphide measurements are available for
April). Additionally, complexation with organic ligands favours solubility of Fe as shown by
Luther et al. (1996). In the salt marshes of the island of Langeoog, Kolditz et al. (2009)
observed Fe enrichments and complexation by organic compounds in an anoxic system

without any significant sulphate reduction.
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Fig. 6.7. Seasonal variation of enrichment factors (EFS) for particulate organic matter (POC),
P, U, Mo, V, and Mn of suspended particulate matter in 2002.

With increasing temperature the onset of sulphide production is assumed to occur from

May to July leading to Fe fixation in the sediment as FeS. Temperature has been shown to be
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one of the two major drivers for microbial sulphate reduction in the intertidal sands (Al-Raei
et al., 2009). Although less pronounced, Fe*" concentrations increase again in August and
reach a maximum value of 28 uM. Along with organic-rich aggregates deposited in the
surface sediment Fe(Ill)-(oxihydr)oxides are transferred to the sediment where they may be
reduced by sulphide. The Fe(Ill) content of sinking aggregates is close to the geogenic
background as seen in the enrichment factors (EF) of SPM of 1.1 (4.83 ug g'; Wedepohl,
1971). However, leaching experiments carried out by Hinrichs et al. (2002) showed that more
than 40 % of reactive Fe is adsorbed to nearshore SPM. As a further source, Fe(Ill)-
(oxihydr)oxides, which were formed in the surface sediments under oxic conditions in the
winter months, are reduced when anoxic conditions reach the uppermost sediment layers in
summer. Below a sediment depth of about 15 cm Fe®" is effectively removed from the pore
water throughout the year due to the reaction with sulphide. Especially in July and August this
depth interval is highly enriched in sulphide (Fig. 6.8).

Phosphate which is adsorbed to FeOOH as insoluble Fe(Ill)-phosphate complexes
(Krom and Berner, 1980; Matthiesen et al., 2001) is released together with Fe*" which
explains the high PO,*" enrichment in the pore water in September (Fig. 6.3). Thus, within the
water column, phosphate shows continuously increasing values after a significant depletion
during the algae bloom in April and May (Fig. 6.9). In October maximum values are reached
which are almost 50 % higher than concentrations before the algae bloom which is caused by

PO43+ release from the sediment.
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Fig. 6.8. Concentrations of dissolved a) U and HS', b) Fe (please note the different scale for
Fegiss, in April) and HS', ¢) Mn and V, and d) Mo and HS'in the pore waters of site JS from

April to October 2007. The grey lines mark the North Sea values of the trace metals.
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Fig. 6.9. Phosphate concentrations in the water column of the Spiekeroog island back barrier

area in 2007 (monthly average).

6.5.4 Manganese

Mn concentrations are more than an order of magnitude higher in the Wadden Sea
than in the open North Sea or the North Atlantic (Tappin et al., 1995; Shiller, 1997; Slomp et
al., 1997; Dellwig et al., 2007a). In comparison to other trace metals tidal and seasonal
variations are most pronounced for Mn. During all cruises in 2002 a tidal cyclicity of Mn is
visible with values being ca. 5 times higher during low tide compared to high tide. Seasonal
differences were obvious with concentrations generally increasing from winter to summer by
a factor of 10 (Fig. 6.10). Such elevated Mn levels have been almost exclusively explained by
release from anoxic sediments during spring and summer while freshwater inputs may only
contribute to certain amounts during high precipitation periods in autumn and winter (Dellwig
et al., 2007b). However, considering the concentrations of Mn in pore waters and tidal creek
waters (Fig. 6.5) the level of Mn released from the sediment is distinctly smaller when
compared with the other trace metals. This difference can be attributed to oxidation effects
close to the sediment-water interface leading to partial retention of Mn in the surface layer.
Nevertheless, Mn values in tidal creek waters are still enriched when compared with the open
water column (Fig. 6.10). For a more detailed description of the behaviour of Mn in the study

area the authors refer to Dellwig et al. (2007b) and Bosselmann et al. (2003).

- 130 -



6. Trace metal dynamics in the water column and pore waters
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Fig. 6.10. Seasonal variations of dissolved Mn and V in the water column of the Spiekeroog
island back barrier area in 2002. The vertical grey line marks high tide (HT) and the dashed
line low tide (LT). The horizontal grey lines in the V plots denote the North Atlantic value.

with distinctly higher values at low tide (Fig. 6.6). Furthermore, seasonal variations are

obvious especially at low tide with two maxima in April/May (max. 0.59 uM) and in August
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(max. 0.26 uM). Mn-oxides precipitated at the sediment surface or freshly formed in the
sediment during the winter months are reduced in spring and summer when the reduction
zone for Mn(IV) moves upwards in the sediment leading to seasonal differences in the pore
water composition.

From April to June Mn®" is enriched in the uppermost pore waters with values ranging
from 26 to 44 uM at 5 cm depth (Fig. 6.8c). In July dissolved manganese is depleted which is
possibly caused by an exhaustion of the sediment in reducible Mn. The concentrations
decrease to 12 uM at 5 cm depth (16 uM at 10 cm). This decrease is also obvious in surface
water values (Fig. 6.6). From mid June to beginning of August a phase of depletion occurs
with values around 0.07 uM at low tide. However, the water column already shows Mn
depletion in June whereas in the shallow pore waters Mn?" enrichment is still visible.
Exhaustion of Mn®" in the pore water is apparently not the only reason for Mn>" depletion in
the water column. In addition, elevated microbial Mn>" oxidation in the water column may
also cause depletion of dissolved Mn, thereby leading to enrichments of Mn on SPM (Nico et
al., 2002). This hypothesis is confirmed by SPM data from 2002 which show a general
increase of particulate Mn from winter towards summer (Fig. 6.7). Additionally, data from
June 2007 (not shown) reveal a clear Mn enrichment with an EFS value of 2.5. Depletion in
dissolved Mn may further be due to accumulation of Mn-oxides by Phaeocystis sp. as
reported by Lubbers et al. (1990). However, data of 2007 do not show a pronounced increase
of Phaeocystis sp. cell numbers (Fig. 6.2) during the period of Mn*" depletion.

In August, pore water concentrations increase again to 38 uM (at 10 cm depth) and to
65 uM (at 5 cm depth) in September and finally reach a value of 132 uM (at 5 cm depth) in
October. SPM data of August 2002 show a significant Mn enrichment (Fig. 6.7; Dellwig et
al., 2007a) which is also confirmed by the data from 2007 showing a 3-fold Mn enrichment in
August. After the summer algae bloom Mn-oxides are deposited along with organic-rich
aggregates at the sediment surface replenishing the Mn reservoir in the sediment.
Consequently, microbial reduction of Mn-oxides leads to a significant release of Mn?" into the
pore water, followed by Mn”" diffusion from the surface sediment into the open water column,

which causes an increasing Mn”" level in the water column (Fig. 6.6).

6.5.5 Vanadium

During the Wadden Sea cruises in February and November 2002 dissolved V
concentrations are close to the value in the North Atlantic (33-36 nM; Huizinga and Kester,

1982; Middelburg et al., 1988). In contrast to dissolved Mo and U tidal cyclicity is less
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pronounced for the winter samples (Fig. 6.10), as the freshwater, which is contributed to the
Wadden Sea via the flood gates in Neuharlingersiel, contains slightly higher levels of
dissolved V (flood gate in winter: 45 nM, Table 6.1). During spring and summer a
pronounced tidal cyclicity is obvious with elevated values during low tide especially in
August 2002. Such increase requires an additional element source, thus freshwater (flood-gate
summer: 86 nM) as well as pore water input have to be considered. Although the V
concentration of freshwater is about 2-fold higher in summer, this source is insufficient to
cause the observed vanadium increase in the surface waters of the back barrier area (Dellwig
et al., 2007a). Therefore pore waters draining out of the sediments during low tide are the
more likely source as seen in Figure 6.5 which shows elevated concentrations of V in pore
water and tidal creek waters.

The similarity between the tidal patterns of V and Mn in spring and summer indicates
a coupling of V to the Mn cycle although their redox chemistry is different (Fig. 6.10). Shiller
and Mao (1999) reported a complex behaviour for V in two estuaries of the Lousiana shelf.
The authors observed both, the loss of V from open Gulf water to oxygen-depleted shelf
sediments as well as release of V from the sediments. This initially contradictory finding was
explained by up- and downward diffusion of V released from particles at the sediment
surface. A similar process might be of importance for V enrichments in tidal creeks during
summer. Oxidation of dissolved Mn and Fe in the water column of the Wadden Sea leads to
the formation of oxy-hydroxide phases and concomitant scavenging of certain trace metals
like Co, Mo, and also V (e.g. Goldberg, 1954; Craig, 1974; Balistrieri et al., 1981). SPM does
not show seasonal variations or significant V enrichment (Fig. 6.7) because the high geogenic
background of V (130 pg g'; Wedepohl, 1971) possibly covers influences caused by
dissolved-particulate transfer reactions. When the particles impinge the tidal flat sediment
surface and reach the anoxic zone oxy-hydroxides are reduced and trace metals will be
released to the pore water (e.g. Callender and Bowser, 1980; Klinkhammer, 1980;
Klinkhammer et al., 1982; Sawlan and Murray, 1983). A fraction of the released V may
remain mobile due to complexation by organic ligands (Brumsack and Gieskes, 1983) and
may, therefore, be able to escape from the pore water system into the water column via
advective processes induced by the tides (Fig. 6.10).

In the 2007 time series, vanadium shows less significant variations with concentrations
lying around the usual seawater level (Fig. 6.6). However, similarities to Mn are visible with
maximum values in April/May followed by a slight depletion in May and June, which is
possibly due to effective V scavenging by freshly formed Mn-oxides. In July, V values

exceed the North Sea value whereby V increases earlier than Mn, a relation which probably
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can be explained by processes in the pore water, e. g. V release from degraded organic matter
(Szalay and Szilagyi, 1967).

In the pore water system, V shows highest concentrations in the uppermost
centimetres of the sediment (Fig. 6.8c) with values ranging between 165 and 204 nM from
April to June, which is clearly above the seawater level. By contrast, in July the
concentrations start to decline in the top centimetres and decrease to a value of 57 nM in
August. After this short depletion phase V increases again and reaches a value of 93 nM in
September, possibly caused by reduction of MnOy phases as reported for instance by Morford
et al. (2005).

However, a slight V enrichment in the pore water of the uppermost sediment is still
visible in July while Mn is distinctly depleted. Therefore, a V release from organic matter is
suggested for the enrichment. Cheshire et al. (1977) described vanadium binding in solid
phase by sorption to organic substances. During organic matter degradation vanadium is
released increasing the pore water concentrations and finally the sea water concentrations,

which may explain the elevated V concentrations in the water column in July.

6.5.6 Molybdenum

Figure 6.4 presents the seasonal and tidal variability of dissolved Mo for the Wadden
Sea cruises in 2002. Like U, dissolved Mo reveals a conservative tidal pattern in February
2002 with maximum concentrations at high tide when the influence of North Sea water is
most pronounced. Again, a normalisation to a salinity of 35 psu leads to concentrations close
to the North Atlantic value (Morris, 1975) and smoothes tidal patterns. Conspicuous is the
complete change in behaviour of Mo in August 2002 (Dellwig et al., 2007a), with Mo
showing a tidal cyclicity with maximum values during low tide (Fig. 6.4). As a certain
increase of dissolved Mo in tidal creek waters was also observed in August 2002 (Fig. 6.5)
tidal flat sediments have to be considered as a significant source. Such a process would imply
less pronounced reducing conditions in the sediments, enabling the release of Mo due to
oxidation of sulphidic compounds via tidal pumping. However, this is rather improbable due
to the occurrence of partly anoxic sediment surfaces in the summer months. Therefore, a
complexation with organic ligands is more likely to cause Mo stabilization in this sulphidic
environment.

Figure 6.6 shows the trend of Mo in the water column in 2007. From April to May
dissolved Mo shows conservative behaviour with values ranging between 92 and 107 nM at

salinities between 30 and 32 psu. At the end of May the Mo concentration starts to decrease
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until a minimum value of 49 nM is reached in June, without any changes in salinity. In the
following time a fast increase of Mo is observed which even exceeds the usual seawater level
(107 nM; Morris, 1975; Collier, 1985) in July (126 nM, Fig. 6.6). Again a slight decrease to a
value of 83 nM is seen at the beginning of August followed by a further increase to 100 nM
(Fig. 6.6). These findings are in agreement with recently published results by Dellwig et al.
(2007b). The authors observed a decrease in dissolved Mo down to 30 nM in the same area in
2005. During both years this decrease in Mo coincided with collapsing algae blooms as
deduced from the ratio of phaeopigments and chlorophyll a in 2005 (Dellwig et al., 2007b)
and decreasing numbers of diatom cells parallel to increasing silica values in June 2007 (Fig.
6.2). During the spring bloom no depletion was observed in 2005 and 2007 which emphasizes
the importance of bacterial activity. In spring, bacterial cell numbers are still as low as in the
winter months and their activity is limited by lower temperatures. In contrast, elevated
temperature in the summer months favours bacterial activity as seen in increasing numbers of
bacteria cells (Dellwig et al., 2007b).

Assimilatory uptake of Mo by cyanobacteria (N, fixation) or phytoplankton (NOj;
fixation) can be ruled out to cause such a distinct Mo decrease in the water column.
Cyanobacteria do not occur in the water column of the study area and the diatom abundance is
too low during the phase of Mo depletion due to breakdown of the diatom bloom.
Furthermore, Mo uptake is inhibited by the high sulphate concentrations in the study area
(Cole et al., 1986, 1993).

Scavenging of Mo during bacterial oxidation of Mn>" may be an effective process for
Mo removal (e.g. Berrang and Grill, 1974; Barling and Anbar, 2004; Wasylenki et al., 2008).
This assumption is underlined by simultaneously increasing EFS values of Mo and Mn from
winter to summer (Fig. 6.7). Dellwig et al. (2007b), on the other hand, did not observe a clear
relation between the behaviour of Mo and Mn during detailed investigations in the study area
in 2005. Therefore, the authors assumed fixation of Mo in oxygen depleted micro-zones on
aggregates, which are favoured by elevated microbial activity during breakdown of algae
blooms. However, Ploug et al. (1997) for instance did not observe any sulphide in anoxic
areas of aggregates which is required for Mo fixation in aggregates. The authors assumed that
short persistence of anoxic conditions limits slow-growing sulphate reducers.

Another possibility is the complexation by freshly formed organic matter during the
breakdowns of summer phytoplankton blooms (Dellwig et al., 2007b). This assumption is
supported by the fact that particulate matter is generally enriched in Mn during summer,

whereas enrichments of Mo are only observed during time periods of high bioproductivity.
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Furthermore, the formation of large areas with reduced sediment surfaces (Bottcher et
al., 1999) may be a temporal and local sink for Mo in sulphidic sediments (Erickson and Helz,
2000). This assumption is confirmed by data from 2002 showing significant Mo depletion
(Mogiss. 29 nM) in the water above such a sulphidic sediment surface. Nevertheless, an
unusual expansion of reduced sediment surfaces as reported by Bottcher et al. (1999) was not

observed during the investigation period.
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Fig. 6.11. Conceptual model (modified after Dellwig et al., 2007b) showing Mn and Mo
dynamics in the water column and pore waters resulting from a pronounced benthic-pelagic
coupling. Seasonal fluctuations of phytoplankton growth significantly influence the trace
metal budget in the water column and shallow pore waters. Schematic water column trends
and pore water profiles illustrate the seasonal variations of Mn (black lines) and Mo (dark
grey lines) dynamics due to pelagic and benthic coupling. The general pore water trends are

adapted to the scale of the present investigations.

The pore water generally shows Mo depletion compared to the usual seawater value
(Fig. 6.8d). At depths below 50 cm Mo is effectively removed from the dissolved phase by

sulphide. After the Mo depletion in the water column the Mo level increases significantly in
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the uppermost pore waters from 246 nM in July 2007 to a maximum value of 440 nM in
August 2007, thus exceeding the seawater level by a factor of 4. In contrast, below a sediment
depth of 10 to 15 cm Mo still shows the typical depletion due to fixation in the presence of
sulphide. Elevated Mo values in the pore waters may be caused by deposition and subsequent
microbial mineralization of Mo-rich aggregates (Dellwig et al., 2007a). Additionally,
reduction of Mn-oxides from impinged aggregates can also cause release of formerly
scavenged Mo. In September 2007, the Mo concentrations in the uppermost pore waters still
have a value of 204 nM (Fig. 6.8d) although sulphide is present. The finding is probably due
to sulphide concentration below the switching point between the geochemical states MoO4™
and MoS4>, which was found by Erickson & Helz (2000) to be close to 11 pM H,S(aq.). In

October 2007 the Mo concentrations decrease to 104 nM reaching again the sea water value.

6.6 Conclusions

During sampling campaigns in 2002 and 2007 samples were taken from the open
water column and from shallow pore waters of the back barrier tidal flats of the island of
Spiekeroog (Southern North Sea). It was the aim to investigate tidal and seasonal variations of
the redox-sensitive trace metals Mn, Fe, Mo, U, and V and their response to biological
activity.

Water column signatures of redox-sensitive trace metals (Mo, Mn, U, and V) are
significantly influenced by changes in bioproductivity. Pelagic and benthic coupling is
triggered by enhanced biomass production in the open water column. Organic matter
produced during algae blooms is deposited via aggregates and incorporated into the
sediments. Increasing microbial activity in summer leads to significant release of DOC,
metabolites, and trace metals during degradation of the aggregates. Most pronounced
dynamics in the open water column are seen for Mn showing maximum values during low
tide when Mn-rich pore waters drain out of the sediments. Exhaustion and replenishing
periods in the surface sediments cause distinct seasonal differences of the Mn level in the
water column. V behaves similar to Mn due to scavenging by freshly formed MnOy while U
shows only slight water column depletion especially in summer, most likely due to fixation in
anoxic sediments.

Non-conservative behaviour of Mo in the open water column has been evidenced
recurrently, after breakdown of summer algae blooms. It remains unclear whether this
phenomenon is caused by scavenging of Mo by MnOy, interactions with organic matter,
and/or sedimentary uptake. However, Mo enrichments in shallow pore waters during summer

indicate Mo removal from the water column and transfer into surface sediments.
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This benthic-pelagic coupling of the investigated ecosystem is summarized in the
conceptual model shown in Figure 6.11. The model illustrates the behaviour of Mo and Mn in
the water column and upper sediments as a response to biological, geochemical and
sedimentological processes. Future investigations will have to consider benthic flux
measurements to elucidate the quantitative impact of different processes on benthic-pelagic
coupling. The determination of exchange rates will show the importance of Wadden Sea

sediments as temporal trace metal sources or sinks.
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7 General conclusions and perspectives

It was demonstrated that a continuous nutrient and methane analysis of surface waters
on a time-series station is feasible in a highly dynamic area like the Wadden Sea of the
German Bight. Autonomous direct measurements do not require sample storage or treatment
such as preservation. The high frequency of determination allowed acquisition of
concentration variations down to a tidal resolution, which enabled to investigate even short-
term concentration characteristics. The online availability of in-situ data of the times-series
station is suitable for planning of ship-based sampling campaigns focussed on questions
related to the development and breakdown of plankton blooms. Additionally, these data
helped to verify mathematical models describing the complex Wadden Sea system and to
perform budget calculations for nutrient and methane export from this area.

Methane measurements in the Southern North Sea revealed a general super-saturation
with respect to the atmospheric partial pressure. Elevated concentrations in the coastal areas
decreased with distance from shore. Thus, estuaries, rivers, and tidal flats turned out to be a
source for CHy for the German Bight. The concentration pattern of methane in the tidal flat
area, determined at the time-series station, evinced a tidal periodicity with maximum values
during low tide. Lower concentrations at high tide are mainly caused by degassing processes
as well as dilution with methane-poor offshore waters. Estimates of methane sources showed
that freshwater contributed via the flood-gate represents a minor fraction of the tidal flat
budget. In contrast, pore water forms the major source for methane, generated by
biogeochemical remineralisation processes in anaerobic deeper sediments. Despite the
recurrent tidal forces the periodical pattern as well as the concentration level of methane in the
back barrier area is heavily influenced by strong winds. Cross-correlation calculations
revealed an anti-correlation of wind speed and methane concentration. Two different
approaches of model based calculations showed that methane contribution of the tidal flat
systems to the German Bight is in the same order of magnitude as those of major rivers. Thus,
back barrier tidal areas have to be taken into account for methane budgets of marine systems.

Nutrients (silica, phosphate, nitrite, nitrate) in surface water were determined hourly from
April 2006 at a time-series station. Silica concentrations were governed by assimilation by
diatoms leading to low concentrations in spring and summer. Due to remineralisation of
diatom frustules within the sediments accompanied by lower assimilation rates, silica
concentrations increased towards autumn with highest values in winter. In contrast, phosphate
is not only affected by biological dynamics, but may be trapped by ferric oxyhydroxides in

oxygenated sediments, as well. When sediments become anoxic, phosphate is desorbed from

- 139 -



7. General conclusions and perspectives

ferric oxyhydroxides and released into the open water column, leading to highest phosphate
concentrations in late summer. Nitrite plus nitrate concentrations are highest in winter
months, mainly controlled by river discharge.

Nutrient patterns at a tidal resolution revealed a different behaviour for silica, phosphate,
and nitrite plus nitrate. Silica revealed a consistent relation to the tidal state with higher
concentrations at low tide throughout the year. However, the tidally driven pattern of
phosphate is most pronounced in summer. For nitrite plus nitrate a distinct tidal pattern could
be observed in autumn, while the remaining seasons reveal a slight or even no coupling to the
tide.

Model simulations by an ecological tidal model (EcoTiM) emphasised that freshwater
contribution is negligible for the nutrient budget, whereas pore waters form the main source of
nutrients in the tidal flat area. Modelling furthermore indicated that dissolved inorganic
nutrients are exported form the tidal flat area in an order of magnitude like the sum of the
German rivers Elbe, Weser, and Ems. Thus, tidal flat areas play a major role in supplying
nutrients to the German Bight and have to be considered in budget calculations besides
riverine nutrient discharge.

Investigations of biogeochemical processes in pore waters down to 5 m sediment depth
identified sulphate reduction as the most important pathway for anaerobic organic matter
remineralisation. Concentrations of sulphate, ammonium, and phosphate in pore waters have
been used to elucidate the composition of organic matter degraded in the sediment. The
calculated C:N and C:P ratios were below the Redfield ratio. Preferential hydrolysis of
particulate organic nitrogen relative to particulate organic carbon could explain the low C:N
ratios of about 3.

Due to the hydraulic gradient generated at tidal flat margins during low tide, pore waters
rich in remineralisation products are transported advectively towards the tidal flat margin.
These findings support the aforementioned conclusion that pore waters account for the
increase in sea water nutrient and methane concentration during low tide.

Sampling campaigns in 2002 and 2007 showed that water column signatures of redox-
sensitive trace metals (Mo, Mn, U, V) are significantly influenced by changes in
bioproductivity. Most pronounced dynamics in the open water column were identified for Mn
with maximum concentrations during low tide, due to contribution of Mn-rich pore waters.
Seasonal differences of the Mn level in the water column are caused by exhaustion and
replenishing periods in the surface sediments. The pattern of V was similar to Mn, due to
scavenging by freshly formed MnOy. In contrast, U shows only slight water column depletion

especially in summer, most likely due to fixation in anoxic sediments.
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A recurrent non-conservative behaviour of the redox-sensitive trace metal Mo in the
open water column has been evidenced after breakdown of summer algae blooms. However, it
remains unclear whether this phenomenon is caused by scavenging of Mo by MnOj,
interactions with organic matter, and/or sedimentary uptake. Nevertheless, Mo enrichments in
shallow pore waters during summer indicate Mo removal from the water column and transfer

into surface sediments.

Perspectives

Besides the application for monitoring of processes in coastal waters, long-time data
are needed in a high resolution to review the applicability of mathematical models for the
study area. The results of model simulations in the studies emphasised the necessity of an
additional sampling site in the coastal area beyond the islands, since these boundary
conditions are an essential parameter for mathematical modelling, as they have a major
impact on exchange processes of the tidal flat areas with the North Sea. Thus, it could be
recommended to install a time-series station at the 10 m water depth line beyond the island of
Langeoog to determine continuously physical, meteorological, biological, and chemical
parameters in water masses entering the back barrier area. Hence, the results of model
simulations in order to tidal and seasonal dynamics as well as budget estimations can be
improved. It has to be considered, whether a permanent time-series station or whether a
displaceable buoy, which provides the opportunity to change the position dependent upon the
prevailing task, turns out to be the feasible instrument.

Additionally, further investigations will have to consider benthic fluxes to elucidate
the quantitative impact of biogeochemical as well as physical processes on benthic-pelagic
coupling. The determination of sediment/water exchange rates will ascertain the importance
of Wadden Sea sediments as temporal sources or sinks for trace metals, nutrients, and further
contributors to biogeochemical transformation processes.

It could have been demonstrated, that continuous measurements are essential for
determination of processes occurring in tidal flat areas, since weekly or monthly sampling
intervals do not comprise the high dynamics in this area. Only if aforementioned information
is available, mathematical models can highly be improved and thereby act as a useful tool to
predict the response of tidal flat areas on climate change aftermath like sea level rise and

increasing temperatures.
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