UH N
.i.ti. Helmholtz-Zentrum
Lol Universitit Hamburg hereon

DER FORSCHUNG | DER LEHRE | DER BILDUNG

Impact of anthropogenic stressors on the estuarine
nitrogen cycle

Dissertation

zur Erlangung des Doktorgrades
an der Fakultit fir Mathematik, Informatik und Naturwissenschaften
Fachbereich Erdsystemwissenschaften

der Universitdt Hamburg

vorgelegt von

Gesa Schulz

Hamburg, 2023






Fachbereich Erdsystemwissenschaften

Datum der Disputation:

Gutachter/innen der Dissertation:

Zusammensetzung der Priifungskommission:

Vorsitzender des Fach-Promotionsausschusses
Erdsystemwissenschaften:

Dekan der Fakultdt MIN:

29.08.2023
Dr. Kirstin Ddhnke

Dr. habil. Birgit Gaye

Vorsitz Dr. habil. Birgit Gaye
Dr. Kirstin Dédhnke
PD Dr. Eva Spieck
Prof. Dr. Hermann W. Bange

Prof. Dr. Kai Jensen

Prof. Dr. Hermann Held

Prof. Dr.-Ing. Norbert Ritter






Eidesstattliche Versicherung | Declaration on Oath

Hiermit erklére ich an Eides statt, dass ich die vorliegende Dissertationsschrift selbst verfasst und

keine anderen als die angegebenen Quellen und Hilfsmittel benutzt habe.

I hereby declare upon oath that I have written the present dissertation independently and have not

used further resources and aids than those stated.

Hamburg, den Gesa Schulz

I






Abstract

Eutrophication due to excessive nutrient inputs poses a massive threat to water quality and
biodiversity in many inland waters and in oceans. Estuaries can significantly alter riverine nutrient
loads before they reach adjacent coastal oceans. As nutrient filters, they can either be sinks or
additional sources of reactive nitrogen. The biogeochemistry of estuaries and their filter function are
strongly affected by anthropogenic impacts and activities. In this thesis, the effects of different
stressors on nitrogen retention, nitrogen turnover, and the production of the atmospheric trace gas
nitrous oxide were examined in two heavily anthropogenically impacted estuaries in Germany: Elbe

and Ems.

For the Elbe, the close coupling of river discharge with the riverine nitrogen cycle was shown using
long-term measurements of nutrient concentrations and nitrate stable isotopes. The riverine nitrogen
loads decreased disproportionally to the concurrent reduction in nutrient inputs. This decrease was
caused by intensified nitrogen retention in the Elbe River basin and fueled phytoplankton growth
under low discharge conditions. At present, decreasing nitrogen inputs and intensified nitrate
retention result in nitrate depletion upstream of the Hamburg Port region and an upstream shift in
heterotrophic respiration and remineralization processes. In contrast, a reverse effect is seen in the
Port of Hamburg: the synergetic effects of enhanced phytoplankton blooms and altered suspended

particulate matter dynamics increase nitrate production at low discharges.

The spatiotemporal variability of nitrous oxide in the Elbe Estuary revealed the drivers of nitrous
oxide production and emissions in estuaries with high agricultural nutrient inputs. The Elbe Estuary
is a year-round source of nitrous oxide, with the highest emissions in winter along with high nitrogen
loads and wind speeds. However, despite significantly reduced nitrogen loads in spring and summer,
nitrous oxide saturations and emissions do not decrease to the same extent during this period. High
nutrient loads from agriculture promote phytoplankton blooms, leading to high organic matter
availability that fuels nitrification. This leads to year-round high nitrous oxide emissions and a

decoupling from dissolved inorganic nitrogen loads.

In the hyper-turbid Ems Estuary, suspended particulate matter concentrations and the linked oxygen
deficits controlled nitrogen turnover and nitrous oxide production. Transect measurements revealed
distinct biogeochemical zones along the estuary. High suspended particulate matter loads enhance
denitrification but also trigger nitrous oxide production and enhance oxygen-depleted zones. As

turbidity decreases, nitrification gains importance.
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Altogether, this study highlights the synergistic effects of multiple stressors on nitrogen cycling in
highly anthropogenically influenced estuaries. Thus, it emphasizes the need for a holistic approach
to water quality improvement, nutrient reduction, and sediment management, which must also

include possible impacts of climate change.
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Zusammenfassung

Eutrophierung aufgrund iiberhohter Néhrstoffeintrédge gefdhrdet massiv die Wasserqualitdt und
Artenvielfalt in vielen Binnengewissern und Meeren. Dabei konnen Astuare die Néhrstoffbelastung
von Fliissen erheblich verdndern, bevor diese die angrenzenden Kiistenmeere erreichen. Als
Nabhrstofffilter fungieren sie entweder als Senken oder zusétzliche Quellen fiir reaktiven Stickstoff.
Dabei wird die Biogeochemie der Astuare und ihre Filterfunktion durch anthropogene Einfliisse und
Verdnderungen stark beeinflusst. In dieser Arbeit wurden die Auswirkungen verschiedener
Stressoren auf die Stickstoffretention, den Stickstoffumsatz und die Produktion des atmosphérischen
Spurengases ,,Lachgas® in zwei stark anthropogen gepriigten Astuaren in Deutschland untersucht:

der Elbe und der Ems.

Fiir die Elbe wurde die enge Kopplung des Durchflusses mit dem aquatischen Stickstoffkreislauf
anhand von Langzeitmessungen der Nahrstoffkonzentrationen und stabilen Nitratisotopen gezeigt.
Bei einer Verringerung der Nihrstoffeintrige nahmen die Stickstofffrachten der Elbe
iiberproportional ab. Dieser Riickgang ist zuriickzufiihren auf einen verstirkten Stickstoffriickhalt im
Elbecinzugsgebiet mit verstirktem Phytoplanktonwachstum bei niedrigen Durchfliissen.
Gegenwartig filhren abnehmende Stickstoffeintrdge und verstdrkter Nitratriickhalt zu niedrigen
Nitratkonzentrationen stromaufwirts des Hamburger Hafens, und einer stromaufwarts gerichteten
Verlagerung der heterotrophen Respirations- und Remineralisierungsprozesse. Im Hamburger Hafen
zeigt sich dagegen ein umgekehrter Effekt: Das Zusammenwirken von der verstirkten
Phytoplanktonbliite mit einer verénderten Schwebstoffdynamik erhoht die Nitratproduktion bei

niedrigen Durchfliissen.

Die rdumliche und zeitliche Variabilitit der Lachgas Konzentration im Elbedstuar zeigt die Treiber
der Lachgasproduktion und -emissionen in Astuaren mit hohem Nihrstoffeintriigen aus der
Landwirtschaft. Das Elbeéstuar ist eine ganzjahrige Lachgasquelle mit den hdchsten Emissionen im
Winter. Getrieben wird dies durch hohe Stickstofffrachten und hohe Windgeschwindigkeiten. Trotz
deutlich reduzierter Stickstofffrachten im Friihjahr und Sommer nehmen die Sittigungen und
Emissionen von Lachgas in dieser Zeit jedoch nicht in dem gleichen Malle ab. Hohe
Néhrstoffeintrdge aus der Landwirtschaft fordern hier Phytoplanktonbliiten, was zu einer hohen
Verfiigbarkeit organischen Materials fiihrt, die die Nitrifikation erhoht. Das Ergebnis sind weiterhin

hohe Lachgasemissionen und eine Entkopplung von den geldsten anorganischen Stickstofffrachten.

Im sehr triiben Emséstuar bestimmen die Schwebstoffkonzentrationen und die damit verbundenen

Sauerstoffdefizite den Stickstoffumsatz und die Lachgasproduktion. Transektmessungen machten
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Zusammenfassung

hier eine deutliche biogeochemische Zoneneinteilung des Astuars moglich. Die hohen
Schwebstofffrachten fordern die Denitrifikation, verstarken aber auch die Lachgasproduktion und die
Ausbildung von sauerstoffarmen Zonen. Mit abnehmender Triibung gewinnt die Nitrifikation an

Bedeutung.

Insgesamt verdeutlicht diese Arbeit das synergetische Zusammenwirken mehrerer Stressfaktoren auf
den Stickstoffkreislauf in stark anthropogen beeinflussten Astuaren. Sie unterstreicht damit die
Notwendigkeit eines ganzheitlichen Ansatzes zur Nahrstoffreduktion, zum Sedimentmanagement
und zur Verbesserung der Wasserqualitdt, bei dem auch mogliche Auswirkungen des Klimawandels

beriicksichtigt werden miissen.

VI
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1 Introduction

1.1 Estuaries as coastal nutrient filters

Estuaries are situated in the land-ocean interface and can be defined as the tidally influenced
transition zone between marine and riverine environments. Their ecosystems have some of the
highest diversity and productivity in the world (Hobbie 2000; Bianchi 2007; Kennish 2017), with
physical and biogeochemical coupling taking place on many spatial and temporal scales (Bianchi
2007; Voss et al. 2011; Chilton et al. 2021). Estuaries act as potential nutrient filters that can
significantly alter riverine nutrient loads before they reach adjacent coastal oceans (Crossland et al.
2005; Bianchi 2007; Bouwman et al. 2013). Thereby, they can either be sinks or additional sources
of reactive nitrogen, which is one of the main drivers of eutrophication (Middelburg and

Nieuwenhuize 2000; Dahnke et al. 2008; Voss et al. 2011).

Over the last 150 years, the excessive input of nutrients, primarily nitrogen and phosphorus from
point and diffuse sources (Galloway et al. 2003; Kennish 2017), has caused eutrophication (Galloway
et al. 2003; Howarth 2008; van Beusekom et al. 2019), one of the major threats to coastal ecosystems
worldwide (Howarth and Marino 2006; Voss et al. 2011). Eutrophication may result in harmful algae
blooms (Anderson et al. 2002; Brockmann et al. 2003; Heisler et al. 2008), oxygen depletion (Diaz
and Rosenberg 2008), loss of seagrass meadows (Orth et al. 2006; Burkholder et al. 2007) and shifts
in species abundances (Cadée and Hegeman 1974, 2002).

Enhanced nutrient loads also stimulate biogeochemical turnover processes, including production of
nitrous oxide (N»O; Seitzinger 1988; Bianchi 2007; Bange 2008), an important atmospheric trace
gas. With a global warming potential of approximately 300 times that of carbon dioxide over a
100-year time span (IPCC 2007), nitrous oxide contributes to global warming and stratospheric ozone
depletion (WMO 2018; IPCC 2022). Nitrous oxide is accountable for at least 6 % of the 1.5 °C global
temperature increase, with an average tropospheric concentration of 332.1 = 0.4 ppb in 2019 and a
continuous increase of 0.85 + 0.03 ppb yr' during the period from 1995 to 2019 (IPCC 2021).
Estuaries are potential sources of nitrous oxide (e.g., Bange 2006; Barnes and Upstill-Goddard 2011;
Murray et al. 2015; Bange et al. 2019), contributing, together with coastal wetlands, between 0.17
and 0.95 Tg N2O-N of the annual global budget of 16.9 Tg N,O-N (Murray et al. 2015; Tian et al.
2020).

Several resolutions to combat eutrophication were enacted in the 1980s, including decisions at the

second Ministerial Conference on the Protection of the North Sea in 1987 (INSC-2) and the
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Convention for the Protection of Marine Environment of the North-East Atlantic in 1988 (OSPAR).
Their aim was to reduce riverine nutrient loads by 50 % from 1985 to 1995 (INSC 1987; OSPAR
1988; de Jong 2007). According to OSPAR, a healthy marine environment in which eutrophication
no longer occurs should have been established by 2010 (de Jong 2007). Indeed, riverine nutrient loads
have decreased since the late 1980s, but the 50 % reduction in nutrient loads of continental European
rivers was not reached until the 2010s (van Beusekom et al. 2019), and nutrient pollution remains an
urgent problem to this day (EEA 2019). The OSPAR strategy for 2020 to 2030 aims to combat
eutrophication by limiting nutrient inputs to avoid adverse eutrophication effects and also takes into

consideration the effects of climate change (OSPAR 2021).
1.2  The aquatic nitrogen cycle and its production of nitrous oxide

Nitrogen is an essential nutrient for all organisms. It exists in multiple chemical forms and can rapidly
be converted by microorganisms. Its most abundant form is triple bonded unreactive dinitrogen gas
(N2), composing nearly 78 % of the atmosphere. It is unavailable for most microorganisms, making
nitrogen a limiting nutrient for biological use. Through N»-fixation, nitrogen is reduced into a reactive
form. In aquatic ecosystems, these are primarily organic nitrogen and dissolved inorganic nitrogen
(DIN), which include ammonium (NH4"), nitrite (NO2") and nitrate (NOj3’). The cycle closes when
nitrogen returns to the atmosphere as gaseous dinitrogen or nitrous oxide (N.O; Figure 1.1; e.g.,
Gruber 2008; Damashek and Francis 2018). In aquatic ecosystems, sources and sinks of nitrogen are
widely recognized (Gruber 2008; Damashek and Francis 2018). In particular, the processes of
remineralization with coupled nitrification and denitrification are important (Figure 1.1). Both
processes are also known to be the main producers of nitrous oxide in aquatic ecosystems (e.g., Bange

2008; Murray et al. 2015; Quick et al. 2019).
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Figure 1.1. Schematic illustration of the nitrogen cycle modified from Daims et al. (2016).

As an important process in the aquatic nitrogen cycle, denitrification leads to a loss of reactive
nitrogen by the stepwise heterotrophic dissimilatory reduction of nitrate to dinitrogen. Nitrite, nitric
oxide (NO) and nitrous oxide are intermediate products of this process (Figure 1.1; Knowles 1982;
Tiedje 1988). A wide range of facultative anaerobic bacteria perform denitrification that reduces
nitrate when oxygen becomes limited (Knowles 1982; Tiedje 1988; Bothe et al. 2000; Damashek and
Francis 2018). Since nitrous oxide is an intermediate product, its concentration produced by

denitrification depends on the balance of its production and consumption (Tiedje 1988; Bange 2008).

Nitrification is an aerobic, autotrophic process linking organic matter input with reactive nitrogen
removal by remineralization. It describes the microbial-catalyzed oxidation of ammonium to nitrate
with hydroxylamine (NH>OH) and nitrite as intermediate products (Figure 1.1). The first step is
performed by ammonia-oxidizing bacteria (AOB) and ammonia-oxidizing archaea (AOA), while the
second step is mainly performed by nitrite-oxidizing bacteria (NOB; Wrage et al. 2001; Ward 2008).
Recently, nitrifying bacteria were discovered that completely oxidize ammonium to nitrate
(= comammox; Daims et al. 2015; van Kessel et al. 2015). During nitrification, two subpathways
possibly lead to nitrous oxide production. First, hydroxylamine oxidation produces nitrous oxide

(Bremner 1997; Otte et al. 1999). The second pathway, chemodenitrification, describes the reduction
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of nitrite to nitrous oxide (Tiedje 1988; Bremner 1997). Both processes can also produce nitric oxide
or N». Under low oxygen conditions, nitrifier denitrification may occur, in which nitrifiers first
oxidize ammonia to nitrite followed by its reduction to nitric oxide, nitrous oxide and N> (Wrage et

al. 2001).

During assimilation, phytoplankton use either nitrate or ammonium to build biomass (Figure 1.1).
Phytoplankton usually prefer ammonium over nitrate because nitrate conversion requires a two-step
reaction in the cell. The first is a reduction to nitrite and the second to ammonium before it can be
converted to biomass. Therefore, nitrate uptake is more energy consuming and generally less

favorable (Dortch 1990; Kirchman 1994; Gruber 2008).

Remineralization (= ammonification) transforms labile organic nitrogen to ammonium, reversing the
reaction of ammonium assimilation (Figure 1.1). Heterotrophic bacteria release ammonium during
their energy production by the oxidation of organic carbon to carbon dioxide (CO,; Nixon 1981;

Gruber 2008).

Other processes of the nitrogen cycle are (Figure 1.1): anaerobic ammonium oxidation (annamox)
combining ammonium and nitrite to N, (Strous et al. 1999; Trimmer et al. 2003), dissimilatory nitrate
reduction to ammonium (DNRA) reducing nitrate to produce ammonium (Tiedje 1988; Damashek
and Francis 2018) and biological N, fixation converting N, to reactive nitrogen (Karl et al. 1997;

Capone et al. 2005; Damashek and Francis 2018).
1.3  Stable isotopes as a tool to disentangle the nitrogen cycle

Isotopes are atoms of the same element with the same number of protons and electrons but different
quantities of neutrons and different atomic masses. Nitrogen has two stable isotopes: '“N and '°N. In
the global nitrogen pool, lighter "N (99.635 %) is more abundant than heavier '°N (0.365 %). Oxygen
is composed of three isotopes, with the commonly studied isotopes being '°O (99.759 %) and 8O
(0.204 %) and the least abundant isotope being 'O (0.037 %; e.g., Sulzman 2007; Hoefs 2018).

Variation in the natural abundance of stable isotopes is shown in the relative differences in isotope
ratios. The isotope ratio R is the ratio of heavy to light isotopes (Eq. 1.1). Since isotope differences
are very small, the delta-6-notation is used to describe the isotopic composition of samples (Eq. 1.2).
The isotope ratio of a sample (Rsampic) is reported relative to the isotope ratio of an internationally
accepted reference material (Rreference). The reference material for §'°N is atmospheric N, and for
8180, it is Vienna Standard Mean Ocean Water (VSMOW). The values are expressed in parts per
thousands (e.g., Sulzman 2007; Coplen 2011; Hoefs 2018).
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The number of electrons determines the chemical properties of an atom. Hence, the chemical
properties of isotopes are qualitatively equal. However, atomic masses determine the vibrational
energy of neutrons and protons, resulting in different reaction rates and bond strengths. As a result,
the chemical bonds of heavier isotopes are stronger (Sulzman 2007; Hoefs 2018), leading to a
discrimination of physical, chemical and biological processes between isotopes (e.g., Sulzman 2007;
Casciotti 2016; Hoefs 2018). Equilibrium and unidirectional processes lead to “equilibrium
fractionation” and “kinetic fractionation”, respectively. The latter usually dominates during the
conversions of nitrogen in oceans (Sigman and Fripiat 2019). The kinetic isotope effect () is defined
as the ratio of reaction rates with which the heavy and light isotopes are converted (Eq. 1.3; Sigman

and Fripiat 2019):

14

& (%o) = <@ - 1) x 1000 (1.3)

where “k and '’k are the rate coefficients for the '*N- and '’N-contaning reactants, respectively.
Kinetic fractionation leads to predictable changes between the isotope ratios of the substrate and
product that help to identify the individual production processes (Figure 1.2; e.g., Mariotti et al. 1981;
Granger et al. 2004; Buchwald and Casciotti 2010; Sigman and Fripiat 2019).

The kinetic isotope effect (€) can either be calculated using a Rayleigh model (closed-system) or a
steady-state model (open-system). The closed-system approach is used for transformations that
proceed with a constant isotope effect without a resupply of nitrogen. Thus, the isotope effect can be
calculated when the reactant and substrate are neither lost nor replenished (Eq. 1.4; Sigman and

Fripiat 2019):

15 15
5 Nsubstrate_5 Ninitial

Esubstrate = In(f) (1.4)

where fis the remaining fraction with /= (/C]/[Ciniai]). The 8N value of the substrate and the initial

value are denoted by 6"’ Nussrare and 6" Nigitiar.
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The open-system approach is used to quantify processes where supply and uptake occur
simultaneously and are relatively time-invariant. Thus, the isotope effect can be calculated if a steady
state is assumed in which the reactant nitrate is continuously supplied and partially consumed (Eq. 1.5
and Eq. 1.6). This results in a linear relationship between nitrate isotope values and fraction £, where
1= ([C]/[Ciia] ). The isotope effects correspond to the slope of the regression (Sigman and Fripiat
2019):

_ 615Nsubstrate B 615Ninitial 15
Esubstrate = (1 — f) ( 3)

. _ 615Nproduct - 815Ninitial (1 6)
) _ .
product f

where 6" Nussraer 07 Nproduer, and 6" Niniiar denote the §'°N values of the substrate and product at the
time of sampling and the initial value, respectively. The remaining fraction of substrate at the time of

sampling is described by f.

The fractionation occurring during specific turnover processes leads to nitrate stable isotopes being
source specific, producing distinct isotopic values, e.g., different fertilizers, wastewater and sewage,
atmospheric deposition or marine nitrogen. Thus, they can be used for source attribution. The nitrate
dual approach (simultaneous analysis of nitrogen and oxygen isotopes) allows to distinguish
processes that overlap with each other in 8'N-nitrate alone, leading to a more precise source
determination (Kendall 1998; Kendall et al. 2007; Xue et al. 2009). Overall, dual stable isotope
analysis of nitrate is a powerful tool to disentangle the nitrogen cycle and assess anthropogenic
impacts (e.g., Deutsch et al. 2005; Wankel et al. 2006; Gaye et al. 2013; Korth et al. 2014; Buchwald
et al. 2015; Dahnke et al. 2022; Tian et al. 2022).
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Figure 1.2. Isotope effect (1¢) of nitrogen turnover processes central for estuarine environments. Negative isotope effects
represent preference for the lighter N isotope whereas inverse isotope effects show a N preference. The range of the
isotope effects were derived from literature: 1 - (Mariotti et al. 1981; Casciotti et al. 2003; Sigman et al. 2009; Santoro and
Casciotti 2011), 2 - (Casciotti 2009; Buchwald and Casciotti 2010; Jacob et al. 2017), 3 - (Waser et al. 1998b; a; Granger
et al. 2004; Needoba and Harrison 2004; Rohde et al. 2015), 4 - (Brandes and Devol 1997; Lehmann et al. 2004; Sigman
and Fripiat 2019), 5 - (Brandes et al. 1998; Sigman and Fripiat 2019), 6 - (Deutsch et al. 2005; Kendall et al. 2007; Granger
et al. 2008; Houlton and Bai 2009; Lutz et al. 2020), 7 - (Kendall et al. 2007; Sigman and Fripiat 2019), 8 - (Hoch et al.
1992; Voss et al. 1997; Waser et al. 1998a), 9 - (Kendall 1998; Mdobius 2013; Sigman and Fripiat 2019)

1.4 Anthropogenic impacts - estuaries under pressure

With approximately 23 % to 37 % of the global population living within 100 kilometers of a coast
(Cohen et al. 1997; Nicholls and Small 2002; McMichael et al. 2020), estuarine biogeochemistry and
the estuarine filter function are heavily affected by anthropogenic impacts and activities (Bianchi
2007; Kennish 2017; IPCC 2022), making estuaries an area of conflict among ecological, economic
and social demands. Kennish (2017) summarized anthropogenic stressors on estuarine ecosystems
and organized them into twelve categories, including nutrient enrichment, human-induced
sediment/particulate inputs, dredging and disposal of dredged-material, human-altered hydrological

regimes and climate change effects.
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Urbanization, as well as local and global trading, has led to extensive modification of estuarine
morphology (Kempe 1988; Bianchi 2007; Kennish 2017). Channel deepening, draining, damming,
diking and land draining led to significant regime changes, including hyper-turbid conditions, tidal
amplifications and loss of habitats (Winterwerp et al. 2013; de Jonge et al. 2014; Kennish 2017).
Increased suspended particulate matter concentrations possibly result in light attenuation inhibiting
primary production and causing extensive oxygen depletion (Talke et al. 2009; Kennish 2017).
Changing salinity regimes and residence times can significantly affect the structure and function of

microbial communities, as well as the estuarine nutrient filter function (Kennish 2017).

Climate change has multilayered effects on estuarine systems, as it affects not only environmental
factors such as temperature and sea levels but also social and economic problems such as food
production, urbanization, shipping and energy systems, naming only a few examples (Brasseur et al.
2017; Kennish 2017; IPCC 2022). Without further adaptation, the IPCC (2022) predicted increased
flood risks as well as reduced freshwater inflow into estuaries due to more frequent droughts. These
changes in discharge, combined with land use changes, can alter the salinity gradients, water quality
and sediment dynamics. Alterations in residence times and warming can impact microbial
communities and biogeochemical turnover processes, potentially increasing acidification and
hypoxia in estuarine environments. Eutrophication further complicates these problems by decreasing
both oxygen and pH and therefore exacerbating the occurrence and impact of dead zones (IPCC

2022).
1.5 Two heavily stressed estuaries: Elbe and Ems

The two German estuaries Elbe and Ems are both heavily affected by anthropogenic impacts. Both
have high population densities (ARGE-Elbe 2001; FGG Ems 2015a), receive high nutrient inputs
from agriculture (Johannsen et al. 2008; FGG Elbe 2018; FGE Ems 2022) and are heavily modified
in their morphologies (Winterwerp et al. 2013; Boehlich and Strotmann 2019).

The Elbe River stretches over 1094 km from its spring in the Giant Mountains (Czech Republic) to
the North Sea (Cuxhaven, Germany) and is the second largest river discharging into the North Sea.
The mean annual discharge is 712 m® s' (measured at gauge Neu Darchau from 1926 to 2014; HPA
and Freie und Hansestadt Hamburg 2017). The catchment of the Elbe River covers 140 268 km? with
74 % urban/agricultural land use (Johannsen et al. 2008) and an average population density of 167
inhabitants per km* (ARGE-Elbe 2001).

The Elbe Estuary begins at a weir in Geesthacht and flows through the Port of Hamburg, entering the
North Sea near Cuxhaven. The Elbe Estuary serves as an important shipping fairway and hosts the

third largest port in Europe (Port of Hamburg 2021). To accommodate for large container ships, the
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estuary is continuously deepened and dredged throughout the entire year (Boehlich and Strotmann
2019; Hein et al. 2021). Construction work for further deepening of the fairway was carried out from

2019 to early 2022.

High nutrient inputs from agriculture lead to an annual nitrogen load of 84 Gg-N (2011-2015; FGG
Elbe 2018), making the Elbe Estuary the largest source of nitrogen in the German Bight (Brockmann
and Pfeiffer 1990), which is heavily affected by eutrophication (van Beusekom et al. 2019). After the
reunification of Germany in 1990, the closing of East German industries and the implementation of
wastewater treatment (e.g., Bergemann et al. 1996; Guhr et al. 2000) led to improved oxygen
concentrations. This, in combination with high nutrient loads, allowed for phytoplankton growth to
reestablish (Kerner 2000; Amann et al. 2012; Hillebrand et al. 2018; Rewrie et al. submitted), and a
shift of predominant denitrification to significant nitrification transformed the Elbe Estuary from a
nitrate sink to a nitrate source (Dahnke et al. 2008). A hotspot of nitrification exists in the Port of
Hamburg (Sanders et al. 2018), which results from a sudden change in morphology. The increase in
water depth leads to light limitation and decomposition of phytoplankton entering the port from the
upper estuary and river (Kerner 2000; Schol et al. 2014; Hein et al. 2016). As a consequence, substrate
is available for coupled remineralization and nitrification (Sanders et al. 2018; Déhnke et al. 2022),
and intense respiration leads to oxygen depletion as well as low-oxygen zones in the Port of Hamburg

(Kerner 2000; Schol et al. 2014).

The Ems River has a length of 370 km and discharges into the Wadden Sea, a part of the southern
North Sea (van Beusekom and de Jonge 1994; Krebs and Weilbeer 2008). It has an average discharge
of 79 m*s! (measured at gauge Versen from 1942 to 2015, NLWKN 2018). The catchment of the
Ems is 17 934 km? (Krebs and Weilbeer 2008), with dominant agricultural (80 %) and 8 % urban
land use (FGG Ems 2015b). The population density of the catchment is approximately 200
inhabitants per km? (FGG Ems 2015c¢).

The Ems Estuary is situated on the Dutch-German border with an annual nitrogen load of 12 Gg-N
between 2013 and 2018 (FGE Ems 2022). The estuary is approximately 100 km long and stretches
from the weir at Herbrum to the island Borkum. The Ems Estuary is also an important waterway with
ports in Delfzijl and Emden and is used for the transport of large vessels from the shipyard in
Papenburg to the North Sea (Talke and de Swart 2006). Bos et al. (2012) classified the Ems Estuary

as a degraded ecological system with high nutrient loads.

Dredging and channel deepening led to tidal amplification and to a significant increase in suspended
particulate matter concentrations and hyper-turbid conditions in the Ems Estuary (Winterwerp et al.
2013; de Jonge et al. 2014; van Maren et al. 2015a). As a result, shifts in species abundances

(Compton et al. 2017), anoxic conditions in the water column (Schuchardt et al. 2007; Talke et al.



Introduction

2009), and reduced primary production due to light limitation (Bos et al. 2012; de Jonge and Schiickel
2019) were reported.

1.6 Main focus and thesis outline

Estuaries are sites of intense human activity with increasing anthropogenic impacts due to ongoing
population growth, heavy recreational and commercial use, and development in coastal regions
(Bianchi 2007; Bouwman et al. 2013; Kennish 2017). Anthropogenic changes may significantly alter
the estuarine nitrogen filter function (Horrigan et al. 1990; Soetaert et al. 2006; Dahnke et al. 2008;
Voss et al. 2011). Although the individual nitrogen turnover processes are well understood, the
responses of estuarine nitrogen turnover to anthropogenic stressors need to be assessed. The interplay
between two or more stressors may be synergetic, causing a more serious impact when the stressors
are combined than when they are alone (Kennish 2017). Thus, a profound understanding of estuarine
nitrogen turnover processes and their controls is crucial to assess complex management studies
(Bianchi 2007; Kennish 2017). Ultimately, this thesis focused on the effects of different stressors on
nitrogen retention, nitrogen turnover and nitrous oxide production in the two heavily

anthropogenically impacted Elbe and Ems estuaries by addressing three main research questions:

1) How do low discharge conditions affect riverine nitrogen input, nitrogen retention, and
nitrogen turnover in heavily anthropogenically impacted estuaries?

2) What are the drivers of nitrous oxide production, and emissions in heavily anthropogenically
impacted estuaries with high nutrient inputs?

3) How do suspended particulate matter concentrations affect nitrogen turnover and retention,

including nitrous oxide production, in hyper-turbid estuaries?

This thesis consists of four chapters that were either published, have been submitted or are in
preparation for submission to a peer-reviewed scientific journals (Chapters 2-5). Detailed information
on author contributions is given in List of publications. In Chapter 6, the findings of the thesis are

summarized, leading to a main conclusion and an outlook for future research.

Chapter 2: “Low discharges intensify nitrogen retention in rivers — a case study in the Elbe

River”

Gesa Schulz, Justus E. E. van Beusekom, Juliane Jacob, Sina Bold, Andreas Schél, Markus Ankele,
Tina Sanders and Kirstin Ddhnke, Science of The Total Environment, 904, 166740,
https://doi.org/10.1016/j.scitotenv.2023.166740, 2023.

The impact of low freshwater discharge on riverine nitrogen input and nitrogen retention was studied
for the Elbe River, the largest source of nitrogen in the German Bight. From 1985 to 2019, the

nitrogen input into the estuary at the weir in Geesthacht was characterized by using data provided by
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the River Basin Community Elbe. Additionally, from 2011 to 2021, surface water samples were taken
regularly to analyze dissolved inorganic nutrient concentrations and nitrate stable isotope
compositions. We found that with decreasing discharge, the nitrogen retention of the Elbe Estuary
increased, potentially doubling the retention compared to average discharge conditions. Longer
residence times and more light availability due to lower water levels fueled phytoplankton uptake.
This suggests that the recent reduction in Elbe River nitrogen loads was not a result of successful

management alone but was amplified by persisting low discharge conditions in the catchment.

Chapter 3: “How low discharges affect estuarine nitrogen turnover — a case study in the

freshwater Elbe Estuary”

Gesa Schulz, Tina Sanders, Vanessa Russnak, Justus E. E. van Beusekom, and Kirstin Déihnke [in

preparation]

The effects of low freshwater discharge on nitrate retention and nitrate turnover in heavily
anthropogenically impacted estuaries were studied for the freshwater section of the Elbe Estuary
based on 17 summer cruises (May to August) from 2011 to 2022. Intensified nitrate retention due to
low freshwater discharge led to nitrate depletion upstream of the Hamburg Port region and an early
collapse of the phytoplankton bloom. This resulted in an upstream shift of heterotrophic processes
with accumulated ammonium concentrations and oxygen depletion. In Hamburg Port, low discharges
fueled the synergetic effects of enhanced phytoplankton blooms and altered suspended particulate
matter dynamics, leading to high nitrate gains and reversing the effect of increased retention in the
upstream areas. Overall, our findings highlighted the need for a holistic approach to water quality
improvement, nutrient mitigation and sediment management in heavily anthropogenically impacted

estuaries.

Chapter 4: “Seasonal variability of nitrous oxide concentrations and emissions along a

temperate estuary”

Gesa Schulz, Tina Sanders, Yoana G. Voynova, Hermann W. Bange, and Kirstin Dihnke,

Biogeosciences, 20, 3229-3247, https://doi.org/10.5194/bg-20-3229-2023, 2023.

To identify drivers of nitrous oxide production and emissions in heavily managed estuaries, we
studied the spatiotemporal variability of nitrous oxide in the Elbe Estuary. During nine research
cruises performed between 2017 and 2022, we measured dissolved nitrous oxide concentrations,
dissolved nutrients and oxygen concentrations along the estuary and calculated nitrous oxide
saturation and emissions. We found the estuary to be a year-round source of nitrous oxide, with the

highest emissions in winter along with high DIN loads and wind speeds. However, in spring and
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summer, nitrous oxide saturation and emission did not decrease in scale with DIN loads, suggesting
that in-situ production is important regardless of the season. Two hot-spot areas of nitrous oxide
production existed: the Port of Hamburg and the mesohaline estuary near the estuarine turbidity
maximum (MTZ), with production being fueled by the decomposition of either riverine (in the
Hamburg Port) or marine organic matter (in the MTZ). Previous measurements in the Elbe Estuary
revealed that nitrous oxide saturation was decoupled from DIN loads after an improvement in water
quality in the 1990s that allowed phytoplankton growth to reestablish. This, combined with the
overarching control of organic matter on nitrous oxide production, highlighted the linkage between

eutrophication and nitrous oxide emissions in estuaries with high agricultural inputs.

Chapter S: “SPM drives the spatial segregation of nitrogen turnover along the hyper-turbid

Ems Estuary”

Gesa Schulz, Tina Sanders, Justus E. E. van Beusekom, Yoana G. Voynova, Andreas Schél, and

Kirstin Déihnke, Biogeosciences, 19, 2007-2024, https://doi.org/10.5194/bg-19-2007-2022, 2022.

The hyper-turbid Ems Estuary served as the study area to assess the interplay of suspended particulate
matter and nitrogen turnover and nitrous oxide emissions. During two research cruises in August
2014 and June 2020, we measured water column properties, dissolved inorganic nitrogen, dual stable
isotopes of nitrate and dissolved nitrous oxide concentrations along the estuary. We found that three
distinct biogeochemical zones existed along the estuary. A strong fractionation of nitrate stable
isotopes pointed toward nitrate removal via water column denitrification in the hyper-turbid tidal
river, driven by anoxic conditions in deeper water layers. In the middle reaches of the estuary,
nitrification gained importance, turning this section into a net nitrate source. The outer reaches were
dominated by mixing, with nitrate uptake in 2020. We found that the overarching control on
biogeochemical nitrogen cycling, zonation and nitrous oxide production in the Ems Estuary was

exerted by suspended particulate matter concentrations and the linked oxygen deficits.
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2 Low discharges intensify nitrogen retention in rivers — a case

study in the Elbe River

Schulz, G., van Beusekom, J. E. E., Jacob, J., Bold, S., Schol, A., Ankele, M., Sanders,
T., and Ddhnke, K.: Low discharges intensifies nitrogen retention in rivers — a case
study in the Elbe River, Science of The Total Environment, 904, 166740,
https://doi.org/10.1016/j.scitotenv.2023.166740, 2023.

Abstract

Eutrophication due to excessive nutrient inputs is a major threat to coastal ecosystems worldwide,
leading among others to harmful algae blooms, seagrass loss and hypoxia. Decisions to combat
eutrophication in the North Sea were made in the 1980s. Despite significant improvements in recent
decades, high nitrogen loads and resulting eutrophication remain problematic. In this study, we
characterize nitrogen inputs to the Elbe Estuary (Germany) at a weir separating the river from the
estuary based on nitrogen data provided by the Elbe River Basin Community Elbe from 1985 to 2019.
In surface water samples taken at regular intervals from 2011 to 2021, we analyze dissolved inorganic
nitrogen concentrations and nitrate stable isotope compositions. Our findings highlight the close
coupling of river discharge with the riverine nitrogen cycle. Moreover, we find that nitrogen loads
decreased disproportionately with decreasing discharge. This decrease is due to intensified nitrogen
retention in the Elbe catchment, potentially doubling the retention compared to average discharge
conditions. Phytoplankton growth was enhanced by long residence times and high light availability
at low water levels. This suggests that the recent decreases in nitrogen loads in the Elbe River were
not only a result of management measures in the catchment but were also amplified by a recent
long-lasting drought in the catchment. Based on projections from the Intergovernmental Panel on
Climate Change, we anticipate more frequent and extensive droughts, which may lead to future

seasonal shift from a silicate/phosphate limitation to nitrate limitation in the lower Elbe River.
2.1 Introduction

For more than 150 years, the growing use of synthetic fertilizers has led to high nutrient loads in
rivers and coastal regions (Galloway et al. 2003). This has caused eutrophication (Galloway et al.
2003; Howarth 2008; van Beusekom et al. 2019), a major threat to coastal ecosystems worldwide
(Howarth and Marino 2006; Voss et al. 2011). Some possible consequences are harmful algae blooms

(Anderson et al. 2002; Heisler et al. 2008), oxygen depletion (Diaz and Rosenberg 2008), loss of
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seagrass meadows (Orth et al. 2006; Burkholder et al. 2007) and shifts in species abundance (Cloern
2001; Brockmann et al. 2003). In the North Sea, enhanced algae blooms, shifts in phytoplankton
composition (Cadée and Hegeman 1974, 2002) and anoxic events in bottom water (von
Westernhagen et al. 1986) have been observed since the early 1970s. Consequently, decisions were
made to combat eutrophication, for example, goals were set to reduce riverine nutrient loads by 50 %
from 1985 to 1995 (de Jong 2007). In fact, riverine nutrient loads have decreased since the late 1980s,
but the set goal of a 50 % load reduction in continental European rivers was only reached in the 2010s
(e.g., van Beusekom et al. 2019) and, nutrient pollution remains an urgent problem to this day (EEA

2019).

Biological nitrogen (N) transformation in rivers alters the composition of the total nitrogen (TN) load
that is transported to adjacent coastal zone. Phytoplankton assimilation of dissolved inorganic
nitrogen (DIN) results in addition of nitrogen to the organic nitrogen pool (Ritz and Fischer 2019),
whereas riparian or sediment denitrification reduces the total nitrogen load. The relative contribution
of transformation processes within a river is governed by environmental factors such as temperature,
discharge, oxygen and organic matter availability (e.g., Nixon 1981; Thornton et al. 2007; Diaz and

Rosenberg 2008; Voss et al. 2011; Carstensen et al. 2014).

In particular, discharge conditions have a clear effect on riverine nutrient loads (van Beusekom et al.
2019), with wet years leading to enhanced nutrient dynamics compared to dry years (van Beusekom
and de Jonge 2002). Long-term observations can help to disentangle the individual effects of
discharge or nutrient retention and to determine environmental corridors or trends driven by climate

change or management measures (e.g., Bianchi 2007).

In addition to nutrient measurements, dual nitrate stable isotopes are a powerful tool to disentangle
the effects of nitrogen uptake and removal. Biological turnover processes favor lighter isotopes,
leading to an enrichment in the remaining nitrate pool and a process-specific isotope effect used to
identify nitrate uptake and production processes (e.g., Granger et al. 2004; Wankel et al. 2006;
Dahnke et al. 2010; Sigman and Fripiat 2019). Both phytoplankton assimilation and denitrification
lead to an increase in §'°N-nitrate and §'®O-nitrate values. Assimilation increases 8'’N-nitrate and
8'80O-nitrate in parallel, following a 1:1 slope (Granger et al. 2004), whereas isotope enrichment
during denitrification follows a 0.5:1 slope (Béttcher et al. 1990; Mengis et al. 1999; Granger and
Wankel 2016; Wong et al. 2020). Thus, it is possible to distinguish between both processes based on

nitrate dual stable isotope analysis.

We investigated nitrogen input and retention in the Elbe River (Germany) at the river/estuarine
transition. We used nitrogen data provided by the River Basin Community Elbe (FGG Elbe) between

1985 and 2019, and additional surface water samples were taken at the weir at stream kilometer 589
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from 2011 to 2021. In these samples, we analyzed the dissolved inorganic nitrogen concentrations
and nitrate dual stable isotope composition. With this study we want to investigate the effect of altered
freshwater discharge on riverine nitrogen retention. We further evaluate potential changes in seasonal
nitrogen turnover over the past decade, and address the possibility of a future nitrate limitation in this

heavily managed estuary.
2.2 Methods

2.2.1 Study site

The Elbe River spans over 1094 km from its spring in the Giant Mountains (Czech Republic) to the
North Sea (Cuxhaven, Germany). The catchment of the Elbe River is 140 268 km?, with 74 %
urban/agricultural land use (Johannsen et al. 2008) and an average population density of 167
inhabitants per km? (ARGE-Elbe 2001). The Elbe River is the second largest German river
(Brockmann and Pfeiffer 1990), with an average annual freshwater discharge of 712 m* s (measured
at gauge Neu Darchau at stream kilometer 536 and calculated from 1926 to 2014; HPA and Freie und
Hansestadt Hamburg 2017). A weir at stream kilometer 585 separates the river from the tidal estuary.
The Elbe is the largest source of dissolved nitrogen for the German Bight (Brockmann and Pfeiffer
1990), with an annual nitrogen load of 84 kT-N at stream kilometer 628.9 between 2011 and 2015
(FGG Elbe 2018).

2.2.2 FGG Elbe data

Total nitrogen (TN) and dissolved inorganic nitrogen concentrations (DIN) at the weir in Geesthacht
(stream kilometer 585.9) were obtained from the FGG Elbe data portal (FGG Elbe 2022). They took
weekly water samples from 1985 to 1987, biweekly from 1994 to 2006, and monthly samples from
2006 to 2019. The data were supplemented by longitudinal sampling campaigns along the estuary
that were performed three to eleven times a year from 1990 to 2019. The sample data are listed in
Table Al.1 and Table Al.2. The total organic nitrogen (TON) concentration in the data was
calculated from the difference between TN and DIN.

2.2.3 Water sampling at the weir in Geesthacht

Starting in 2011, we took surface water samples at regular intervals from a location upstream of the
weir (585, 53°25°31°°N, 10°20°10°°E) between the riverine and estuarine sections of the Elbe River.
Generally, samples were taken once or twice per month. Water temperature was measured
immediately after sampling. The water was then transferred into 2 L PE bottles for immediate
transport to the laboratory. Within an hour, samples were filtered through pre-combusted and

weighed GF/F filters (450 °C, 4.5 h) and stored in acid-washed (10 % HCI, overnight) PE bottles
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at -20°C for subsequent analysis of nitrate, phosphate, silicate, particulate nitrogen and nitrate stable

isotopes as described below (Section 2.2.4).

For nutrient concentrations, triplicates of filtered water samples were measured with a continuous
flow auto analyzer (AA3, SEAL Analytics) and standard colorimetric and fluorometric techniques
(Hansen and Koroleff 1999). The detection limits were 0.05 pmol L' for nitrate (NOs),
0.05 umol L™! for nitrite (NO;"), 0.07 umol L' for ammonium (NH4"), 0.03 umol L™ for silicate (Si)
and 0.13 umol L™! for phosphate (PO4*). Particulate nitrogen concentrations were measured with an
Elemental Analyzer (Eurovector EA 3000) with a certified acetanilide standard (IVA

Analysetechnik, Germany) as the reference material.

2.2.4 Isotopic analysis of nitrate

To measure the stable isotope composition of nitrate in the filtered water samples, the denitrifier
method was used (Sigman et al. 2001; Casciotti et al. 2002). The method is based on the analysis of
nitrous oxide (N,O), which is produced by denitrifying Pseudomonas aureofaciens (ATCC#13985)
from nitrate (NOs’) and nitrite (NO>") in the filtered water samples. A GasBench II coupled with an
isotope ratio mass spectrometer (Delta XP Plus, Thermo Fisher Scientific) measured the produced
nitrous oxide. For calibration, two international standards (USGS34, &'’N-nitrate -1.8 %o,
8'80-nitrate -27.9 %o; IAEA, 8'°N-nitrate +4.7 %o, 8'*O-nitrate +25.6 %o) and one internal standard
(3'"*N-nitrate +7.6 %o) were measured during each run. The standard deviation for standards and
samples was <0.2 %o (n= 4) for 8"N-nitrate and <0.5 %o (n=4) for §'*O-nitrate. If the nitrite
concentration in the samples exceeded 5 % of the combined concentrations of nitrite and nitrate
(NOy), nitrite was removed before performing the measurement using Sulfamic Acid (4 % Sulfamic

Acid in 10 % HCI (Granger and Sigman 2009).

Nitrogen turnover processes lead to a specific isotope effect in the nitrogen isotope ratios that can be
used to identify individual turnover process pathways (e.g., Kendall et al. 2007). We assumed
steady-state and calculated the isotope effect with an open-system approach (Eq. 2.1), in which the
reactant nitrate is continuously supplied and partially consumed, leading to a linear relationship
between nitrogen isotopes and the fraction f. The isotope effect ¢ corresponds to the slope of the

regression line (Sigman et al. 2009).

15 15
_ 8" Nsupstrate = 0~ Ninitial Q.1
Esubstrate = 1— f : )

Where 8'°N values of the substrate and initial values are 8" Ngustrae and *Ninitiar, respectively. The

fraction of substrate remaining at the time of sampling is denoted by f, where f=/C]/[Cinitiai] , Wwith C
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and Cinina being the nitrate concentration of the sample and initial values, respectively. In our study,

we used average winter isotope values as initial values.

2.2.5 Calculations of annual loads

From the FGG Elbe dataset and our measured nutrient concentrations, we calculated the annual and
seasonal loads (L) of total nitrogen, dissolved inorganic nitrogen and total organic nitrogen as in

Eq. 2.2

k
(2.2)
L= CiLlQi
2

Where ¢/ is the concentration data of day i (from available concentration data or linearly temporal
interpolation). Q; is the discharge measured on day 7 in Neu Darchau (stream kilometer 536). The

annual load is the sum of the daily loads within one year (Pétsch and Lenhart 2011).
2.3 Results

2.3.1 Discharge conditions

The average discharge from 1985 to 2021 was 653 m® s™!, which is below the long-term average
annual freshwater discharge of 712 m® s calculated from 1926 to 2014 (HPA and Freie und
Hansestadt Hamburg 2017). Seasonal dynamics are characterized by high discharges from January
to March and low discharges from June to August. Since 2013, the annual discharges has been low
with an average annual discharge of 539 m®s™!. A similar situation occurred in the years 1989 to 1993
with five successive years of low discharge conditions (Figure 2.1a; Weilbeer et al. 2021). Over the
observation period (1985 to 2021), the daily discharge was below the long-term mean low water
discharge of 276 m*s™' (1924 to 2014; HPA and Freie und Hansestadt Hamburg 2017) over 10 % of
days. Forty-four percent of these days occurred over the last eight years, i.e., since 2014. The years
2015, 2018, 2019 and 2020 were particularly dry, with more than 68 days of low discharge (276
m’s™!). Major flood events occurred in spring 1988, summer 2002, spring 2006, winter 2011 and

summer 2013 (Figure 2.1b; HPA and Freie und Hansestadt Hamburg 2017).

For the time period from 2010 to 2019, the Federal Maritime and Hydrographic Agency provided
mean annual residence times for the Elbe River in summer (June to August; Table A1.3). We found
a significant correlation of residence time with logarithmic annual summer discharge (R = -0.95,
p <0.001; Figure Al.1), leading to increased retention times with low discharge conditions in the

Elbe River (e.g., Hein et al. 2016).
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Figure 2.1. Discharge measured at the gauge Neu Darchau at stream kilometer 536 from 1985 to 2021: (a) annual average
discharge and (b) daily discharge (FGG Elbe 2022).

2.3.2 Annual nitrogen dynamics

To investigate the development of the annual nitrogen dynamics at the weir in Geesthacht, we used
two datasets: (1) FGG Elbe data including TN, DIN and calculated TON concentrations and (2) our
own sample set, collected from the weir Geesthacht starting in 2011. Both datasets match in terms of

nutrient concentration, ensuring comparability (Figure A1.2).

Since 1985, TN and DIN concentrations have decreased significantly (FGG Elbe data). The mean
annual TN concentrations ranged from 546.9 umol L in 1985 to 173.8 umol L' in 2018 (Figure
2.2a). The highest mean annual DIN concentrations were measured in 1986 (444.7 umol L), and
decreased to 111.8 pmol L' in 2018 (Figure 2.2¢). The mean annual TON concentrations remained
relatively stable over the observation period, varying between 109.9 pumol L in 1985 and 38.0 umol
L' in 2010 (Figure 2.2¢).

The DIN and TON concentrations showed opposite seasonal dynamics, with the lowest DIN and
highest DON values in summer (Figure 2.2d, f). Since DIN was usually the dominant nitrogen form,
seasonal TN dynamics followed the same pattern as DIN (Figure 2.2b, d). However, in the later years,

TON concentrations exceeded DIN concentrations in midsummer (June to July, Figure 2.7).
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Figure 2.2. FGG Elbe dataset showing annual (left) and seasonal (right) variations in (a, b) TN concentrations, (c, d) DIN
concentrations and (e, f) TON concentrations from 1985 to 2019 (Section 2.2.2; FGG Elbe 2022). The black line displays
local regression fittings (loess method) for the annual data. In the boxplots, the lines indicate median values, boxes show
the 25th and 75th percentiles and whiskers indicate the data range without outliers.

In our weir samples (2011 to 2021), nitrate was the predominant form of DIN, with the highest
concentrations in winter (maximum 377.8 pmol L' in February 2021) and the lowest in summer
(approaching 0.2 umol L' in August 2019; Figure 2.3a, b). Nitrite was mostly below 1 pmol L}
(Figure 2.3¢, d) and only reached an unusually high maximum of 5.7 umol L' during a flood event
in June 2013. The ammonium concentration ranged from not detectable (mostly March to May) to
24.4 pmol L' in August 2018 (Figure 2.3e, f). The ammonium and nitrite concentrations peaked in
winter and summer, whereas the concentrations were low in spring and autumn. The highest silicate
concentrations occurred in winter and ranged from 202.9 pmol L' in March 2012 to <1 umol L' in
late spring, with the lowest monthly average of 9.2 umol L'! in May (Figure 2.3i, j). The phosphate
concentration ranged from not detectable in summer to 5.8 umol L™ in October 2016 or 8.7 umol L*!

during the flood event in June 2013 (Figure 2.3k, 1).

Nitrate stable isotope values varied seasonally, with the lowest values in winter and highest values in
summer (Figure 2.3m, n and Figure 2.30, p). The lowest 8'°N-nitrate was measured in February 2016
at4.3 %o and 8'30-nitrate was measured in December 2014 at 0.3 %o. The highest values were 30.0 %o
in July 2018 and 22.0 %o in July 2019 for ' N-nitrate and 5'®O-nitrate, respectively.
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Figure 2.3.Weir sampling dataset showing annual (left) and seasonal (right) variations in (a, b) nitrate concentrations, (c, d)
nitrite concentrations, (e, f) ammonium concentrations, (g, h ) particulate nitrogen (PN) concentrations, (i,j) silicate
concentrations, (k,1) phosphate concentrations, (m,n) §'*N-nitrate and (o, p) 8'%O-nitrate measured at weir Geesthacht from
June 2011 to June 2021 (Section 2.2.3). In the boxplots, we excluded data from the flood event in summer 2013 to illustrate
typical seasonal patterns. In the boxplots, the lines indicate median values, boxes show the 25th and 75th percentiles and
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whiskers indicate the data range without outliers.
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2.3.3 Annual nitrogen loads

To calculate annual loads, we used the FGG Elbe data (Section 2.2.2) and data from our sampling
campaign at weir Geesthacht (Section 2.2.3). Annual total nitrogen (TN) loads clearly decreased over
our observation period (Figure 2.4a), with a maximum of 252.9 kt in 1987 and a minimum load of
39.2 kt in 2019 (Figure 2.4a). The dissolved inorganic nitrogen (DIN) load also decreased over time
and was highest in 1987 (227.3 kt) and lowest in 2020 (29.0 kt; Figure 2.4b). For total organic
nitrogen (TON), the decrease in loads was less evident. A maximum load of 27.0 kt was observed in

2002, and the minimum load was 8.1 kt in 2004 (Figure 2.4c¢).

Total annual TN loads decreased. This can be attributed to decreasing inputs as well as to interannual
changes or trends in discharge. To separate both factors, we divided the annual TN loads by the
annual discharge, yielding a discharge-weighted mean concentration. This weighted concentration

shows a clear decrease from below 600 pmol L' to approximately 250 umol L™ (Figure 2.4d).
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Figure 2.4. (a) Annual total nitrogen loads (TN), (b) annual dissolved inorganic nitrogen (DIN) loads, (c) annual total
organic nitrogen (TON) loads, and (d) flow-weighed TN load (annual TN load/annual discharge). Loads calculated using
the FGG Elbe dataset are shown in dark green, and loads derived from our sampling campaign (Hereon) are light green.

2.4 Discussion

2.4.1 Impact of discharge on nitrogen retention in the Elbe Basin

Since the first signs of coastal eutrophication along the Dutch and German coasts were observed in
the 1970s (e.g., de Jonge and Postma 1974; Gieskes and Kraay 1977), a government-established
target to reduce nutrient input was set in 1988 (de Jong 2007). In Germany, a reduction in nitrogen

loads occurred after reunification in 1990 due to the collapse of eastern German industries (e.g., Guhr
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et al. 2000), leading to large changes in both oxygen dynamics and dominant nitrogen forms. Reduced
nitrogen input from agriculture (UBA 2017; BMEL 2022) and the implementation of wastewater
treatment (UBA 2015, 2020) also contributed to the observed decrease in nitrogen loads. Rewrie et
al. (submitted) identified three ecosystem states in the Elbe Estuary: polluted (up to 1990), transitional
(1991-1996) and recovery (since 1997) based on dissolved inorganic carbon concentrations. The
FGG Elbe dataset shows that the total nitrogen loads into the Elbe River clearly decreased over this
period (Figure 2.4). However, the flow-normalized concentrations do not show a clear difference

between the three ecosystems states but rather continuous decline.

To separate the effects of annual differences in discharge or management measures on the TN
concentrations and loads, we used five-year moving averages of total nitrogen input to surface water
bodies in Germany (TN Germany) in the time period from 1987 to 2016 provided by UBA (2020;
Figure A1.3). These management measures have clearly decreased the overall annual national
nitrogen emissions in Germany, and the average annual nitrogen concentrations of the Elbe River
obviously reflected this general decrease in earlier years (Figure 2.4a and Figure 2.5a). From 1985 to
2004, average annual TN concentrations correlated significantly with annual German TN emissions
(Figure 2.5a; R = 0.93, p <0.001). In this time period, TN concentrations showed no clear correlation
with discharge (Figure 2.5c). However, starting in 2005, we observe a shift, so TN concentrations are
no longer significantly correlated with German TN emissions (Figure 2.5b) but rather correlate with
average annual discharge (Figure 2.5d; R = 0.85, p <0.001). This suggests that recent changes in

average annual TN concentrations reflect annual variabilities in discharge.
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Figure 2.5. Average annual TN concentrations plotted against annual total nitrogen emissions from Germany (data provided
by UBA 2020) from (a) 1985 to 2004 and (b) 2005 to 2016. Average annual TN concentrations plotted against annual
average discharge from (c) 1985 to 2004 and (d) 2005 to 2016. Pearson’s correlations (R) and p-values are shown.
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To further investigate the interaction between discharge and nitrogen dynamic, we developed a
regression-based analysis on a significant correlation between the fraction (f) of annual German TN
emissions reaching the Elbe Estuary and discharge (Figure 2.6a; R = 0.96, p <0.001; Eq. 2.3). In a
second step, this regression was used to predict annual nitrogen loads using discharge and national
nitrogen emissions (Figure 2.6b; Eq. 2.4). We performed the same analysis using five-year moving
averages for TN loads from the Elbe River, leading to similar results, which we present in Figure

AlS.

f _ leﬂfjébe,observed =m X QElbe +b (23)
Germany
TNElbe,model =bx TNGermany +m X TNGermany X QElbe (2-4)

Where f'denotes the fraction of annual German TN emission reaching the Elbe Estuary, TNgise observed
are the calculated TN loads at the weir in Geesthacht (Section 2.3.3), TNGermany 1S the annual TN
emission in Germany (UBA 2020) and Qg is the discharge of the Elbe Estuary measured at the
gauge in Neu Darchau (stream kilometer 536). The slope and intercept of the regression are denoted

as m and b, respectively.

We did not consider nitrogen input from the Czech Republic in our regression-based analysis, which
contributes ~30 % of the total Elbe River catchment. A report of the International Commission for
the Protection of the Elbe (IKSE 2018) determined a relative share of total nitrogen load from the
Czech Republic of 46 % in the time period of 1997 to 2011, which increased to 54 % in the period of
2011 to 2015. However, we considered the nitrogen input from the Czech Republic as a baseline for
nitrogen loads in the Elbe River and due to the good fit of our regression (Figure 2.6a), we assume

this assumption is valid.

Our calculation suggests that on average, 14.8 % of Germany’s nitrogen inputs into surface water
reached the Elbe Estuary. This is lower than the proportion of the Elbe catchment area in Germany
of 27 % of Germany (Statistisches Bundesamt 2023). The share of Germanys nitrogen input into
surface waters rose to >20 % in wet years (1994, 1995 or 2010) and in years with extreme flood
events (2002, 2013, Figure 2.6a). Schlarbaum et al. (2011) and Jacob et al. (2016) showed that flood
led to high nitrogen loads and low nitrate isotope ratios. This highlights the effect of discharge on the
Elbe River nitrogen loads, with increased input from tributaries and reduced biological turnover
jointly increasing DIN loads. However, the robust correlation in our analysis (Figure 2.6a) suggests
that average annual discharge is a more suitable predictor of nitrogen loads than the occurrence of

individual extreme events like floods.
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Conversely, during low discharge conditions, a lower proportions of nitrogen emissions reach the
estuary. This is clearly visible in years starting in 2013, when low discharge conditions prevailed in
the Elbe River, with an average discharge level of about 200 m® s™' below the long term average. A
similar situation occurred from 1989 to 1993 with five successive years of low discharge conditions
(Weilbeer et al. 2021). In these dry years, less than 10 % of the national nitrogen emissions reached
the weir at Geesthacht. This analysis shows that nitrogen retention in the catchment (i.e., the relative
difference between annual German TN emissions and the proportion of N inputs that reach the

estuary) strongly depends on discharge.

This effect remains visible in discharged-weighted calculations (Figure 2.4d) because higher
residence times at low discharge conditions promote denitrification (Nixon et al. 1996; Pind et al.
1997; Silvennoinen et al. 2007) but also increase sedimentation (Reynolds and Descy 1996; Kohler
et al. 2002), leading to nitrogen retention within the catchment, tributaries and river. Kamjunke et al.
(2022) showed reduced TN and chlorophyll a concentrations just upstream of the weir in Geesthacht
during their sampling campaign of a drought in September 2019, which they attributed to intensified
sedimentation caused by low flow velocity. We cannot distinguish the contribution of denitrification
and sedimentation to overall nitrogen retention, but enhanced organic matter availability in riverine
sediments along with sufficient nitrate availability enhance denitrification (Cornwell et al. 1999;
Megonigal et al. 2004; Opdyke et al. 2006; Devol 2008). Under these circumstances, low discharges

can increase nitrogen removal from the catchment.

We found a very good fit between the annual loads predicted from the UBA data and the discharge
and measured annual nitrogen loads from the Elbe Estuary (Figure 2.6b). We conclude that low
discharges have a twofold effect on reducing the transfer of TN emissions into German surface waters
leading to the Elbe Estuary by (1) increased retention of nitrogen (reduced concentrations) in the Elbe

River catchment and (2) as a direct effect of water volume reduction (Figure 2.4d).
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Figure 2.6. (a) Fraction of annual German TN emissions to surface water reaching the Elbe Estuary at the weir in Geesthacht
with a regression line (Eq. 2.3), p-value, Pearson’s correlation coefficient and R?-value, (b) Annual TN loads at the weir
Geesthacht, the points show the calculated loads based on the FGG Elbe (2022) dataset (Section 2.3.3). The gray line
indicates the results derived from our regression-based analysis (Eq. 2.4). Please note that UBA (2020) only provided data
from 1987 to 2016, and we calculated TN loads from 1985 to 2019.

2.4.2 Seasonal changes in nitrogen turnover

We observed enhanced nitrogen retention with decreased freshwater discharge from 2005 to 2016
(Figure 2.5). Next to enhanced denitrification (Section 2.4.1), this can lead to intensified
phytoplankton growth due to longer residence times and lower water levels improving the light
supply of phytoplankton (Scharfe et al. 2009; Quiel et al. 2011; Hein et al. 2016). To further
investigate these autotrophic seasonal nitrate uptake processes in the river, we use our nitrate stable
isotope measurements from the weir at Geesthacht, which marks the end of the riverine part and

hence integrates the river signal.

We observe a distinct seasonal signal of nitrate stable isotopes with enriched values in summer and
lighter isotopes in winter as well as a strong negative correlation between nitrate isotopes and nitrate
concentration (R =-0.92, p <0.001). This indicates fractionation due to biological nitrogen turnover,
with an isotope effect for nitrate consumption of 3¢ = -14 %o (R = 0.92, p <0.001). This fits well with
reported values for nitrate assimilation (€ = -5 to -20 %o; Waser et al. 1998b; a; Granger et al. 2004;
Needoba and Harrison 2004; Sigman et al. 2009) but also with riparian denitrification ("¢ = ~-15
to -30 %o; Deutsch et al. 2005; Kendall et al. 2007; Lutz et al. 2020). Furthermore, we found a
significant correlation between 8'°N-nitrate and §'®O-nitrate, with a ratio 8'*O-nitrate vs. 8'°N-nitrate
0of 0.77:1 (R=0.91, p <0.001; Figure A1.6). Phytoplankton assimilation usually results in a ratio of
8'80-nitrate vs. 8'°N-nitrate of 1:1 (Granger et al. 2004) and denitrification in an increase of 0.5:1
(Bottcher et al. 1990; Mengis et al. 1999; Granger and Wankel 2016; Wong et al. 2020). Hence, based
on our calculated isotope effects, we assume that nitrate consumption likely is caused by a

combination of assimilation and denitrification.
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The relation between particulate nitrogen (PN) and DIN concentrations (PN/DIN ratios) strongly
varied with season (Figure A1.6), with the exception of the summer flood in 2013 that we excluded
from this analysis. To analyze the seasonal succession of nitrate consumption processes, we separated
our data into seasons (Figure A1.6). In spring (March — May), increasing PN/DIN ratios along with
decreasing silicate concentrations (Figure 2.3j) indicated the impact of the spring phytoplankton
bloom in the Elbe River. Nitrate isotope values showed significant correlations with both particulate
nitrogen concentrations (R = 0.86, p <0.001 for '°N-nitrate and R = 0.84, p <0.001 for 5'®O-nitrate)
and silicate concentrations (R = -0.84, p <0.001 for 8"°N-nitrate and R = -0.85, p <0.001 for
8'80-nitrate). During this spring bloom, we calculated an 'S¢ isotope effect of -11 %o, which fits with
lab-based assessments (Waser et al. 1998b; Granger et al. 2004; Needoba and Harrison 2004; Rohde
et al. 2015) and suggests dominance of phytoplankton uptake.

The spring blooms were followed by high but relatively stable PN/DIN ratios in summer (June to
August). Phytoplankton growth seems to be at least partly limited by low concentrations of silicate
and/or phosphate, as reflected in the elevated ammonium concentrations. Over the entire year, we
regard in-stream remineralization of suspended particulate organic matter as the main source of
ammonium. This ammonium is immediately assimilated during algae blooms in spring but
accumulates in summer (Figure 2.3e, ). This accumulation of ammonium in the water column points
toward reduced uptake by phytoplankton, possibly due to a limitation of diatom growth by silicate
concentrations <2.8 pumol L' and phosphate concentrations <0.6 umol L (Schél et al. 2014), which
we observed during several days in later spring/summer. Reduced nitrogen assimilation is also
reflected in the calculated "¢ isotope effect of -22 %o. This isotope effect is outside the previously
reported values for nitrate assimilation (-5 to -20 %o; see above) and may indicate increasing
importance of riparian denitrification in mid-summer, with an isotope effect of up to -30 %o (e.g.,

Granger et al. 2008; Wunderlich et al. 2012; Lutz et al. 2020).

To estimate the overall importance of phytoplankton uptake in the Elbe River for the entire year, we
compared our initial isotope effect of & = -14 %o calculated from the entire dataset with isotope
effect estimates for phytoplankton uptake (' = -10 %o) and riparian denitrification (**& = -26 %o),
leading to an estimate of 73 % assimilation and 27 % denitrification. This is in line with previous
studies that suggested that phytoplankton assimilation is the dominant nitrate removal pathway within
the Elbe River. Estimates for the proportion of assimilation range from 53% (Ritz and Fischer 2019)
to 75% (Deutsch et al. 2009). Kamjunke et al. (2021) suggested that nitrate removal was almost
completely explained from phytoplankton assimilation, with only a negligible contribution by
denitrification. However, they did not measure nitrate stable isotopes, which showed clear
denitrification signals in both our measurements and measurements performed by Deutsch et al.

(2009). In line with observations by Scharfe et al. (2009), Kamjunke et al. (2021) found that high
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light availability at low water levels and low discharge were important drivers enhancing

phytoplankton growth in the Elbe.

2.4.3 A nitrate limitation ahead?

During dry periods in August 2018 and 2019, we measured extraordinarily low nitrate concentrations
of 7.0 umol L and 0.2 umol L™, respectively. Low discharges not only enhance denitrification and
sedimentation but also increase phytoplankton growth due to longer residence times and increased
light availability (Scharfe et al. 2009; Kamjunke et al. 2021). Can such intensified nitrogen retention

and increasing nitrogen uptake cause shifts to a future limitation in the Elbe River?

At present, phytoplankton growth in the Elbe Estuary is limited by silicate and phosphate
concentrations (Karrasch et al. 2001; Bohme et al. 2006). In March/April, spring blooms develop
with diatoms as the most abundant phytoplankton group in the Elbe River. Low silicate
concentrations in spring but high concentrations of nitrogen enable the development of a second
bloom in the Elbe River in late summer, which is dominated by nonsilicifying algae, including green
algae (Karrasch et al. 2001). In less eutrophic rivers, green algae play a subordinate role (Gosselain
et al. 1994), as was the case in the Elbe River in the past (Karrasch et al. 2001; Bohme et al. 2006;
Hein et al. 2016).

Management measures introduced in the 1980s and 1990s have led to improved water quality, which
in turn caused a significant increase in phytoplankton growth (Kerner 2000; Amann et al. 2012;
Hillebrand et al. 2018). Before the German reunification, organic nitrogen mainly originated from
industries and wastewater inputs. High organic matter concentrations, high pollutant levels and low
light availability inhibited the developments of algal blooms in the 1980s, as shown by the lack of
seasonal variability in TON concentration (Figure 2.7). The water quality in the Elbe River has
improved since the 1990s and enabled the development of phytoplankton blooms with seasonal

oscillations (Figure 2.7; Kerner 2000; Amann et al. 2012; Hillebrand et al. 2018).
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Figure 2.7. Seasonal variation in TON fractions in TN concentration (a) in the 1980s, (b) in the 1990s, (c) in the 2000s and
(d) in the 2010s. In the boxplots, the lines indicate median values, boxes show the 25th and 75th percentiles and whiskers
indicate the data range without outliers.

We anticipate that low discharge conditions will occur more frequently in the future with ongoing
climate change (Brasseur et al. 2017; IPCC 2022). Due to lower discharges and higher water
temperatures, nitrogen loads and concentrations in the Elbe River will very likely further decrease in
summer, leading to pronounced retention in the catchment upstream. This could decrease
eutrophication effects both in the adjacent coastal estuary and the coastal zone. However, our data
and those from several other studies (Guhr et al. 2000; Deutsch et al. 2009; Ritz and Fischer 2019;
Kamjunke et al. 2021) revealed that phytoplankton uptake is an important nitrate sink in the Elbe
River. Low discharge conditions will intensify this sink by enhancing algal blooms. As this organic
material is remineralized, it has the potential to increase recycled nutrient loads later in the year or
further downstream in the estuary, increasing the loads of dissolved inorganic nitrogen and oxygen
depletion. Sanders et al. (2018) found that presently, remineralization and nitrification in summer
almost doubled the estuarine nitrate concentration. Whether and how estuarine nitrogen turnover is

affected by low nitrogen input from rivers still needs to be investigated.

The coupling of reduced nitrogen inputs into surface waters, pronounced nitrogen retention in the
catchment and intensified algae blooms under low discharge conditions may lead to more frequent
and longer periods of nearly depleted DIN concentrations in the water column at the end of the
riverine part of the Elbe River, as already observed in summer 2018 and 2019. A possible nitrate
limitation of phytoplankton growth could lead to an early collapse of algal blooms within the riverine
stretch, an upstream shift in heterotrophic processes and subsequent intense oxygen depletion, as
suggested by Quiel et al. (2011), leading to an upstream shift in low-oxygen conditions in the upper
Elbe estuary and river. Such a spatiotemporal coupling of management effects and nutrient cascade
effects (Galloway et al. 2003) calls for integrated management approaches that consider the river

system as a whole.
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2.5 Conclusions

In our heavily managed study site, we find that reduction in nitrogen emissions is mirrored in river
loads, but that in addition discharge conditions were responsible for the strong variability in total
nitrogen loads reaching the Elbe Estuary. With decreasing discharge, nitrogen retention in the Elbe
River and catchment increased, at times doubling nitrogen reduction in comparison to years with
average discharge. Nitrogen retention was enhanced due to sedimentation and denitrification in the
river and catchment. Prolonged residence times and higher light availability also fueled
phytoplankton growth and microbial turnover. This increased both DIN uptake and particulate
nitrogen transport downstream. This particulate nitrogen is recycled in-stream to ammonium or
nitrate and supports the development of a riverine phytoplankton blooms. At present, decreasing
nitrogen input and enhanced phytoplankton growth during low discharge conditions cause low nitrate

concentrations or even complete nitrate depletion in the upper estuary.

Overall, we conclude that the recent decreases in nitrogen loads in the Elbe River were not only
driven by management measures, but were amplified by long-lasting low discharge conditions in the
catchment. In light of future decreasing summer discharge conditions as predicted by climate
scenarios, a future nitrate limitation in phytoplankton growth appears possible. The consequences for
phytoplankton bloom dynamics are unclear, but nutrient depletion may lead to a collapse in

phytoplankton blooms and subsequent oxygen depletion in the upstream river.
Acknowledgments

We thank all the involved colleagues in sampling at the Weir Geesthacht, e.g., Fabian Jung, Lisa
Brase and Vanessa Russnak. For measuring the nutrient concentrations of the Hereon data set, we

thank Leon Schmidt and Verena Kiippers.

29






3 How low discharges affect estuarine nitrogen turnover — a case

study in the freshwater Elbe Estuary

Schulz, G., Sanders, T., Russnak, V., van Beusekom, J. E. E., and Ddhnke, K.: How
low discharges affect estuarine nitrogen turnover — a case study in the freshwater Elbe

Estuary, [in preparation].

Abstract

Estuaries are widely recognized as important nutrient filters. Their potential filter function depends
on residence time. The Intergovernmental Panel on Climate Change anticipates more frequent and
extensive droughts, which will significantly impact water residence times in estuaries. Since 2013,
persisting low freshwater discharge amounts in the catchment of the Elbe River (Germany) have
dominated transport to the coastal zone. In this study, we investigated how these low discharges have
affected nitrate turnover within the freshwater section of the estuary. In a total of 17 summer research
cruises (May to August) from 2011 to 2022, we measured nutrient concentrations, stable isotopes of
nitrate, oxygen saturation, and suspended particulate matter composition. We observed that
intensified nitrate retention due to low freshwater discharges led to nitrate depletion upstream of the
Hamburg Port region, accompanied by a collapse of the phytoplankton bloom. This collapse resulted
in an upstream shift of heterotrophic respiration and remineralization processes, visible in ammonium
accumulation and oxygen depletion. In the Port of Hamburg, low discharge amounts have fueled the
synergetic effects of enhanced phytoplankton blooms in the river and altered suspended particulate
matter dynamics, causing high nitrate production within the estuary, an inverse effect to the increased
retention in upstream areas. Overall, our findings highlight the need for a holistic approach to water
quality improvement: Nutrient mitigation and sediment management in estuaries under stress must

be harmonized along the entire river continuum for an optimal reduction strategy.
3.1 Introduction

Estuaries are situated at the land-ocean interface (e.g., Bianchi 2007; Kennish 2017) and can
significantly alter riverine nutrient loads before they reach adjacent coastal oceans (e.g., Crossland et
al. 2005; Bouwman et al. 2013). Their nutrient filter capacity depends on various factors, such as
geomorphological conditions and oxygen and light availability (e.g., Middelburg and Nieuwenhuize
2000; Dahnke et al. 2008; Voss etal. 2011). Residence time is considered to be one of the key controls

on the extent of reactive nitrogen processed within estuaries, which is mainly controlled by riverine
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freshwater inflow, estuarine volume, and tidal exchange with coastal waters (e.g., Middelburg and

Nieuwenhuize 2000; Voss et al. 2011).

The Elbe Estuary is the largest riverine source of dissolved nitrogen in the German Bight, with
nitrogen input mainly linked to agricultural land use in the catchment (Radach and Pétsch 2007,
Johannsen et al. 2008). Since 2013, the Elbe Estuary has experienced frequent low freshwater
inflows, leading to discharge levels that are approximately 200 m> s below the long-term average
(Weilbeer et al. 2021). Projections from the Intergovernmental Panel on Climate Change predict more
frequent and extensive droughts in the future, highlighting the need to understand the interaction

between climate change and estuarine biogeochemical processes (IPCC 2022).

The recent low freshwater discharges in the Elbe have significantly altered riverine nitrogen input
into the estuary by enhancing nitrogen retention through denitrification, sedimentation and enhanced
phytoplankton blooms (Scharfe et al. 2009; Kamjunke et al. 2021; Schulz et al. submitted). This
scenario has increased dissolved inorganic nitrogen (DIN) uptake and led to low riverine nitrate
concentrations entering the estuary. However, enhanced phytoplankton growth also increased the
downstream transport of particulate nitrogen, which can be remineralized and increase DIN loads and

oxygen depletion further downstream in the estuary.

The freshwater Elbe Estuary hosts the Port of Hamburg, a hotspot of biogeochemical turnover
processes within the estuary (e.g., Brase et al. 2017; Sanders et al. 2018; Dihnke et al. 2022;
Norbisrath et al. 2022) with severe oxygen depletion and low oxygen zones in summer (<3 mg L!;
Schroeder 1997; Gaumert and Bergemann 2007; Schdl et al. 2014). Sanders et al. (2018) found that
intense remineralization and nitrification in the Port of Hamburg nearly doubled the estuarine nitrate
concentration in summer, highlighting the need to understand the linkage between freshwater

discharges and estuarine nitrogen turnover.

To investigate this nitrogen turnover, dual stable isotope analysis of nitrate is a frequently used tool.
Biological turnover processes usually favor lighter isotopes. This leads to predictable changes in the
isotope ratios of the substrate and the product of a reaction that helps to identify the individual uptake
and production processes of nitrate (e.g., Granger et al. 2004; Wankel et al. 2006; Dahnke et al. 2010;
Sigman and Fripiat 2019).

From 2011 to 2022, we performed 17 summer research cruises within the freshwater section of the
heavily managed Elbe Estuary (Germany) to study water column nutrient concentrations, stable
isotopes of nitrate, oxygen saturation and particulate matter composition. We aimed to investigate

the effects of low discharges on estuarine nitrogen turnover in summer by addressing the following
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research questions: How does freshwater discharge impact (1) nitrate retention and (2) nitrogen

turnover in the upper freshwater estuary and (3) in the Port of Hamburg?
3.2 Methods

3.2.1 Study site

The Elbe Estuary begins at the weir in Geesthacht (stream kilometer 586), flows through the Port of
Hamburg, which is the third largest port in Europe (Port of Hamburg 2021), and enters the North Sea
near Cuxhaven (stream kilometer 727; Figure 3.1). The catchment of the Elbe is 140 268 km?
(Boehlich and Strotmann 2019) and is dominated by urban/agricultural land use (74 %; Johannsen et
al. 2008). Point sources play a minor role in the annual nitrogen load of 84 kT-N of the Elbe Estuary
(Hofmann et al. 2005; FGG Elbe 2018; IKSE 2018). The Elbe has a mean annual discharge of
712 m® s7! varying between the average low discharge amount of 276 m® s™! to the average high
discharge amount of 1960 m® s' (measured at gauge Neu Darchau at stream kilometer 536; HPA and
Freie und Hansestadt Hamburg 2017). The water residence time ranges from ~79 days during low
discharge (300 m* s!) to <19 days during high discharge (2000 m? s') and is in average ~30 days
(stream kilometer 585 to 730; Amann et al. 2015).

U R
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Figure 3.1. The Elbe Estuary: the sampling stretch is marked in red with the dashed line indicating the range of the onset
of the salinity gradient, the vertical black lines indicate the Port of Hamburg (stream kilometer 615-635). Sections upstream
of the Port of Hamburg are defined as “upper estuary” and downstream of it as “lower estuary”.

3.2.2 FGG Elbe data

The River Basin Community Elbe portal (FGG Elbe 2022) provides daily discharge measurements,
concentration data on different nitrogen forms and suspended particulate matter concentrations for
several stations along the Elbe. Discharge was measured at the gauge in Neu Darchau (stream
kilometer 536). Nitrate concentrations were obtained from discrete water samples at the
Zollenspieker station (stream kilometer 598.7) for comparison with our transect measurements
(Figure A2.2). Furthermore, we used the suspended particulate matter concentrations from the
Seemanshoeft station (stream kilometer 628.9) located in Hamburg Port (Figure 3.1) to study the

impact of discharge on suspended particulate matter dynamics.
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3.2.3 Transect sampling and measurements

From 2011 to 2022, we performed a total of 17 summer research cruises (May to August) in the
freshwater Elbe Estuary, mainly with the research vessel Ludwig Prandtl. For other research vessels
used, see Sanders et al. (2018). Usually, sampling of the freshwater section of the estuary started at
the onset of the salinity gradient (salinity <1, ranging between stream kilometers 650 and 690
depending on discharge, Table A2.1), continued through the Port of Hamburg (stream kilometer
635-620) and ended in Oortkaten (stream kilometer ~610, Figure 3.1). We started sampling

downstream against the outgoing tide to prevent tidal effects on our measurements.

An online in-situ FerryBox system continuously measured water temperature, salinity, oxygen
concentrations and turbidity and was provided with water from 1.2 m depth from an onboard
membrane pump. Since 2017, we corrected the oxygen measurements using the salinity-corrected

optode measurements in comparison to Winkler titrations according to Schulz et al. (2023).

Approximately every 20 min, discrete water samples were collected from a bypass of the FerryBox
system. For nutrient analysis, water samples were filtered immediately through combusted,
pre-weighted GF/F filters (4 h, 450 °C) and stored frozen in acid-washed PE bottles until analysis.
The filters were stored frozen (-20 °C) and used for the later analysis of suspended particulate matter
(SPM; Rottgers et al. 2014), particulate nitrogen (PN), particulate carbon (PC) and C/N ratios (Figure
A2.1).

For nutrient analysis, triplicates of filtered water samples were measured by a continuous flow auto
analyzer (AA3, SEAL Analytics) and standard colorimetric and fluorometric methods (Hansen and
Koroleff 1999). The detection limits were 0.05 umol L', 0.05 umol L', 0.07 umol L', 0.03 pmol L™
and 0.13 pmol L™ for dissolved nitrate, nitrite, ammonium, silicate, and phosphate concentrations,
respectively. PN and PC fractions were measured by an Elemental Analyzer (Eurovector EA 3000)
calibrated against a certified acetanilide standard (IVA Analysentechnik, Germany). The standard

deviation was 0.05 % for carbon and 0.005 % for nitrogen.

Due to varying objectives during cruise planning and staff limitations, data coverage of the set of all
17 research cruises varied. Tables with campaign dates, measured parameters, sampling transects,

average water temperatures, discharges and DIN loads for each cruise are listed in Table A2.1.

3.2.4 Isotopic analysis

The stable isotope composition of nitrate in the filtered water samples was measured using the
denitrifier method (Sigman et al. 2001; Casciotti et al. 2002). Denitrifying Pseudomonas
aureofaciens (ATCC#13985) lacks nitrous oxide reductase and produces nitrous oxide as a final

product from the denitrification of nitrate and nitrite in filtered water samples. The nitrous oxide was
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analyzed by an isotope ratio mass spectrometer (Delta XP Plus, Thermo Fisher Scientific) coupled
with a GasBench II. In each run, two international standards (USGS34, 8'°N-nitrate: -1.8 %o,
8'80-nitrate: -27.9 %o; IAEA, §'3N-nitrate: +4.7 %o, '¥O-nitrate: +25.6 %o) and one internal standard
were measured for standardization. The standard deviations for the standards and samples were
<0.2 %o (n= 4) for 8'N-nitrate and <0.5 %o (n=4) for 3'*O-nitrate. N> and Vienna Standard Mean
Ocean Water (VSMOW) were the standards for nitrogen and oxygen, respectively.

We performed 6'°N-SPM analysis with an elemental analyzer (Carlos erba NA 2500) coupled with
an isotope ratio mass spectrometer (Finnigan MAT 252). As reference materials IAEA N1
(8N = +0.4 %0), IAEA N2 (8'°N = +20.3 %o) and a certified sediment standard (IVA Anlaysetechnik,

Germany) were used.

3.2.5 Statistical analysis

All statistical analyses were performed using R packages. The packages ggpubr v.0.6.0 (Kassambara
2023) and stats v.4.0.2 (R Core Team and contributors worldwide 2020) were used to calculate

Pearson correlations (R) and p-values.
3.3 Results

3.3.1 Discharge conditions

From 2011 to 2022, the annual average discharge was 564 m® s, which was clearly below the
long-term average of 712 m® s (1926-2014; HPA and Freie und Hansestadt Hamburg 2017). In
summer 2013, a flood event led to the highest recorded discharge of 4070 m? s' (HPA and Freie und
Hansestadt Hamburg 2017). In the following years, low discharge conditions persisted in the Elbe
(Figure 3.2). For the observation period from May to August, average discharges ranged from
263 m3 s in 2019 to 1188 m® s in 2013. In total, 384 days had discharges below the average low
water discharge of 276 m® s™! (1926-2014; HPA and Freie und Hansestadt Hamburg 2017), with all
days occurring after 2013. The years 2015, 2018, 2019, 2020 and 2022 all had more than 68 days

with discharges below this average low water discharge.
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Figure 3.2. Annual average discharge and (b) daily discharge measured at the gauge in Neu Darchau (stream kilometer
536; FGG Elbe 2022). The dotted line shows the long-term average low discharge of 276 m? s”! (calculated from 1926 to
2014; HPA and Freie und Hansestadt Hamburg 2017).

3.3.2 FGG Elbe data

From 2011 to 2022, the suspended particulate matter concentrations increased in Hamburg Port
(Figure 3.3a), showing a significant relationship with logarithmic daily discharge (p <0.001, Figure
3.3b). The correlation improved using a long-term average of the present daily discharge amounts
and discharge amounts from the previous 120 days (~4 month average, p <0.001, Figure 3.3c). In
later years (2018-2022), the suspended particulate matter concentrations measured during the transect
cruises were significantly lower than the suspended particulate matter concentrations measured by
the FGG Elbe (Figure 3.3a). The reason for this finding may have been differences in the suspended
particulate matter concentrations between the main channel as measured during the transect cruises
and riverbanks as measured by the FGG Elbe, which could have occurred due to enhanced
sedimentation rates due to lower current velocities near the banks (e.g., Nunes and Simpson 1985;

Schuchardt and Scholle 2017).
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Figure 3.3. Suspended particulate matter (SPM) dynamic in the Port of Hamburg measured by the FGG Elbe at station
Seemanshoeft from 2011 to 2022: (a) temporal evolution of suspended particulate matter concentrations, suspended
particulate matter concentrations plotted against discharge: (b) logarithmic daily discharge and (c) logarithmic mean of
present and 120 previous days measured at Neu Darchau. In plots (b) and (c) Pearson correlation coefficients (R) and
p-values are shown. Green circles show measurements done by the FGG Elbe. Transect cruise concentrations are displayed
by dark green triangles.

3.3.3 Transect sampling

In the following sections, the area upstream of the Port of Hamburg is referred to as “the upper
estuary”. In the upper estuary, the ammonium concentrations was generally low (<2 umol L) but
showed elevated values in August 2019, June 2020 and June 2022 of 8.2 umol L™, 18.3 umol L' and
4.5 pmol L', respectively. The ammonium concentrations peaked in the Port of Hamburg, with
maximum values ranging between 6.7 pmol L' in July 2021 and 23.6 umol L' in June 2012.

Downstream of the port, the ammonium concentrations decreased (Figure 3.4a-d).

Nitrite concentrations <1 umol L"! were usually measured in the most upstream part of the estuary,
with the exception of August 2017 with 1.2 umol L' and June 2020 with 2.3 umol L. The highest
nitrite concentrations ranged between 1.9 pmol L in June 2015 and 12.9 pmol L™ in July 2013 and

occurred in or slightly downstream of the Port of Hamburg (Figure 3.4e-h).

At stream kilometer ~610, the nitrate concentrations ranged from 1.9 umol L' in June 2022 to
200.6 umol L' in July 2021. The nitrate concentrations usually increased along our sampling
transects, but some cruises exhibited a slight decrease or relatively stable nitrate concentrations (e.g.,
May 2013, August 2017 and July 2021). At the end of the freshwater part of the estuary, the nitrate
concentrations ranged between 84.2 pmol L' in June 2020 to 251.5 umol L' in May 2013 (Figure
3.4i-1).
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The 8" N-nitrate values in the most upstream samples (~stream kilometers 610) varied between
10.3 %o in August 2019 and 25.4 %o in May 2022. The 8'8O-nitrate values ranged from 1.7 %o to
15.5 %o measured in August 2019 and May 2022, respectively. During most cruises, nitrate isotopes
decreased with increasing nitrate concentrations, indicating nitrate production within the freshwater
part of the estuary. However, during some cruises (e.g., August 2017, July 2019, June 2020 and June

2022), we measured increasing nitrate stable isotopes in the Port of Hamburg (Figure 3.4m-t).

Oxygen was usually >100 % saturation in the upper estuary. We measured undersaturation in August
2019, June 2020 and June 2022. In the Port of Hamburg, oxygen decreased significantly, leading to
oxygen minima that varied between 31 % (June 2012) and 71.6 % saturation (May 2021; Figure

3.4u-x). Note that oxygen data from cruises prior to 2017 were not corrected by Winkler titrations.
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Figure 3.4. Dissolved inorganic nitrogen forms concentrations, nitrate stable isotopes and oxygen concentrations plotted
against stream kilometers during the transect cruises ordered by months: Ammonium concentrations in (a) May, (b) June,
(c) July and (d) August; Nitrite concentrations in (e) May, (f) June, (g) July and (h) August; Nitrate concentrations in (i)
May, (j) June, (k) July and (1) August; ' N-nitrate concentrations in (m) May, (n) June, (0) July and (p) August; §'3O-nitrate
concentrations in (q) May, (r) June, (s) July and (t) August; Oxygen saturation in (u) May, (v) June, (w) July and (x) August.
The grey background indicates the Port of Hamburg.
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3.3.4 Statistical analysis

We performed statistical analysis to check for relations between the positions of ammonium and
nitrite concentration peaks and the oxygen minimum. We found significant correlations between
discharge and the position of the nitrite maximum (R = 0.58, p=0.015) and oxygen minimum
(R=0.76, p <0.001), showing that the nitrite concentration maximum and oxygen minimum moved
upstream at lower discharges. The position of the nitrite maximum showed a weak positive relation
with the location of the ammonium maximum (R = 0.47, p =0.055) and a strongly significant relation
with the position of the oxygen minimum (R = 0.77, p <0.001). Respective Figures for the relations

are shown in Figure A2.4.

Particulate nitrogen loads (as observed at the most upstream station) correlated with maximum
ammonium (NH4") and nitrite (NO>") loads (R =0.76 and p =0.007 for NH4" loads, R =0.76 and
p =0.007 for NO»" loads, Figure A2.3).

3.4 Discussion

3.4.1 Nitrate depletion in the upper estuary

The Intergovernmental Panel on Climate Change predicts more frequent and extensive droughts in
the future (IPCC 2022). In the Elbe Estuary, frequent low amounts of freshwater inflows have
occurred since 2013 (Figure 3.2; Weilbeer et al. 2021). Schulz et al. (submitted) described the effect
of discharge on riverine nitrogen turnover in the Elbe River. River loads mirrored the decline in
German nitrogen emissions since 1990 due to the collapse of eastern German industries (e.g., Guhr
et al. 2000), reduced nitrogen input from agriculture (UBA 2017; BMEL 2022) and the
implementation of wastewater treatment (UBA 2015, 2020). However, discharge conditions were
responsible for the strong variability in annual nitrogen loads. Low discharges enhanced
denitrification and sedimentation in the river and its catchments but also fueled phytoplankton growth

(Scharfe et al. 2009; Kamjunke et al. 2021).

We extended the observations conducted by Schulz et al. (submitted) from the Elbe River to the upper
estuary, where we observed a significant correlation between discharge and nitrate concentrations in
the most upstream samples of our transects (~stream kilometer 610; R = 0.85, p <0.001).
Extraordinarily low nitrate concentrations occurred in July 2019, June 2020, May 2022 and June
2022 (<24 umol L', Figure 3.4 and Figure 3.5). Minima were confirmed in a comparison with
monitoring data provided by FGG Elbe (stream kilometer 598.7; Figure A2.2). In particular, the
extraordinarily low concentrations in July 2019 (6.9 umol L) and June 2022 (1.9 umol L) were
striking.
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Usually, nitrate isotopes become progressively enriched with decreasing concentrations due to uptake
of lighter isotopes by phytoplankton (Figure 3.5; Schulz et al. submitted). However, light nitrate
isotopes occurred with extraordinarily low nitrate concentrations in July 2019, June 2020 and June
2022 (Figure 3.5a, b). Isotopic compositions were similar to average winter values with 8'°N-nitrate
at 7.8 % - 9.5 %o and 8'*O-nitrate at 2.7 %o - 3.1 %o (Johannsen et al. 2008; Schlarbaum et al. 2011;
8'"80-nitrate values corrected for a change in the IAEA reference material, see Appendix A2 for
details), suggesting nitrate production by coupled remineralization and nitrification. This finding is
intriguing, as it indicates the complete consumption of the isotopic enriched riverine nitrate pool and
recent nitrate production within the estuary from particulate plankton detritus. In addition to light
nitrate isotopes, heavier isotopic signatures of particulate nitrogen (11.2 %o in July 2018 and 12.1 %o
in June 2022) indicated an isotopic enrichment of approximately 4 %o compared to other summer
values (ranging from 5 %o to 8 %o; Figure A2.1), an offset that corresponds to literature values for
remineralization (Kendall 1998; Md&bius 2013; Sigman and Fripiat 2019). Overall, isotope changes
suggest that low discharge intensified nitrate uptake in the river and nitrogen recycling in the

freshwater section of the estuary.
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Figure 3.5. Nitrate stable isotopes plotted against concentrations for the most upstream samples (stream kilometer ~610):(a)
8" N-nitrate plotted against nitrate concentration and (b) 8'®O-nitrate plotted against nitrate concentration with cruises as
labels and point color indicating discharge conditions with low discharges shown in red and high discharges shown in blue.

3.4.2 Upstream shift in heterotrophic processes

An upward shift towards dominating heterotrophic processes due to reduced freshwater discharge
amounts was predicted by Quiel et al. (2011) and was already shown for dissolved inorganic carbon
concentrations in the Elbe Estuary by Rewrie et al. (2023). In our data, the significant correlations
between discharge, nitrite maximum and oxygen minimum (Section 3.3.4) also reflected an upstream
longitudinal shift in the dominant processes, leading to the question of how this shift affects nitrogen

turnover processes.
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In the Elbe Estuary, nitrate turnover in summers without nitrate depletion in the upper estuary
(exemplary shown for July 2013 in Figure 3.6) has been described by Sanders et al. (2018) and
Déahnke et al. (2022) and is briefly outlined here. Enriched nitrate entered the estuary at the weir in
Geesthacht (Figure 3.6g,i; Schulz et al. submitted). Ongoing phytoplankton uptake in the upstream
river (e.g., Deutsch et al. 2009) led to low silicate and phosphate concentrations (Figure 3.6b, d). Any
nitrite and ammonium released during the degradation of phytoplankton detritus (e.g., Kerner and
Spitzy 2001) was immediately assimilated (Figure 3.6a, ¢). Oxygen saturation was high (>100 %;
Figure 3.6k), indicating that production exceeded respiration. Entering the Hamburg Port region,
remineralization processes resulted in oxygen depletion (Schdl et al. 2014; Hein et al. 2016) and a

shift from autotrophy to heterotrophy.

In summers with nitrate depletion in the upper estuary (July 2019, June 2020 and June 2022, example
shown for July 2019 in Figure 3.6), riverine nitrate was either completely or nearly depleted at the
weir in Geesthacht due to enhanced retention by denitrification and phytoplankton uptake caused by
low freshwater discharges (Schulz et al. submitted). Low nitrate concentrations measured at stream
kilometer 606 were freshly produced by coupled remineralization and nitrification (Section 3.4.1).
The remineralization of phytoplankton already led to increasing ammonium, silicate and phosphate
concentrations (Figure 3.6a, b, d) upstream of the port region. In the upper estuary, an undersaturation
of oxygen (63 % saturation at stream kilometer 607) also indicated that in contrast to nitrate-replete
conditions, primary production was lower than respiration (Figure 3.6k). Further downstream, a
nitrite maximum developed, located approximately at stream kilometer 620 (Figure 3.6¢), showing
the stepwise succession of nitrogen turnover with remineralization followed by nitrification. This
scenario also led to enriched §"*°N-SPM up to 13 %o (Figure 3.61). Thus, our results indicate an early
collapse of the phytoplankton bloom in the riverine transect upstream of the port, where shallow
depths preclude a light limitation as inferred for the deep Hamburg Port (e.g., Schol et al. 2014). One
possible explanation for the collapse is an increased grazing pressure by zooplankton. Due to the
drought-induced longer residence time in the river, the zooplankton population may have increased
to a level where grazing rates exceeded the growth rate, leading to a collapse of the phytoplankton.
Another explanation is that due to the low nitrate concentrations, the phytoplankton community had
to adapt to low nitrate concentrations. This may have caused a shift in the community and a transient
drop in productivity, leading to a dominance of heterotrophic processes. In either case, low discharge
amounts ultimately led to a collapse of the phytoplankton bloom and a switch heterotrophic

dominance upstream of the port.
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Figure 3.6. Exemplary comparison of July 2013 to August 2019 plotted against stream kilometers: (a) ammonium
concentrations, (b) silicate concentrations, (c) nitrite concentrations, (d) phosphate concentrations, (e) nitrate
concentrations, (f) suspended particulate matter concentrations, (g) §'’N-nitrate, (h) C/N ratios, (i) 8'®O-nitrate, (j)
particulate nitrogen content, (k) oxygen saturation and (1) 3'N-SPM.

3.4.3 Enhanced nitrogen turnover in the Hamburg Port area

The difference between nitrate at the onset of the salinity gradient and the riverine nitrate input

(stream kilometer 610) revealed a higher nitrate gain with low freshwater discharges (Figure 3.7).
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Low discharge amounts enhanced algae blooms in the upper Elbe River based on favorable light
availability and longer residence times (Scharfe et al. 2009; Kamjunke et al. 2021), providing organic
matter for downstream remineralization and fueling eutrophication in a cascade effect (Galloway et
al. 2003). Prolonged residence times in the estuary enable that a larger part of organic matter is

remineralized and nitrified along the Elbe Estuary.

In the Elbe Estuary, the Hamburg Port area is a hotspot of organic matter turnover and nitrogen
cycling (e.g., Brase et al. 2017; Sanders et al. 2018; Zander et al. 2020, 2022; Dahnke et al. 2022),
with high nitrification rates leading to high nitrate gains within the estuary (Sanders et al. 2018). The
nitrogen budget is driven by the settling and resuspension of particulate matter, with its reactivity
being the main control of nitrogen turnover (Ddhnke et al. 2022). Both settling and resuspension are
processes that are affected by flow conditions (Winterscheid et al. 2014). A reduction in freshwater
inflow results in higher sedimentation rates of fine particles and an accumulation of organic material
(de Haas et al. 2002; Giles et al. 2007). We found a logarithmic relation between suspended
particulate matter concentrations from the Seemanshoeft station in the Port of Hamburg and
long-term discharge conditions (4-month average), showing increasing suspended particulate matter
accumulation with low freshwater discharges (Figure 3.3c). This result is in line with those from
Winterscheid et al. (2014), who found a continuous increase in turbidity and sedimentation rates in

periods of persisting low-discharge conditions.

Zander et al. (2020, 2022) identified a strong spatial gradient in labile suspended organic matter
availability, showing that riverine organic matter becomes trapped in the upstream part of the Port of
Hamburg. With reduced freshwater discharge, tidal exchange gains in importance, which shows in
upstream shifts of the estuarine maximum turbidity zone and salinity gradient but also in increased
tidal pumping (Bergemann 2004; Boehlich and Strotmann 2008; Winterscheid et al. 2014) and longer
residence times in the port area (Table 3.1; Bergemann et al. 1996; Amann et al. 2015). Accumulated
organic material can thus, in combination with prolonged residence times, lead to intensified
remineralization in the Hamburg Port under low discharge conditions, which we see in the enhanced

nitrate gain at low discharge amounts (Figure 3.7¢).
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Figure 3.7. Nitrate gain along the estuary: (a) Nitrate concentrations in the most upstream samples (~stream kilometer 610),
(b) nitrate concentrations at the onset of the salinity gradient (salinity <1) and (c) nitrate gain along the freshwater estuary
plotted against discharge.

3.4.4 Limitations of our sampling campaign

Low discharge amounts fueled remineralization in the Port of Hamburg, leading to higher nitrate
gains within the estuary (Figure 3.7; Section 3.4.3), but prolonged residence times also limited the
interpretation of our sampling transects. In the campaigns, we sampled the freshwater estuary over
one to two days, but during low discharges, residence times were well above one week (Table 3.1).
As a consequence, the nitrate concentrations at stream kilometer 650 did not necessarily correspond
to the concentrations at stream kilometer 610 measured on the same day. The downstream samples

represented mixed signals from riverine input one to two weeks prior to the campaign.

In July 2019 (Figure 3.4 and Figure 3.6), June 2020 and June 2022 (Figure 3.4), both nitrate
concentrations and nitrate stable isotopes increased in the freshwater transect. The reason for this
could have been a strongly fractionating process that reduces nitrate (e.g., water column
denitrification) simultaneously occurring with nitrate production, overshadowing the lighter isotopes
added via nitrification. In summer 2013, water column denitrification was shown by Déhnke et al.
(2022) in Hamburg Port. However, since nitrate concentrations increase within the freshwater
estuary, production must strongly exceed reduction, making this scenario unlikely. For example, in
July 2019, the nitrate concentration increased from 6.7 umol L' at stream kilometer 607 to
136.1 umol L' with a simultaneous increase in §'*N-nitrate from 10.3 %o to 13.5 %o. If this increase
was an effect of simultaneous nitrification and water column denitrification, then 40 % of the freshly
produced nitrate would have been reduced within the sampling transect (estimated by the mapping
approach by Schulz et al. (2022); Appendix A4). Considering the low suspended particulate matter
concentrations (<22 mg L!; Figure A2.1) and oxygen concentrations above the threshold of

denitrification in the water column (>146 umol L), this scenario is highly unlikely.

We suggest that the increase in nitrate isotopes along the estuary reflected the origin of the nitrate.
Given the long residence times at low discharges, the nitrate had entered the estuary a few weeks

before out sampling. At that time, nitrate was not depleted yet and nitrate uptake phytoplankton would
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have enriched the isotopes of remaining nitrate. At the time of sampling, all nitrate was consumed by
the phytoplankton and new, low isotope nitrate was produced from freshly degraded phytoplankton
detritus. This intensified the observed gradient in the isotopic composition of the nitrate from light

(newly produced) to more heavy (older) nitrate (Figure 3.5).

Thus, to properly assess the impact of longer residence times on nitrate production and the isotopic
changes in the Port of Hamburg and Elbe Estuary, transect measurements need to be combined with
high-resolution observations at the head of the estuary and residence time calculations within the
estuary. Together, these data can be used to track the entering riverine nitrogen concentrations and
isotopic composition from the river along the estuary and to determine nitrogen turnover processes
in more detail. Our data nonetheless provide solid evidence for the observed upstream shifts in
heterotrophy and processing intensification, but the quantification of the nitrate gain in the port region
remains difficult.

Table 3.1. Length, area and typical residence time upstream and downstream of the Port of Hamburg as a function of low
and medium discharge (Q) derived from Bergemann et al. (1996) and Amann et al. (2015).

Zone Stream km Length Area Residence time
Q=250 m’s’! Q=700 m’s’! Q=1200 m?s’!
Pre-Port 585-620 35 km 11.8 km? 3 1 <1
Port 620-650 30 km 27.5 km? 11 4 2

3.5 Conclusion

Low freshwater discharge intensified nitrate retention, leading to complete consumption of the
riverine nitrate pool and a collapse of the phytoplankton bloom upstream of the Hamburg Port region.
Consequently, heterotrophic processes moved upstream, resulting in accumulated ammonium and
oxygen depletion upstream of the port. In Hamburg Port, nitrogen turnover is controlled by particulate
matter, which accumulates in the port under persist low discharge conditions, fueling nitrate
production and leading to high nitrate gains. However, prolonged residence times limited the
quantification of the gain along our sampling transects. A combined approach using high-resolution
steady-state data, transect measurements, and residence time calculations is needed to track nitrate
inputs from the river to the estuary and to assess the effects of low discharges on the estuarine nutrient

filter function.

Our results highlighted the complex interplay between various stressors on the estuarine nitrogen
cycle. While nitrate is increasingly retained in upstream regions with low discharge conditions, the
synergetic effects of altered suspended particulate matter dynamics (Bergemann 2004; Boehlich and
Strotmann 2008; Winterscheid et al. 2014) and fueled phytoplankton blooms (Scharfe et al. 2009;
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Kamjunke et al. 2021; Schulz et al. submitted) have led to a reversed effect in the Port of Hamburg.
This findings highlights the need for a holistic approach to water quality improvement, nutrient

mitigation and sediment management in heavily anthropogenically impacted estuaries.
Acknowledgments

We thank all the involved colleagues in sampling the Elbe Estuary, e.g., Markus Ankele, Andreas
Neumann, Fabrizio Minutolo, Leon Schmidt and many others. Yoana G. Voynova and our collogues
from KOI provided the FerryBox data. Thanks to Andreas Schdl and the staff of the BfG for providing
us with data from their research cruises. Many thanks to the crew of the R/V Ludwig Prandtl and
Vogelsand for their support on board. For measuring the nutrient concentrations, we thank Leon
Schmidt and Verena Kiippers. The working group of Biogeochemistry at the Institute for Geology
measured C/N ratios and 8'°N-SPM values.

47






4 Seasonal variability of nitrous oxide concentrations and

emissions along a temperate estuary

Schulz, G., Sanders, T., Voynova, Y. G., Bange, H. W., and Ddhnke, K.: Seasonal
variability of nitrous oxide concentrations and emissions in a temperate estuary,

Biogeosciences, 20, 3229-3247, https://doi.org/10.5194/bg-20-3229-2023, 2023.

Abstract

Nitrous oxide is a greenhouse gas, with a global warming potential 298 times that of carbon dioxide.
Estuaries can be sources of nitrous oxide, but their emission estimates have significant uncertainties
due to limited data availability and high spatiotemporal variability. We investigated the spatial and
seasonal variability of dissolved nitrous oxide and its emissions along the Elbe Estuary (Germany),
a well-mixed temperate estuary with high nutrient loading from agriculture. During nine research
cruises performed between 2017 and 2022, we measured dissolved nitrous oxide concentrations, as
well as dissolved nutrients and oxygen concentrations along the estuary and calculated nitrous oxide
saturations, flux densities and emissions. We found that the estuary was a year-round source of
nitrous oxide, with highest emissions in winter when dissolved inorganic nitrogen (DIN) loads and
wind speeds are high. However, in spring and summer, nitrous oxide saturations and emissions did
not decrease alongside lower riverine nitrogen loads, suggesting that estuarine in-situ nitrous oxide
production is an important source of nitrous oxide. We identified two hot-spots areas of nitrous oxide
production: the Port of Hamburg, a major port region, and the mesohaline estuary near the maximum
turbidity zone (MTZ). Nitrous oxide production was enhanced by warmer temperatures and was
fueled by decomposition of riverine organic matter in the Hamburg Port and by marine organic matter
in the MTZ. A comparison with previous measurements in the Elbe Estuary revealed that nitrous
oxide saturation did not decrease alongside with DIN concentrations after a significant improvement
of water quality in the 1990s that allowed for phytoplankton growth to reestablish in the river and
estuary. This effect of phytoplankton growth and the overarching control of organic matter on nitrous
oxide production, highlights that eutrophication and agricultural nutrient input can increase nitrous

oxide emissions in estuaries.
4.1 Introduction
Nitrous oxide (N2O) is an important atmospheric trace gas that contributes to global warming and

stratospheric ozone depletion (WMO 2018; IPCC 2021). Estuaries are important regions of nitrogen
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turnover (Middelburg and Nieuwenhuize 2000; Crossland et al. 2005; Bouwman et al. 2013), and a
potential source of nitrous oxide (Bange 2006; Barnes and Upstill-Goddard 2011; Murray et al. 2015).
Together with coastal wetlands, estuaries contribute between 0.17 and 0.95 Tg N>O-N of the annual
global budget of 16.9 Tg N,O-N (Murray et al. 2015; Tian et al. 2020). Nitrous oxide emission
estimates from estuaries are associated with significant uncertainties due to limited data availability
and high spatiotemporal variability (e.g., Bange 2006; Barnes and Upstill-Goddard 2011; Maavara et

al. 2019), presenting a big challenge for the global nitrous oxide emission estimates.

Nitrification and denitrification are the most important nitrous oxide production pathways in
estuaries. Under oxic conditions, nitrous oxide is produced as a side product during the first step of
nitrification, the oxidation of ammonia to nitrite (e.g., Wrage et al. 2001; Barnes and Upstill-Goddard
2011). At low oxygen (but not anoxic) conditions, nitrifier-denitrification may occur, during which
nitrifiers reduce nitrite to nitrous oxide (e.g., Wrage et al. 2001; Bange 2008). Denitrification takes
place under anoxic conditions and mostly acts as a source of nitrous oxide, but can also reduce nitrous
oxide to N, (e.g., Knowles 1982; Bange 2008). In estuaries, denitrification can occur in anoxic
sediments, the anoxic water column or anoxic microsites of particles, whereas nitrification and
nitrifier-denitrification take place in the oxygenated water column (e.g., Beaulieu et al. 2011; Murray

et al. 2015; Ji et al. 2018; Tang et al. 2022).

In estuaries, the most important factor controlling nitrous oxide emissions are considered to be
oxygen availability and dissolved inorganic nitrogen loads (Murray et al. 2015). Since nitrous oxide
measurements in estuaries are scarce, global nitrous oxide emissions can be estimated by using
emission factors and considering dissolved inorganic nitrogen (DIN) or total nitrogen (TN) loads,
where it is assumed that higher loads lead to higher nitrous oxide emissions (Kroeze et al. 2005, 2010;
Ivens et al. 2011; Hu et al. 2016). However, several studies instead reported no obvious relationship
between nitrogen concentrations and nitrous oxide emissions (Borges et al. 2015; Marzadri et al.
2017; Wells et al. 2018), highlighting the need to understand the causes for variability of the

relationship between nitrogen loads and nitrous oxide emissions (Wells et al. 2018).

The Elbe Estuary is a heavily managed estuary with high agricultural nitrogen inputs that hosts the
third largest port in Europe (e.g., Radach and Pétsch 2007; Bergemann and Gaumert 2008; Pitsch et
al. 2010; Quiel et al. 2011). It has been identified as a nitrous oxide source, with a hotspot of nitrous
oxide production in the Port of Hamburg (Hanke and Knauth 1990; Brase et al. 2017).We aimed to
investigate drivers for nitrous oxide emissions along the estuary, specifically the nitrous oxide and
DIN ratio (N,O:DIN). To do so, we (1) looked for potential long-term changes in nitrous oxide

saturations, (2) investigated potential production hotspots as well as the spatial and temporal
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distribution of nitrous oxide saturations, and (3) used the N,O:DIN ratio for a comparison with other

estuaries that receive similar high agricultural nutrient inputs.
4.2 Methods

4.2.1 Study site

The Elbe River stretches over 1094 km from the Giant Mountains (Czech Republic) to the North Sea
(Cuxhaven, Germany). The catchment of the Elbe River is 140 268 km? (Boehlich and Strotmann
2019), with 74 % urban and agricultural land use (Johannsen et al. 2008).The Elbe is the second
largest German river discharging into the North Sea, as well as the largest source of dissolved nitrogen

for the German Bright, which is heavily affected by eutrophication (van Beusekom et al. 2019).

The Elbe Estuary is a well-mixed temperate estuary, which begins at stream kilometer 586 at a weir
in Geesthacht and stretches through the Port of Hamburg, entering the North Sea near Cuxhaven at
stream kilometer 727 (Figure 4.1). Estuaries are commonly structured along their salinity gradient
into an oligohaline (salinity: 0.5-5.0), a mesohaline (salinity: 5.0-18.0) and polyhaline (salinity >18.0)
(US EPA 2006). The Elbe Estuary has a length of 142 km (Boehlich and Strotmann 2019) and a mean
annual discharge of 712 m® s”! (measured at gauge Neu Darchau at stream kilometer 536; HPA and
Freie und Hansestadt Hamburg 2017). The average water residence time is ~32 days, ranging from
~72 days during times of low discharge (300 m’s™) to ~10 days during times of high discharge
(2000 m® s!; Boehlich and Strotmann 2008). The estuary has an annual nitrogen load of 84 Gg-N
(FGG Elbe 2018). Point sources along the estuary provide only small part of the total nitrogen input
to the Elbe Estuary (Hofmann et al. 2005; IKSE 2018). Oxygen concentrations in the Elbe Estuary
vary seasonally, with oxygen depletion during the summer months and oxygen minimum zones
regularly experiencing concentrations below 94 umol O, L' (Schroeder 1997; Gaumert and

Bergemann 2007; Schol et al. 2014).

The Elbe Estuary is dredged year-round to maintain a water depth of 15-20 m and to grant access for
large container ships to the Port of Hamburg (Boehlich and Strotmann 2019; Hein et al. 2021).
Construction work for further deepening of the fairway was carried out during our study period, from

2019 to early 2022. Upstream of the Port of Hamburg water depth is less than 10 m (Hein et al. 2021).
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Figure 4.1. Map of the Elbe Estuary sampled during our research cruises with stream kilometers. The vertical black lines
indicate the Hamburg Port region and a typical position for the maximum turbidity zone (MTZ; Bergemann 2004).

4.2.2 Transect sampling and measurements

We performed nine sampling campaigns along the estuary with the research vessel Ludwig Prandtl
(Table 4.1). Most cruises took place during spring and summer, with water temperatures >10 °C
(May to September), two cruises were conducted during winter (early March; water temperature
<6 °C; Table 4.1). Transects started in the German Bright, and continued along the salinity gradient,
through the Port of Hamburg to Oortkaten (stream kilometer 609). To ensure comparable current and
mixing conditions, transect sampling was always done after high-tide, with the ship travelling
upstream against the tide. For comparison to previous measurements, we included summer data from
a previous study in 2015 (Brase et al. 2017).

Table 4.1. Campaign dates with the sampled Elbe Estuary sections shown via stream kilometers, average discharge during

each cruise measured at the Neu Darchau gauging station, averages and standard deviations for water temperature, wind
speed at 10 m height, dissolved inorganic nitrogen (DIN) concentrations for each campaign.

Campaign Dates Stream Water Wind speed Average Average

kilometers temperature 10 m discharge DIN load

(km) (°O) (ms?) (m?s™) (umol L)
28.-29.04.2015 627 - 741 123+1.0 7.4+23 595 191.0+45.0
02.-04.06.2015 609 — 739 174+1.7 50+1.3 276 105.9 +36.2
01.-02.08.2017 621 —749 20.9+0.7 36+1.5 607 79.2 +30.2
04.-05.06.2019 610 — 750 18.7+22 4.0+1.7 423 108.3 +35.9
30.07.-01.08.2019 609 — 752 22.6+1.0 42+14 171 60.8 £38.6
19.-20.06.2020 609 — 747 19.8+14 58+1.2 331 74.6 £33.8
09.-11.09.2020 607 — 745 18.9+£0.6 59+2.8 305 93.1+32.7
10.-12.03.2021 609 — 748 54+0.5 93+2.6 862 324.4+83.8
04.-05.05.2021 610-751 10.5+0.8 11.0£3.1 411 85.7+36.6
27.-28.07.2021 621-751 222+0.7 52+1.3 721 139.8 +58.4
01.-02.03.2022 610 —752 5.6+0.2 29+1.0 1282 238.0+74.7
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An onboard membrane pump continuously provided water at 1.2 m depth to an on-line in-situ
FerryBox system and to an equilibrator used for the measurements of nitrous oxide dry mole fraction
(Section 4.2.4). The FerryBox system continuously measured water temperature, salinity, oxygen
concentrations, pH and turbidity. We corrected the salinity corrected optode measurements using

comparisons to Winkler titrations of distinct samples. See Table A3.1 for further details.

Discrete water samples (30-40 samples for each cruise) were collected every 20 min from a bypass
of the FerryBox system. For nutrient analysis, water samples were filtered immediately through
combusted, pre-weighted GF/F Filters (4 h, 450 °C), and were frozen in acid washed PE bottles until
analysis. The filters were also stored frozen (-20 °C) and subsequently analyzed for suspended
particulate matter (SPM), particulate nitrogen (PN), particulate carbon (PC) and C/N ratios (Figure
A3.1).

4.2.3 Nutrient measurements

Filtered water samples were measured in triplicates with a continuous flow auto analyzer (AA3,
SEAL Analytics) using standard colorimetric and fluorometric methods (Hansen and Koroleff 1999)
for dissolved nitrate (NO3"), nitrite (NO,") and ammonium (NH4") concentrations. Detection limits

were 0.05 pumol L', 0.05 pmol L', and 0.07 umol L™! for nitrate, nitrite and ammonium, respectively.

4.2.4 Equilibrator based nitrous oxide measurements and calculations

Equilibrated dry mole fractions of nitrous oxide were measured by an nitrous oxide analyzer based
on off-axis integrated cavity output (OA-ICOS) absorption spectroscopy (Model 914-0022, Los
Gatos Res. Inc., San Jose, CA, USA), which was coupled with a sea water/gas equilibrator using
off-axis cavity output spectroscopy. Brase et al. (2017) described the set-up and instrument precision
in detail. Twice a day, two standard gas mixtures of nitrous oxide in synthetic air (500.5 ppb = 5 %
and 321.2 ppb + 3 %) were analyzed to validate our measurements. No drift was detected during our

cruises.

We calculated the dissolved nitrous oxide concentrations in water with the Bunsen solubility function
of Weiss and Price (1980), using 1 min averages of the measured nitrous oxide dry mole fraction
(ppb). Temperature differences between the sample inlet and the equilibrator were taken into account
for the calculation of the final nitrous oxide concentrations (Rhee et al. 2009). Nitrous oxide
saturation were calculated based on nitrous oxide concentrations in water (N:O.,) and the
atmospheric equilibration concentrations (N.O.s; Eq. 4.1). Atmospheric nitrous oxide dry mole
fractions were measured before and after each transect cruises using an air duct from the deck of the

research vessel.
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NZ ch

s =100 x

200 4.1
The gas transfer coefficients (k) were determined based on Borges et al. (2004; Eq. 4.2), Nightingale
et al. (2000), Wanninkhof (1992) and Clark et al. (1995), using the Schmidt number (Sc¢) and wind
speeds (u;0) measured at 10 m height (Eq. 4.2). The Schmidt number was calculated as ratio of the
kinematic viscosity in water (Siedler and Peters 1986) to the nitrous oxide diffusivity in water (Rhee
2000). Cruise wind speeds (Table 4.1) varied significantly from average annual wind speeds of the
two federal states, in which the Elbe Estuary is located (4.7 m s'; Hereon and DWD 2023), and also
compared to seasonal average wind speeds determined for the stations Cuxhaven and Hamburg
(Rosenhagen et al. 2011). Thus, to estimate uncertainties due to varying wind conditions during our
cruises, we used 1) the in-situ wind speeds measured on board the R/V Ludwig Prandtl at 10 m height
by a MaxiMet GMX600 (Gill Instruments Limited, Hampshire, UK), 2) the average annual wind
speed (Hereon and DWD 2023), and 3) the seasonally averaged wind speeds (Rosenhagen et al.
2011). The flux densities (f) in the main text were calculated using Eq. 4.2 and Eq. 4.3 and the wind
speeds measured on board the vessel. Results of the other calculations are listed in Table A3.2, Table

A3.3 and Table A3.4.

Sc\7%°
k =024 x (4.045 + 2.58u,,) X (ﬁ) (4.2)

f =k xX(N;0. — NZOeq) (4.3)

To estimate nitrous oxide emissions, we separated the Elbe Estuary into five regions: limnic (stream
kilometer 585 to 615), Port of Hamburg (stream kilometer 615 to 632), oligohaline (stream kilometer
632 to 704), mesohaline (stream kilometer 704 to 727) and polyhaline (stream kilometer 727 to 750),
see Table A3.5. Respective areas were provided by the German Federal Waterways Engineering and
Research Institute (BAW, pers. Comm., Oritz, 2023) and Geerts et al. (2012). In order to account for
seasonality, cruises were defined as: winter (March), spring (April and May), summer (June and July)
and late summer/autumn (August and September). We then calculated daily nitrous oxide emissions
per section and season. For upscaling, we used calculated monthly emissions to estimate annual
emissions (winter: November to March, spring: April to May, summer: June to July and late
summer/autumn: August to October). To address uncertainties, we calculated nitrous oxide emissions

based on different parametrizations and wind speeds as described above.
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4.2.5 Excess nitrous oxide and apparent oxygen utilization

The correlation between excess nitrous oxide (N:0x) and apparent oxygen utilization (4OU) can
provide insights into nitrous oxide production (Nevison et al. 2003; Walter et al. 2004). We calculated
N2Oxs as the difference between the nitrous oxide concentration in water (N.O,,) and the theoretical
equilibrium concentration (N.O.y; Eq. 4.4). AOU was determined using Eq. 4.5, where O; is the
measured dissolved oxygen concentration, and O, is the theoretical equilibrium concentration

between water and atmosphere calculated according to Weiss (1970).

Nzoxs = Nzow - Nzoeq (44)

AOU = 0j — 0, (4.5)

A linear relationship between AOU and N,Oy; is usually an indicator for nitrification (Nevison et al.

2003; Walter et al. 2004).

4.2.6 Statistical analysis

All statistical analyses were done using R packages. The packages ggpubr v.0.6.0 (Kassambara 2023)
and stats v.4.0.2 (R Core Team and contributors worldwide 2020) were used to calculate Pearson

correlations (R) and p-values.
4.3 Results

4.3.1 Hydrographic properties and DIN distribution

Discharge ranged between 171 m® s! and 1282 m? s™!' during our cruises (ZDM 2022), with higher
discharge in winter and lower discharge in summer (Table 4.1). Average water temperature over the
entire estuary ranged from 5.4 + 0.5 °C in March 2021 to 22.6 £+ 1.0 °C in August 2017 (Table 4.1).
For further evaluation, March 2021 and 2022 cruises were regarded as winter cruises (water
temperature <6°C), whereas all cruises with higher water temperature were jointly regarded as spring

and summer conditions.

Nitrate was the major form of DIN during all cruises. In winter, high nitrogen concentrations entered
the estuary from the river. Towards summer, the riverine input of nitrate (stream kilometer <620)
decreased, but along the estuary nitrate concentrations increased up to ~stream kilometer 700, then
decreased towards the North Sea. Nitrate concentrations were highest during both March cruises with
averages of 319.0 + 85.7 umol L' and 230.9 + 76.2 umol L™ in 2021 and 2022, respectively. During
summer, nitrate concentrations were lower, with averages between 151.0 + 58.1 pmol L' in May

2021 and 63.3 + 38.8 umol L™ in July 2019 (Figure 4.2a, b).
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Nitrite and ammonium concentrations were usually low (<1 umol L) throughout the Elbe Estuary,
but peaked in the Hamburg Port region and around stream kilometer 720 (Figure 4.2c, e). We
measured pronounced variations in nitrite concentrations during most of our cruises, ranging from
>6.0 umol L' (July 2019) to concentrations below the detection limit (Figure 4.2¢, d). The highest

ammonium concentration was measured in March 2021 at 23.5 umol L™ (Figure 4.2¢, f).
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Figure 4.2. Nitrate concentration along the Elbe Estuary (a) in spring/summer, (b) in winter. Nitrite concentration along
the Elbe Estuary (c) in spring/summer and (d) in winter. Ammonium concentration along the Elbe Estuary (e) in
spring/summer and (f) in winter. Nitrous oxide in % saturation along the Elbe Estuary (g) in spring/summer, (h) in winter.
Dissolved oxygen in % saturation along the Elbe Estuary (i) in spring/summer and (j) in winter. All variables are plotted
against Elbe stream kilometers (Elbe km). Light grey shading denotes the Hamburg Port region, dark grey shading the
typical position of the maximum turbidity zone (MTZ, Bergemann, 2004). Note the difference in Y axis scales for the plots
of (g) and (h). The dashed black lines in (g) and (h), as well as (i) and (j) indicate saturation of 100 % for nitrous oxide and
dissolved oxygen, respectively.
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4.3.2 Atmospheric nitrous oxide and nitrous oxide saturation

The average atmospheric nitrous oxide dry mole fractions ranged from 325 ppb in June 2015 to
336 ppb in July 2022 (Table 4.2). The differences between our measurements and the mean monthly
nitrous oxide mole fraction measured at the Mace Head atmospheric monitoring station (Ireland;
Dlugokencky et al. 2022) were always less than 1.5 %, indicating a good agreement with the

monitoring data.

During all cruises, the Elbe Estuary was supersaturated in nitrous oxide in the freshwater region
(Figure 4.2g, h). The average nitrous oxide saturation over the entire transect ranged between 146 %
and 243 % with an overall average of 197 % for all cruises. Highest nitrous oxide occurred in the
Hamburg Port region in spring and summer with an average nitrous oxide peak of 402 % saturation
and a maximum supersaturation of 710 % in July 2019. The distributions of nitrous oxide during
winter cruises were significantly different: In March 2022, highest nitrous oxide (280 % saturation)
occurred at stream kilometer 640. In contrast, in March 2021, we found an extraordinarily high peak
with a saturation of 1018 % at stream kilometer 627. Between stream kilometer 680 and 720, a
supersaturation of up to 277 % occurred in spring and summer. Further towards the North Sea, nitrous

oxide decreased, approaching equilibrium with the atmosphere.

4.3.3 Nitrous oxide flux densities and nitrous oxide emissions

For nitrous oxide flux densities, we in the following present calculated values after Borges et al.
(2004; Table 4.2). See Table A3.2, Table A3.3 and Table A3.4 for results of other parametrizations.
The nitrous oxide flux densities were usually highest in the Hamburg Port area, with an average of
95.0 = 97.9 umol m d! and lowest towards the North Sea, with an average of 3.9 + 3.0 pmol m™! d'!
(Elbe stream kilometers >735). The average nitrous oxide flux density of all cruises was

39.9 +46.9 umol m2d!' (calculated with in-situ wind speeds measured during the cruises).
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Table 4.2. Calculated average nitrous oxide saturation, sea-to-air fluxes calculated following Borges et al. (2004) and
atmospheric nitrous oxide dry mole fractions during our cruises in the Elbe Estuary

Campaign Average Nitrous oxide flux densities (umol m? d!) Average
Dates saturation In-situ Annual Seasonal atmospheric dry
(%) wind wind wind mole fraction (ppb)

28.-29.04.15 160.8 +=37.9 33.1+21.0 23.1+14.7 254+ 16.1 331+£0.5
02.-04.06.15 203.8+112.7 39.0+42.7 37.2+40.7 37.8+414 325+0.8
01.-02.08.17 221.0£106.5 35.6+31.8 43.2+38.5 44.1+39.3 331+1.2
04.-05.06.19 192.6 + 66.0 29.7+21.5 33.5+24.2 34.0+£24.6 332+0.2
30.07.-01.08.19  232.5+155.3 42.0 £50.1 45.7+54.5 47.4+56.4 327+1.0
19.-20.06.20 193.9+74.1 39.2+31.6 33.3+26.9 33.9+273 330+0.6
09.-11.09.20 160.5 + 53.6 26.0+23.5 21.8+19.7 24.5+22.1 331+0.7
10.-12.03.21 242.5+141.6  100.7+101.2 58.1+584 71.0+ 714 331+1.3
04.-05.05.21 145.6 =28.8 35.6+22.5 17.8+11.2 185+ 11.7 331+0.8
27.-28.07.21 172.6 £37.2 28.0+14.6 259+ 13.6 269+ 14.1 334+3.38
01.-02.03.22 196.5+47.0 27.8+13.9 39.0+19.5 47.7+23.8 333+0.7

Nitrous oxide emission estimates varied significantly depending on the used parametrization and
wind speeds. Note that we calculated emission twice: 1) including (w 03/2021) and 2) deliberately
excluding (w/o0 03/2021) the nitrous oxide peak saturation measured in the Port of Hamburg in March
2021, using a linear interpolated concentrations in the respective. Highest emissions were calculated
following methods by Borges et al. (2004) and using in-situ wind speeds, resulting in emissions of
0.25 £ 0.16 Gg-N,O yr'! and 0.23 + 0.12 Gg-N,O yr'! with and without the nitrous oxide peak in
March 2021, respectively. Lowest emissions of 0.08 Gg-N,O yr'! arose with parametrization of

Nightingale et al. (2000) and Wanninkhof (1992), and using annual wind speeds (Table 4.3).
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Table 4.3. Annual nitrous oxide emission estimates in Gg-N2O yr! calculated with different parametrizations and wind
speeds

Emissions in Gg-N>O yr'!

Borges et al. Nightingale et al. Wanninkhof Clark et al.

(2004) (2000) (1992) (1995)
w In-situ wind 025+0.16 0.14+0.12 0.17+0.15 0.16+0.12
03/2021  Annual wind 0.21+0.11 0.08 £ 0.04 0.09 £ 0.05 0.09 £ 0.05
Seasonal wind 0.24+0.12 0.11+0.06 0.13+0.06 0.12+0.06
w/o In-situ wind 0.23+£0.12 0.13+0.09 0.15+0.11 0.14 £ 0.09
03/2021  Annual wind 0.20 +0.08 0.08 £0.03 0.08 £0.03 0.09 £ 0.04
Seasonal wind 0.22+0.09 0.11+0.04 0.12+0.04 0.12+0.04

4.3.4 Dissolved oxygen saturation

Average oxygen varied between 76 and 95 % saturation with an oxygen minimum in the Hamburg
Port area. Winter cruises varied little, with oxygen remaining relatively constant along the estuary
(>88 % saturation). During most spring and summer cruises, water from the river coming into the
estuary was supersaturated in oxygen (>100 % saturation). In the Hamburg Port region, oxygen
saturation generally decreased. Lowest values occurred in June 2020 with 47 % saturation. The
along-estuary oxygen minimum in summer months (June to August) was always below 61 %
saturation. In spring and summer, oxygen increased towards the North Sea and reached

100 % saturation (Figure 4.2i, j).

Plots of N2Oys and AOU revealed excess nitrous oxide along the entire estuary (Figure 4.3). During
all cruises, elevated riverine N>Oys entered the estuary (stream kilometer <620). A linear positive
relationship between N,Oy, and AOU suggested nitrification as main production pathway in large
sections of the estuary (Nevison et al. 2003; Walter et al. 2004). However, in summer, a change of
slope in the Port of Hamburg as well as in the mesohaline section of the estuary suggested either
increased in-situ nitrous oxide production or external nitrous oxide input. In winter, we found an
increasing slope in the Hamburg Port region and in the oligohaline part of the Elbe Estuary (Figure
4.3h, k).
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4.3.5 Statistical analysis

We performed a statistical analyses to identify potential nitrous oxide production pathways and
controlling factors. Table 4.4 summarizes the results for the entire data set with further separation
into spring and summer cruises (sp/su), as well as separation according to presence of a salinity
gradient (salinity >1) or freshwater regions (salinity <1). Further, we performed corresponding
analysis to assess the significance of correlations between for average values of different parameters
for each cruise (Table 4.5).

Table 4.4. Pearson correlation coefficients (R) for nitrous oxide saturation (%) with temperature (T in °C), pH value, oxygen
(O2 in % saturation), ammonium concentrations (NH4" in pmol L), nitrite concentrations (NO2 in umol L), nitrate
concentrations (NO3™ in umol L), suspended particulate matter concentrations (SPM in mg L!), C/N values, particulate
carbon fraction (PC in %) and particulate nitrogen fraction (PN in %) for the entire data set, spring and summer cruises

(sp/su), data with salinity >1, spring and summer cruises with salinity >1, data with salinity <1 and spring and summer
cruises with salinity <1. The significance is shown as * for p-value <0.001, * for p-values <0.01 and + for p-values <0.05.

N0 T pH 0 NHs;* NOy NO;  SPM C/N PC PN

% °C % UM uM uM mg % %
Entire data  0.06  -0.47¢ -0.56* 0.27° 048" 0.23 0.10 0.60 -0.05  -0.13"
sp/su 0.33*  -0.59° -0.65" 023 0.53" 0.09 0.02 024 -0.09 -0.13"
Sal>1 0.03  -0.40" -0.53" -0.32° -0.05 071" 032" 0.11° -024 -039
Sal<1, 0.01  -0.41" -042" 028 051" -0.00 -0.08 0.15  -0.25" -0.24

Sal>1,sp/su  -0.10 -0.21* -0.52° -0.28"  0.01 0.62" 0.02 039" -031" -041°
Sal<l, sp/su  0.30“ -0.60" -0.57° 021" 058 -0.23" -0.16 0.11 -0.30"  -0.27"

Table 4.5. Pearson correlation coefficients (R) for average nitrous oxide saturation (%) with average discharge (Q in m? s™")
temperature (T in °C), pH value, oxygen (O2 in % saturation), ammonium concentrations (NHs" in umol L), nitrite
concentrations (NO2™ in pmol L), nitrate concentrations (NO3™ in pmol L), suspended particulate matter concentrations
(SPM in mg L"), C/N values, particulate carbon fraction (PC in %) and particulate nitrogen fraction (PN in %) for the entire
data set, spring and summer cruises (sp/su), data with salinity >1, spring and summer cruises with salinity >1, data with
salinity <1 and spring and summer cruises with salinity <1. The significance is shown as “ for p-value <0.001, * for p-values
<0.01 and + for p-values <0.05.

N.O Q T pH 0, NHs* NO» NO; SPM C/N PC PN

% m?s’! °C % uM uM uM mg % %
Entire data 0.13 0.06 -0.65 -039 0.02 0.48 0.27  -0.31 0.53 0.12  -0.16
sp/su -0.26 0.76" -0.82* -0.32 0.01 035 -040 -0.92" 0.15 0.18 0.31
Sal>1 -0.07 -0.14 -038 -043 -0.18 0.23 052 -0.19 046 -0.18 -0.38
Sal<1, -0.21 029 -059 -039 026 076" -0.11 -0.57 0.12 0.61 0.47

Sal>1, sp/su  -0.07 -0.70* -0.41 -0.26 -0.42 0.03 0.05 -0.81" -0.04 -0.10 0.14
Sal<l,sp/su -0.48 0.72* -0.80 -046 029 0777 -0.58 -0.87" -0.17 0.69 0.67
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4.4 Discussion

4.4.1 Nitrous oxide saturation and flux densities of the Elbe Estuary

The average nitrous oxide saturation and flux density were 197 % and 39.9 +46.9 pmol m? d,
respectively. The nitrous oxide flux densities from the Elbe Estuary were in the mid-range of flux
densities of other European estuaries ranging from 2.9 umol m? d! to 96.5 umol m? d! (Garnier et
al. 2006; Gongalves et al. 2010; Murray et al. 2015) and average nitrous oxide saturations fitted to
values determined by Reading et al. (2020) for highly modified urban systems. The relationship of
N2Oys and AOU (Figure 4.3), with changing slopes in the Port of Hamburg and mesohaline estuary,
was determined by either initial riverine nitrous oxide production, or in-situ production along the
estuary. During spring and summer, we found increasing nitrous oxide concentrations in the Hamburg
Port region (see also Brase et al. 2017), and in the salinity gradient (stream kilometer 680-700, salinity
~5). Both nitrous oxide peaks varied in magnitude and spatial extension, suggesting in-situ biological
production (Figure 4.2g). This matches earlier research linking estuarine nitrous oxide fluxes to in-

situ generation (e.g., Bange 2006; Barnes and Upstill-Goddard 2011; Murray et al. 2015).

Previous measurements of nitrous oxide saturation and flux densities in the Elbe Estuary between the
1980s and 2015 (Hanke and Knauth 1990; Barnes and Upstill-Goddard 2011; Brase et al. 2017)
showed a significant reduction of nitrous oxide saturation due to the reduced riverine nutrient load
and higher dissolved oxygen concentrations (Brase et al. 2017). However, since the BIOGEST study
in 1997 (Barnes and Upstill-Goddard 2011), nitrous oxide remained relatively stable at ~200 %
saturation despite a concurrent decrease in TN concentration from ~400 pmol L' to around
200 pmol L' (Figure A3.2; Hanke and Knauth 1990; Barnes and Upstill-Goddard 2011; Brase et al.
2017; FGG Elbe 2022). As nitrous oxide saturation did not decrease in scale with riverine nitrogen
input this suggests that in-situ nitrous oxide production along the estuary is important. Dahnke et al.
(2008) showed a shift from dominating denitrification towards significant nitrification in the Elbe
Estuary due to the significant improvement of water quality after the reunification of Germany in
1990. In the following sections, we investigate the biogeochemical controls of this in-situ production.
For this purpose, we discuss the two zones of intense nitrous oxide nitrous oxide production
separately and also distinguish between cruises in spring and summer (water temperature >10 °C)

and in winter (water temperature <6 °C).

4.4.2 Nitrous oxide production in spring and summer in the mesohaline estuary

The nitrous oxide peak in the transition between oligohaline and mesohaline estuary was
accompanied by a sudden change in the slope of the AOU vs N,Oxs plots, (Figure 4.3), pointing
towards nitrous oxide production in the oxic water column. Peaks of nitrite and ammonium

concentrations coincided with the elevated nitrous oxide saturations between Elbe km 680 -700, with
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an ammonium peak around stream kilometer ~720, and a nitrite peak at ~700 (Figure 4.4). Highest
nitrous oxide concentrations were usually measured between the nitrite peak and the region with
highest turbidity (Figure 4.4a; September 2020, and Figure A3.3-Figure A3.13). This co-occurrence
of nitrite accumulation and increased nitrous oxide saturation has been interpreted as signs for nitrous
oxide production via denitrification (Wertz et al. 2018; Sharma et al. 2022). However, denitrification
does not seem likely in this oxic water column. Such a succession of nitrite and ammonium peaks is
also typical for remineralization and nitrification, and the slight decrease of oxygen concentrations
around the higher nitrous oxide saturation (Figure 4.2g, i) suggests oxygen consumption, possibly
caused by these two processes. Sanders et al. (2018) measured small but detectable nitrification rates
(1-2 pmol L' d!) for this region of the Elbe Estuary, suggesting that nitrous oxide may be a side

product of nitrification.
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Figure 4.4. Succession of N-bearing substances coming from the North Sea and in the Port of Hamburg in September 2020:
Relative change of suspended particulate matter concentrations (a) from the North Sea and (b) in the Port of Hamburg.
Nitrate in umol L', nitrite in pmol L', ammonium in pmol L' and nitrous oxide concentrations in nmol L' plotted against
Elbe stream kilometers (c) from the North Sea and (d) in the Port of Hamburg. Particulate nitrogen concentrations in
umol L' and C/N values plotted against stream kilometers (e) from the North Sea and (f) in the Port of Hamburg. The grey
area in (f) and (f) shows the position of the Port of Hamburg.

This suggests input of particulate matter from the North Sea and upstream particle transport towards
the maximum turbidity zone of the estuary (MTZ). This transport mechanism is in line with Wolfstein

and Kies (1999), who explained organic matter contents and chlorophyll a concentrations in the
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polyhaline part of the Elbe Estuary by input of freshly produced particulate matter of marine origin.
Generally, maximum turbidity zones are generated by the balance between river-induced flushing
and upstream transport of marine suspended particulate matter, as a function of estuarine
geomorphology, gravitational circulation and tidal flow, trapping the particles in the MTZ (Bianchi
2007; Sommerfield and Wong 2011; Winterwerp and Wang 2013). Other studies detected nitrous
oxide production from water column nitrification in estuarine MTZs (e.g., Barnes and Owens 1999;
de Wilde and de Bie 2000; Bange 2006; Barnes and Upstill-Goddard 2011; Harley et al. 2015), caused
by high bacterial numbers, particulate nitrogen availability and long residence times (Murray et al.

2015).

For the selected dataset, we calculated a negative correlation between average suspended particulate
matter concentrations and nitrous oxide saturation (R = -0.81; Table 4.5), and found that the nitrous
oxide peak was located downstream of the MTZ, and upstream of increasing nitrite and ammonium
concentrations (Figure 4.4). This suggests that (1) the mere concentration of suspended particulate
matter is not the driving factor of nitrification as a source of nitrous oxide, but that organic matter
quality is key to biological turnover (Ddhnke et al. 2022), and (2) the material transport from the
North Sea upstream towards the MTZ (Schoer 1990; Kappenberg and Fanger 2007) is a main
mechanism for nitrous oxide generation. We find organic matter with low C/N ratios, and with
relatively high PN and PC contents in the outermost samples (ranging from 5.9 in June 2020 to 8.8
August 2017), indicating fresh and easily degradable organic matter (Figure A3.1; e.g., Redfield et
al. 1963; Fraga et al. 1998; Middelburg and Herman 2007). Towards the MTZ, C/N values, PN and
PC contents decreased, indicating remineralization in the water column. This remineralization and
subsequent nitrification can then cause the observed succession of ammonium, nitrite and nitrous
oxide peaks (Figure 4.4a), contributing to the high nitrate concentrations in the MTZ, where high
C/N values (9-11/16) indicate low organic matter quality (e.g., Hedges and Keil 1995; Middelburg
and Herman 2007). Overall, we conclude that remineralization of marine organic matter, followed
by nitrification, produced the nitrous oxide peak in the salinity gradient of the Elbe Estuary. This

production was mainly fueled by fresh organic matter entering the estuary from the North Sea.

4.4.3 Hamburg Port: nitrous oxide production in spring and summer

During all cruises, we measured highest nitrous oxide saturation in the Port of Hamburg. These peaks
can be caused by input from a wastewater treatment plant, by deepening and dredging operations,

enhanced benthic production or by in-situ production in the water column.

Point sources generally play a minor role in the Elbe Estuary (Hofmann et al. 2005; IKSE 2018). We
estimated the wastewater discharge fraction of stream flow according to Biittner et al. (2020) for the

wastewater treatment plant (WWTP) Kohlbrandh6ft, which treats the wastewater from the Hamburg
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metropolitan region, with less than 5 % even under low freshwater inflow. Thus, point sources

seemed not to be the cause for the elevated nitrous oxide concentrations.

Dredging can be a potential source of nitrous oxide in the water column. The estuary is continuously
deepened and dredged to grant access for large container ships, which stirs up bottom sediments.
Ammonium concentrations in the sediment pore water are high (Zander et al. 2020, 2022) and nitrous
oxide can be produced by nitrifier-denitrification in the sediments (Deek et al. 2013). However, we
found no correlation of high suspended particulate matter concentrations and nitrous oxide saturation,

indicating no major influence on nitrous oxide dynamics from channel dredging and deepening.

Several studies identified the Hamburg Port region as a hotspot of biogeochemical turnover: Deek et
al. (2013) showed denitrification, where Sanders et al. (2018) measured intense nitrification.
Norbisrath et al. (2022) determined intense total alkalinity generation, and Ddhnke et al. (2022) found
that nitrogen turnover was driven by high particulate organic matter in this region. Brase et al. (2017)
identified the Hamburg Port region as a hotspot of nitrous oxide production and hypothesized that
simultaneous nitrification and sediment denitrification were responsible. We use our expanded
dataset to further evaluate this hypothesis and to identify drivers for nitrous oxide production in the

port region.

During all cruises in spring and summer, we measured ammonium and nitrite peaks in the Hamburg
Port region (Figure 4.2c, e; exemplary for September 2020 in Figure 4.4b). Several researchers did
address the nitrogen turnover and this accumulation of nitrite and ammonium assuming that the
sudden increase of water depth in the Port leads to a light limitation and decomposition of riverine
organic material (Schroeder 1997; Schol et al. 2014). This in turn raises ammonium and nitrite

concentrations and fosters nitrification in the port region (Sanders et al. 2018; Déhnke et al. 2022).

High nitrite concentrations are favorable for nitrous oxide production by nitrification and
nitrifier-denitrification (Quick et al. 2019), while low-oxygen conditions facilitate both nitrification
and denitrification. We found that nitrous oxide saturation increased with decreasing discharge
(R =-0.48; Table 4.5) during spring and summer. This further points towards in-situ nitrous oxide
production, because denitrification and nitrification are more intense during longer residence times
(e.g., Nixon et al. 1996; Pind et al. 1997; Silvennoinen et al. 2007; Gongalves et al. 2010). Overall,
our data showed the succession of ammonium, nitrite and nitrous oxide production (Figure 4.4; Figure
A3.3-Figure A3.13) confirming simultaneous sedimentary denitrification and nitrification in the
water column responsible pathways for nitrous oxide production in the Port of Hamburg (Brase et al.

2017).
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In spring and summer, we found no linear relationship between N>Oy and AOU in the Hamburg Port
(Figure 4.3). This may result from combined nitrous oxide production by nitrification and
denitrification. However, oxygen saturation and nitrous oxide saturation were inversely correlated in
Hamburg Port (Table 4.4 and Table 4.5), suggesting that nitrous oxide production was controlled by
oxygen concentrations, and thus was related to oxygen consumption in the port region. Most (75 %)
of this oxygen consumption is caused by respiration whereas the remaining 25 % stem from
nitrification (Schol et al. 2014; Sanders et al. 2018). This respiration in turn is determined by
remineralization of algal material from the upstream river that is transported to and respired within
the port region (Schroeder 1997; Kerner 2000; Schol et al. 2014), linking estuarine nitrous oxide
production to river eutrophication. Fabisik et al. (2023) showed that algae could additionally
contribute to nitrous oxide production. In the Elbe, fresh organic matter from the river with low C/N
values as well as high PN and PC contents entered the estuary. This organic material was rapidly
degraded in the Hamburg Port region (Figure A3.1). Dahnke et al. (2022) found that labile organic
matter fueled nitrification but also denitrification in the freshwater part of the Elbe Estuary, which,
as shown in our study, results in high nitrous oxide production in the Hamburg Port, leading to the

reported negative correlations of PC and PN content with nitrous oxide saturation.

Overall, oxygen conditions mainly controlled nitrous oxide production in the Hamburg Port region
in spring and summer. Since respiration of organic matter dominates oxygen drawdown in the port
region, we deduce that nitrous oxide production there is linked to the decomposition of phytoplankton

produced in the upstream Elbe River regions.

4.4.4 Hamburg Port: Nitrous oxide production in winter

In winter, low water temperature (<6 °C) should hamper biological production (Koch et al. 1992;
Halling-Sorensen and Jorgensen 1993). Indeed, we did not detect a nitrous oxide peak in the MTZ in
winter, but we find high nitrous oxide concentrations in the port region. For March 2022, we found
a linear increase of N2Oxs, and AOU along with oxygen consumption and increasing ammonium,
nitrite and PN concentrations indicating nitrification in the Hamburg Port producing nitrous oxide.
Unlike in summer, nitrous oxide concentrations showed a flat increase extending far into the

oligohaline section of the estuary (Figure 4.2, Figure A3.1).

However, in March 2021, we found a sharp and sudden increase in nitrous oxide, with a peak
concentration that by far exceeded internal biological sources in summer (Figure 4.2h). An
ammonium peak in the water column coincided with the nitrous oxide maximum (Figure 4.2f and
Figure A3.11). If microbial activity is mostly temperature-inhibited, a local source of nitrous oxide

in the port seems the most likely cause.
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We considered intensified deepening operations in the Port of Hamburg one potential source of
elevated nitrous oxide saturation. Deepening and dredging work occurred in the Hamburg Port region
in 2021 (HPA, pers. Comm., Karrasch 2022), but, this also applied to 2022, when we saw no sharp
nitrous oxide peak (Figure 4.2h). Furthermore, the regions of deepening and dredging did not match
the region of high nitrous oxide concentrations, and turbidity at the time of sampling did not change
significantly compared to other cruises. Jointly, this suggests that channel dredging and deepening

was not the primary cause for the 2021 winter nitrous oxide peak.

Another possible source of nitrous oxide is the WWTP outflow in the Southern Elbe that joins the
main estuary at stream kilometer 626 (Figure 4.1), matching the nitrous oxide peak at stream
kilometer 627 (Figure 4.2h). As explained above (Section 4.4.3), the effect of this WWTP on nitrous
oxide saturations under normal conditions should be negligible. This peak can be the result of an
extraordinary event during our sampling. We indeed found that an extreme rain event occurred on
March 11" 2021 (HAMBURG WASSER, pers. Comm., Laurich 2022) with a statistical recurrence
probability of one to five years (HAMBURG WASSER 2023). This rare event caused aggravated
operation conditions in the WWTP at the time of sampling. While the operators could still meet the
limits for the effluent levels of nitrate and ammonium, higher than usual ammonium loads exited the
treatment plant at this time. We assume that these elevated ammonium WWTP loads, were rapidly
converted to nitrous oxide as the warmer and biologically active wastewater entered the Elbe Estuary
in March 2021.An important factor for aggravated conditions was a temperature drop in the WWTP
caused by cold rain water, we hypothesize that a similar rain event in warmer months would not lead

to comparable nitrous oxide peaks.

Therefore, we argue that our March 2021 cruise likely represents an exception due to an extreme
weather situation, whereas normal winter conditions in the estuary comply with the nitrous oxide

production, like in March 2022.

4.4.5 Seasonally varying N,O:DIN dynamic

We calculated annual nitrous oxide emissions of the Elbe Estuary ranging from
0.08 £ 0.03 Gg-N>O yr! to 0.25 £ 0.16 Gg-N,O yr'! (Table 4.3), which varied from recent nitrous
oxide summer emission estimate of 0.18 = 0.01 Gg-N,O yr! by Brase et al. (2017). Estuarine nitrous
oxide emissions are affected by tides, diel variations and currents (Barnes et al. 2006; Baulch et al.
2012; Gongalves et al. 2015), all of which we did not address in our study. Range of possible
parametrizations of gas transfer coefficients further complicates a direct comparison of fluxes
between studies (Hall Jr. and Ulseth 2020; Rosentreter et al. 2021), which were reflected in the big
differences of our emission estimates (Table 4.3). Therefore, a direct comparison to other studies is

difficult.
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In a more general approach, the relationship between nitrous oxide and DIN (N.O:DIN) is used for
global estimates of nitrous oxide emissions (Kroeze et al. 2005, 2010; Ivens et al. 2011; Hu et al.
2016). Using publicly available data (Table A3.6 and Table A3.7), we calculated the amount of the
annual nitrogen load released as nitrous oxide. Depending on the parametrization used for the gas
transfer coefficients, 0.14 % to 0.67 % of the annual DIN loads of the Elbe Estuary were released as
nitrous oxide (0.11 % to 0.57 % for TN loads). This is significantly less than the 1 % predicted by
Kroeze et al. (2005), but matches results from other estuaries with high agricultural input, e.g. Wells
et al. (2018) with 0.3 % to 0.7 % (0.1 % for TN loads) and Robinson et al. (1998) with 0.5 % (0.3 %
for TN loads) as well as the 0.11 % to 0.37 % estimated by Maavara et al. (2019), who used TN loads

to predict global estuarine emissions.

At our site, highest emissions were estimated in winter (Figure 4.5b) along with highest DIN loads
(Figure 4.5¢). In spring, summer and late summer, nitrous oxide emissions reduced along with DIN
loads (Figure 4.5b, c¢). However, nitrous oxide release did not scale with the seasonal change of DIN.
In winter, 0.10 % to 0.32 % of DIN were released as nitrous oxide, whereas during the other seasons,
up to 1.26 % were emitted. Thus, our results corroborate that there is a deviating relationship between
DIN and nitrous oxide (Borges et al. 2015; Marzadri et al. 2017; Wells et al. 2018) showing that this
relationship even varies seasonally on site due to changing drivers for nitrous oxide production and

emissions.

Next to DIN loads, we find that organic matter is an important driver for nitrous oxide production by
providing substrate for nitrification. Furthermore, the comparison of our results with previous
measurements in the Elbe Estuary revealed that nitrous oxide saturation stopped to scale with DIN
input after the 1990s (Section 4.4.1). The significant regime change after the 1990s enabled
phytoplankton growth to reestablish in the river (Kerner 2000; Amann et al. 2012; Hillebrand et al.
2018; Rewrie et al. submitted) and led to high nitrification rates in the estuary (Ddhnke et al. 2008;
Sanders et al. 2018), supporting the overarching control of organic matter on nitrous oxide production

and emissions along the Elbe Estuary.
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Figure 4.5. (a) Average nitrous oxide saturation for each season, (b) average nitrous oxide emissions for each season
calculated after Borges et al. (2004), (c) average DIN loads for each season and (d) ratio of nitrous oxide emissions and
DIN loads (N20:DIN) for each season. The error bars represent the standard deviations for (a), (b) and (c). The N.O:DIN
ratios is shown as average values calculated for each parametrization and wind speeds with error bars representing their
variability.

4.5 Conclusions

Overall, the Elbe is a year-round source of nitrous oxide to the atmosphere, with highest emission
occurring in winter, along with high DIN loads and high wind speeds. However, summer nitrous
oxide saturation and emissions did not decrease with lower riverine nitrogen input suggesting variable
relations of DIN and nitrous oxide (Borges et al. 2015; Marzadri et al. 2017; Wells et al. 2018), and
seasonal variability of this ratio caused by changing drivers for nitrous oxide production and
emissions. Two hot-spots of nitrous oxide production were found in the Elbe Estuary: the Port of
Hamburg and the mesohaline estuary near the estuarine turbidity maximum. Biological nitrous oxide
production was enhanced by warmer temperatures and fueled by riverine organic matter in the
Hamburg Port or marine organic matter in the MTZ. A comparison with historical nitrous oxide
measurements in the Elbe Estuary revealed that nitrous oxide saturation did not decrease with DIN
input after the 1990s. The improvement of water quality in the Elbe Estuary enabled phytoplankton
growth after the reunification of Germany in 1990s (Kerner 2000; Amann et al. 2012; Hillebrand et
al. 2018; Rewrie et al. submitted) and led to a switch from dominant denitrification to high
nitrification (Dahnke et al. 2008; Sanders et al. 2018), supporting the overarching control of organic

matter on nitrous oxide production along the Elbe Estuary. Thus, our findings indicate that DIN
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availability is not the sole control of nitrous oxide production in estuaries with high agricultural input.
High organic matter availability due to phytoplankton blooms driven by river eutrophication fuels
nitrification and subsequent nitrous oxide emissions, causing a decoupling of the N>O:DIN ratio.
Therefore, nitrous oxide emissions in heavily managed estuaries with high agricultural loads are
clearly linked to eutrophication phenomena. Consequently, reducing nitrogen input alone is not
sufficient to minimize nitrous oxide emissions from estuaries. Further measures are needed to prevent
the developments of intense phytoplankton blooms in rivers and estuaries. Especially considering
climate change projections of more frequent and extensive draughts and warmer temperatures (IPCC
2022), which potentially fuel phytoplankton growth (Scharfe et al. 2009; Kamjunke et al. 2021; IPCC
2022).
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Abstract

Estuaries are nutrient filters and change riverine nutrient loads before they reach coastal oceans. Their
morphology have been extensively changed by anthropogenic activities like draining, deepening and
dredging to meet economic and social demand, causing significant regime changes like tidal
amplifications and in some cases to hyper-turbid conditions. Furthermore, increased nutrient loads,
especially nitrogen, mainly by agriculture cause coastal eutrophication. Estuaries can either act as a
sink or as a source of nitrate, depending on environmental and geomorphological conditions. These
factors vary along an estuary, and change nitrogen turnover in the system. Here, we investigate the
factors controlling nitrogen turnover in the hyper-turbid Ems Estuary (Northern Germany), which
has been strongly impacted by human activities. During two research cruises in August 2014 and
June 2020, we measured water column properties, dissolved inorganic nitrogen, dual stable isotopes
of nitrate and dissolved nitrous oxide concentration along the estuary. We found that three distinct
biogeochemical zones exist along the estuary. A strong fractionation (26 %o) of nitrate stable isotopes
points towards nitrate removal via water column denitrification in the hyper-turbid tidal river, driven
by anoxic conditions in deeper water layers. In the middle reaches of the estuary nitrification gains
importance, turning this section into a net nitrate source. The outer reaches are dominated by mixing,
with nitrate uptake in 2020. We find that the overarching control on biogeochemical nitrogen cycling,
zonation and nitrous oxide production in the Ems Estuary is exerted by suspended particulate matter

concentrations and the linked oxygen deficits.
5.1 Introduction

Estuaries can significantly alter riverine nutrient loads before they reach adjacent coastal oceans
(Crossland et al. 2005; Bouwman et al. 2013). The morphology of estuaries has been extensively
altered by humans and anthropogenic activities to meet economic and social demands. Land draining,

damming, diking, channel deepening and dredging lead to significant regime changes including tidal
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amplification, hyper-turbid conditions and loss of habitats (e.g., Kennish 2005; Winterwerp et al.
2013; de Jonge et al. 2014). High nutrient loads from agriculture, wastewater and urban runoff have
induced eutrophication (Galloway et al. 2003; Howarth 2008; van Beusekom et al. 2019), one of the

greatest threats to coastal ecosystems worldwide (e.g., Howarth and Marino 2006; Voss et al. 2011).

Depending on the predominant microbial processes, environmental conditions and geomorphological
characteristics, estuaries can either act as a sink or as an additional source of nitrate (Middelburg and
Nieuwenhuize 2000; Déahnke et al. 2008). In particular, the balance between remineralization,
nitrification and denitrification determines the net role of a specific estuary. Previous studies found
that biogeochemical changes of dissolved oxygen saturation, residence time or light penetration affect
this balance of nutrient uptake and removal (Thornton et al. 2007; Diaz and Rosenberg 2008; Voss

et al. 2011; Carstensen et al. 2014).

To disentangle the role of nitrate production and removal processes, stable isotopes are a frequently
used tool, because nitrogen turnover processes discriminate heavier isotopes, leading to an
enrichment in the pool of remaining substrate. The magnitude of enrichment, the so-called isotope

effect, is process specific (Granger et al. 2004; Deutsch et al. 2006; Sigman et al. 2009).

Nitrification and denitrification also produce nitrous oxide (N.O) (Knowles 1982; Tiedje 1988S;
Wrage et al. 2001; Francis et al. 2007), a potent greenhouse gas that contributes to global warming
(IPCC 2007). Estuaries are potential sources of nitrous oxide (Bange 2006) and, together with coastal
wetlands, contribute approximately 0.17 to 0.95 Tg N>O-N yr! to the global nitrous oxide budget of
16.9 Tg NoO-N yr'! (Murray et al. 2015; Tian et al. 2020). Numerous factors control estuarine nitrous
oxide emissions. Oxygen depletion, nutrient levels and possibly organic matter composition trigger
nitrous oxide production. Therefore, nitrous oxide emissions are linked to eutrophication (de Wilde
and de Bie 2000; Galloway et al. 2003; Murray et al. 2015; Quick et al. 2019). The role of nitrous
oxide production can vary along an estuary, depending on the environmental and geomorphological

properties.

Although the individual nitrogen turnover processes are well understood, the interplay of multiple
stressors on the nitrogen cycle needs further investigation (e.g., Billen et al. 2011; Giblin et al. 2013;
Sanders and Laanbroek 2018). Therefore, we investigate how biogeochemical water column
properties can change the nitrogen turnover, emerging eutrophication and nitrous oxide production

along an estuary.

We performed two summer research cruises along the Ems Estuary, a heavily managed estuary in
Germany that undergoes anthropogenic pressures from fertilizer input, dredging and channel

deepening (de Jonge 1983; Talke and de Swart 2006; Johannsen et al. 2008). This has led to a
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significant increase of suspended particulate matter concentration in the inner estuary since the 1950s
(de Jonge et al. 2014). We studied water column nutrient and stable isotope composition, as well as
suspended particulate matter concentration, in the Ems Estuary to investigate spatial dynamics in
nitrogen removal, nitrogen turnover processes and their relation to nitrous oxide production. We have
(1) evaluated the biogeochemical zonation of nitrogen turnover along the estuary, (2) identified the
dominating nitrogen turnover pathways in individual zones and (3) discussed the controlling factors
of nitrogen cycling and emerging nitrous oxide production. Ultimately, with this study, we provide a
better insight into the effects of biogeochemical water column properties and biogeochemistry on

estuarine nutrient turnover.
5.2 Methods

5.2.1 Study site

The Ems Estuary is situated on the Dutch—German border (Figure 5.1). The estuary is approximately
100 km long and stretches from the weir at Herbrum to the island Borkum. The Ems discharges into
the Wadden Sea, a part of the southern North Sea (van Beusekom and de Jonge 1994). The catchment
of the Ems is 17 934 km? (Krebs and Weilbeer 2008). Agricultural land use is dominant in the
catchment (80 %), and urban land use makes up 8% of the catchment (FGG Ems 2015b), with a
population density of ~200 km? (FGG Ems 2015¢). The Ems is also an important waterway with
ports in Delfzijl and Emden, and is used for transport of large vessels from the shipyard in Papenburg

to the North Sea (Talke and de Swart 2006).

The Ems is characterized by steep gradients in salinity and tides (Compton et al. 2017). It has an
average discharge of 80.8 m® s’!, with low freshwater discharge in summer and highest discharge
between January and April. The Ems is a hyper-turbid estuary with high suspended sediment
concentrations (de Jonge et al. 2014; van Maren et al. 2015a), reaching values of 30-40 g L! and
more in fluid mud layers (Winterwerp et al. 2013). Channel deepening has led to tidal amplification
and an increased upstream sediment transport in the tidal Ems (de Jonge et al. 2014). The increase of
suspended matter has lowered light penetration, and has led to decreasing oxygen concentration (Bos
et al. 2012). Bos et al. (2012) classified the Ems Estuary as a degraded ecological system with high

nutrient loads.

Based on geomorphological characteristics, the Ems can be divided into four sections: the tidal river
(kilometer 14-35), Dollard reach (kilometer 35-43), middle reaches (kilometer 43-75) and outer

reaches (downstream from kilometer 75; Figure 5.1).
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Figure 5.1. Map of the Ems Estuary displaying the sampling stations during two summer periods. Red triangles mark cruise
stations in 2014, green circles mark cruise stations in 2020 and crosses mark stations with oxygen measurements. The grey
numbers show the stream kilometers calculated according to German federal waterways (wsv.de). Background map: ©
OpenStreetMap contributors 2021. Distributed under the Open Data Commons Open Database License (ODbL) v1.0.

5.2.2 Sampling

Water samples were taken during two research cruises with the research vessel Ludwig Prandt! in
August 2014 and June 2020. Nutrient concentration and suspended particulate matter concentration
from the cruise in 2014 have been published in (Sanders and Laanbroek 2018). An onboard
membrane pump provided the on-line in-situ FerryBox system with water from 2 m below the
surface. The FerryBox system continuously measures dissolved oxygen, water temperature, pH,
salinity, fluorescence and turbidity (Petersen et al. 2011). In 2014, the dissolved oxygen
measurements from the Ferry-Box were about 32 umol L' lower than the Winkler titrations of two
discrete samples collected in July 2014. This offset was used to correct the FerryBox optode
measurements. Salinity measurements were checked using Optimare Precision Salinometer

(Bremerhaven, Germany), and the error of the FerryBox measurements was within 0.01 salinity units.
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Discrete water samples were taken from a bypass of the FerryBox system. The samples for nutrient
and isotope analysis were filtered immediately through combusted, preweighted GF/F Filters (4 h,
450 °C), and stored frozen in acid-washed (10% HCI, overnight) PE bottles at -20 °C until analyses.
The filters were stored at -20 °C for later analysis of suspended particulate matter (SPM; Réttgers et
al. 2014), 'N-SPM and C/N ratios. C/N ratios were measured with an Elemental Analyzer
(Eurovector EA 3000) calibrated against a certified acetanilide standard (IVA Analysentechnik,
Germany). The standard deviation was 0.05% and 0.005% for carbon and nitrogen respectively.
During the 2020 cruise, nitrous oxide gas phase mole fractions were continuously measured in

unfiltered water.

5.2.3 Dissolved oxygen measurements

During the cruises in 2014 and 2020, we measured dissolved oxygen concentration in surface water
using the FerryBox system (see above). For a more detailed view on oxygen dynamics, we also used
data provided by the German Federal Institute of Hydrology (BfG unpulished) at the stations in
Figure 5.1. Vertical profiles of oxygen concentration were taken at four monitoring stations along the
Ems Estuary (Figure 5.1) in August 2014 and June 2020 using an YSI 6660 probe. At these stations,
oxygen and temperature were also continuously measured with optodes of miniDot™ (PME,
Precision Measurement Engineering) loggers at 0.5m above the bottom at Ems kilometers 11.8 and

24.5 in 2014 and additionally at 18.2 and 33.0 in 2020.

5.2.4 Nutrient measurements

Nutrient concentrations (nitrate, nitrite, ammonium, silicate and phosphate) were measured with a
continuous flow auto analyzer (AA3, SEAL Analytics) using standard colorimetric and fluorometric
techniques (Hansen and Koroleff 1999). Measurement ranges were 0-400 pmol-N L' for combined
nitrate and nitrite, 0-17.8 pmol-N-L*!  for nitrite, 0.07-25 umol-N L' for ammonium,
0-1000 pmol-Si L™ for silicate and 0-16.1 umol-P L' for phosphate.

5.2.5 Isotopic analysis

The stable isotope composition of nitrate (§'°N-NOj5, §'*0-NOs") was measured using the denitrifier
method (Sigman et al. 2001; Casciotti et al. 2002), which is based on the isotopic analysis of nitrous
oxide. In brief, Pseudomonas aureofaciens (ATCC#13985) reduces nitrate and nitrite in the filtered
water samples to nitrous oxide. Nitrous oxide was measured by a GasBench II coupled with an
isotope ratio mass spectrometer (Delta Plus XP, Thermo Fisher Scientific). Two international
standards (USGS34, §'>N-nitrate = -1.8 %o, 6'30-nitrate = -27.9 %o; IAEA, §'N-nitrate = +4.7 %o,
8'80-nitrate = +25.6 %o) and one internal standard (8'°N-nitrate = +7.6 %o, 6'%O-nitrate = +24.4 %o)

were used to calibrate the samples. The standard deviation for standards and samples was <0.2%o
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(n = 4) and <0.5%o (n = 4) for 5'*N-nitrate and 5'®O-nitrate respectively. Nitrite concentration of the
samples was usually <5 %. When nitrite exceeded 5 %, it was removed prior to analysis using

sulfamic acid (Granger and Sigman 2009).

An elemental analyzer (Carlo Erba NA 2500) coupled with an isotope ratio mass spectrometer
(Finnigan MAT 252) was used to measure 8'"N-SPM values. IAEA N1 (8"°N = 0.4 %o), IAEA N2
(3N = +20.3 %o) and a certified sediment standard (IVA Analysetechnik, Germany) were used as

reference materials.

5.2.6 Equilibrator based nitrous oxide measurements and calculations

An nitrous oxide analyzer (Model 914-0022, Los Gatos Res. Inc.) coupled with a seawater/gas
equilibrator measured the dry mole fraction of nitrous oxide and water vapor in the water column
using off-axis integrated cavity output spectroscopy. The set-up and instrument precision is described
in detail in (Brase et al. 2017). The equilibration time of nitrous oxide of approximately 7 min was

taken into account for data processing.

For validation of the measurements, we measured two standard gas mixtures of nitrous oxide in
synthetic air regularly (500.5 ppb =5 % and 321.2 ppb £ 3 %). No drift was detected. For further
data processing, we calculated 1 min averages of nitrous oxide detected dry mole fraction (ppm).We
calculated the dissolved nitrous oxide concentration in water (V:0O.) using the Bunsen solubility
function of (Weiss and Price 1980) taking temperature differences between sample inlet and
equilibrator into account (Rhee et al. 2009). Nitrous oxide saturation (s) was calculated using Eq. 5.1,

based on nitrous oxide concentration in water (N.O.,,) and atmospheric nitrous oxide (N2Oe).

N2 Ocw

s =100 x 5.1
Ny Oeq .1

Atmospheric nitrous oxide was measured regularly during our cruise and was on average 0.33 ppm
during our cruise in 2020. The gas transfer coefficient (k) was calculated based on (Borges et al.
2004), where u,o is wind speed 10m above surface, and Sc is the Schmidt number (Eq. 5.2. Sea-to-air

flux densities (f) were calculated using Eq. 5.3.

2

Sc
k = 0.24 X (4.045 + 2.58 1,,) X (@> (5.2)
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f=k X (NZOCW_ NZOair) (5.3)

5.2.7 Nitrate mixing calculation

Nitrate concentration from conservative mixing (Cusc) between two endmembers was calculated for

each sample using the classical mixing model of (Eq. 5.4; Liss 1976).

Cumix =f X Cr+ (11— f)Cy (54

Where Cr and Cy stand for the concentration of the riverine and marine end-members, respectively,

and f denotes freshwater fractionation in each sample calculated as follows in Eq. 5.5:

f = (SM—Smix)

(Sm—Sr) (5.5)

Suiv, Su, Sk denote the salinity of the sample, marine and riverine endmembers, respectively. We used
the concentration-weighted mean of the isotopic values of the marine (Jda) and riverine (Jg)
end-members to calculate the theoretical isotope value of samples following conservative mixing

(Oumix; Eq. 5.6; Fry 2002):

XCrXOR+(1—f)XCp xS
6Mix=f RXOR+(1-f)XCyXéy (5.6)

CMix

5.2.8 Isotope effect

During turnover processes, nitrogen isotopes ratios change along a specific isotope effect that helps
to identify individual process pathways (Kendall et al. 2007). Isotope effects were calculated with an
open-system approach where the reactant nitrate is continuously supplied and partially consumed,
and steady state is assumed. This leads to a linear relationship between isotope values of nitrogen and
fraction /', where ' = (/C]/[Ciisai]). The isotope effect & corresponds to the slope of the regression
line (Eq. 5.8; Sigman et al. 2009).

15 15
_ 6" Nsupstrate = 0 Ninitial 57
Esubstrate = ( . )

-1

15 15
6 Nproduct_6 Ninitial

Eproduct = f (5.8)
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Where 6"’ Nossvater 6 Nprodue 6" Ninisiar denote 8'°N values of the substrate and product at the time of
sampling and the initial value. The remaining fraction of substrate at the time of sampling is described

by f. In the present study, the mixing line determines initial concentrations and isotope values.

5.2.9 Statistical analysis

All statistical analyses were done using R packages. Pearson correlation matrices were calculated
with ggcorr from the Rpackage GGally v.2.0.0 (Schloerke et al. 2020). From the R-package stats
v4.0.2 (R Core Team and contributors worldwide 2020), we used the function prcomp for the

principal component analysis (PCA). Salinity was not taken into account for the multivariate analysis.
5.3 Results

5.3.1 Hydrographic properties and dissolved nutrients in surface water

To evaluate controls on nutrient cycling, we first look at the hydrochemical properties that were
measured in 2014 and 2020 in surface waters, alongside with nutrient concentrations and nitrogen
stable isotope composition (Figure 5.2). Discharge ranged from 59.7 to 67.5 m? s'! in 2014 and was
~30 m*s! in 2020. The long-term average discharge is 30-40 m* s in June and August (Andreas
Engels, NLWKN Bst. Aurich, pers. comm., 2021). The mean water temperature was 23 °C in 2014
and 17 °C in 2020. Salinity ranged from ~0.5 to ~32 in both years. In 2014, the sampling section
started with the onset of the salinity gradient (kilometer 20), whereas the most upstream sample in
2020 was taken near Herbrum (kilometer -14; Figure 5.2g). This sample and the sample at stream
kilometer -9 were taken with a bucket from shore. The research vessel transect started in Papenburg

(kilometer 0).

Nitrate was the major form of dissolved inorganic nitrogen (DIN) and decreased with increasing
salinity. Nitrate concentration decreased from 177 to 3.9 umol L' in 2014 and from 166 to
4.9 umol L' in 2020 (Figure 5.2¢).

Ammonium (Figure 5.2a) and nitrite (Figure 5.2b) concentration were generally low in the tidal river,
with average concentrations of ~3 and 1 pmol L', respectively. One sample (June 2020; stream
kilometer 25) had an unusually high ammonium concentration of 13 umol L. In the Dollard reach,
ammonium and nitrite concentration increased with salinity in 2020, whereas this increase occurred
further downstream, i.e., in the middle reaches, in 2014. The highest ammonium concentration was
similar in 2014 and 2020, with 8.5 umol L' and 10.2 pmol L™ respectively. Whereas in 2020 nitrite
concentration reached 1 umol L', with little variability along the transect, in 2014, it reached a

maximum of 3.5 umol L', with a distinct peak in the middle and outer reaches.
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Incoming nitrate isotope values were elevated in the most upstream regions of the tidal river with
values of 15 %o for §'N-nitrate and 6 %o for 8'®O-nitrate in 2020, and 17 %o and 8 %o for 8'N-nitrate
and 8'30-nitrate in 2014. Isotope values increased further to a local maximum of 25 %o and 11 %o for
8" N-nitrate and §'30-nitrate around kilometer 13 in 2020. In 2014, the respective local maxima
(22 %o and 10 %o for and 8'30-nitrate) were shifted to kilometer 35. Further downstream, isotope

values decreased, except for a slight increase in the outermost marine samples (Figure 5.2d, e).

In 2020, we also measured dissolved nitrous oxide concentration. Measured values ranged between
equilibrium concentrations (~9 nmol L) and supersaturation of up to 40 nmol L' at kilometer 0,
which corresponded to a saturation of 400 %. Nitrous oxide then decreased downstream to
~14 nmol L' (140 %) at kilometer 30 and then increased to a local maximum of 21 umol L (210 %)
in the tidal river/Dollard reach transition at stream kilometer 35. Further downstream, nitrous oxide

decreased to near equilibrium concentration towards the North Sea (Figure 5.2f).
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Figure 5.2. Near surface water column properties along the Ems Estuary: (a) ammonium concentration, (b) nitrite
concentration, ¢) nitrate concentration, (d) 8'’N-nitrate, (¢) 3'®O-nitrate, (f) nitrous oxide saturation, (g) salinity, (h)
dissolved oxygen concentration, (i) suspended particulate matter concentration (SPM), (j) C/N ratios, (k) particulate organic
carbon fraction (POC), (1) 8'°N- suspended particulate matter. For clarity, only 10 min means are plotted for the continuous
measurements of nitrous oxide (f), oxygen (h) and salinity (g). Red triangles mark stations sampled in 2014 and green

Stream kilometers

circles represent stations in 2020.

5.3.2 Suspended particulate matter properties

Near surface suspended particulate matter concentration was highest in the tidal river, reaching values
of 2100 mg L' in 2014 and 1600 mg L' in 2020. Suspended particulate matter concentration
decreased at the beginning of the Dollard reach region (Figure 5.2i). The §'*N-SPM values showed

considerable scatter (Figure 5.21): around 5 %o in the tidal river/Dollard reach, and 9 %o in the middle
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reaches. In the outer reaches, 8'"°N-SPM dropped again to ~5 %o. In 2014, 5'°N-SPM were elevated
(8 %o0), but the database during this cruise is relatively sparse (Figure 5.21).

In 2020, C/N ratios of suspended particulate matter (Figure 5.2j) were relatively stable in the tidal
river (" 11) and Dollard reach, with a slightly lower value of 9 in the most upstream sample. In the
middle reaches, C/N ratios decreased, reaching the lowest value of 6.5 in the most offshore sample.
In 2014, C/N values were 11-15 in the tidal river, increasing to values as high as 20 in the Dollard

reach and decreasing to ~11 approaching the North Sea (Figure 5.2j).

Particular organic carbon fraction (% POC) was high in the most upstream samples in 2020 (Figure
5.2k), decreased to 4.5 % and remained relatively stable in the tidal river and Dollard before it
increased in the middle and outer reaches up to 11 %. In 2014, the values in tidal river and Dollard
were comparable, but we found a decreasing trend downstream, with a low POC fraction of ~3 % in

the outermost sample (Figure 5.2k).

5.3.3 Dissolved oxygen conditions in the Ems Estuary

In surface water, oxygen concentrations in the tidal river section were low during both cruises, and
increased downstream with rising salinity. The lowest values were measured in the tidal river, where
the minimum oxygen concentration was ~72 umol L in 2014 and 76 pmol L' in 2020 (Figure 5.2h),

corresponding to a saturation of 27 % and 26 %, respectively.

Oxygen profiles showed strong vertical gradients with decreasing concentration in deeper water
layers. The extent of hypoxia in the water column depended on the tidal cycle and location, with
lowest bottom water oxygen concentration measured at the most upstream station at stream kilometer

7.2 during low tide in 2020. Detailed profiles can be found in Figure A4.1.

During the continuous near-bottom oxygen measurements, we found anoxic conditions during both
of our cruises that lasted for several hours over a tidal cycle (Figure 5.3). Oxygen concentration was
generally low at low tide, and elevated at high tide. In 2014, anoxia developed at stream kilometer
11.8 and 18.5, and highest oxygen concentration in bottom water was only 60 pmol L' (kilometer
24.5) and 70 umol L' (kilometer 11.8). At the beginning of August, oxygen concentration at

kilometer 11.8 frequently exceeded measured values at kilometer 24.5.

In 2020, oxygen concentration in bottom water was higher, and anoxia was only found at stream
kilometer 11.8. At all other stations, oxygen concentration remained above 40 umol L! even at low

tide.
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Figure 5.3. Dissolved oxygen concentration 0.5 m above riverbed during our research cruises in (a) 2014 and (b) 2020,
measured continuously at several stations along the Tidal River. In 2014, oxygen concentration was measured at two stations
at stream kilometers 11.8 and 24.5. In 2020, additional measurements were done wat stream kilometers 18.2 and 33.0.
Symbols and colors mark stream kilometer of each sampling station. White circles are results from a station at stream
kilometer 11.8, grey at stream kilometer 18.2, black triangles at stream kilometer 24.5 and grey triangles at stream kilometer
33.0. The dotted line indicates hypoxic conditions at oxygen concentration of 62.5 pmol L'! (Diaz et al. 2019). The dashed
line marks oxygen concentration (6.25 pmol L") below which denitrification occurs (Seitzinger 1988). Note different
y-axes in plots (a) and (b).

5.3.4 Nitrate mixing

We plotted nitrate versus salinity concentration and nitrate dual isotopes to evaluate mixing properties
(Figure 5.4; Fry 2002).We used the most upstream and downstream samples as end-members for
each year. In both years, nitrate concentrations plot below the mixing line in the most upstream region
with low salinity in both years, corresponding to an enrichment of 8'°N-nitrate and §'3O-nitrate in the
same region. Above salinity of 20, a slight nitrate source is present, while isotope values decrease. In

2020, the outermost samples have a slightly enriched isotope signature and nitrate concentration
below the mixing line (Figure 5.4).
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Figure 5.4. Nitrate concentrations and isotope values of nitrate plotted versus salinity for (a), (b), (c) in 2014 and (d), (e),
(f) in 2020. Lines indicate calculated conservative mixing.

5.3.5 Principal component analysis

Together, PC1 and PC2 explained about 80 % of total variance in both years. In 2014, PC1
contributed to 66 % and PC2 to 15 %. PC1 and PC2 explained 61 % and 18 % of total variance in
2020, respectively.

Oxygen, pH, C/N ratios, suspended particulate matter and nitrate concentration contributed largely
to PC1 in 2014, just like silicate concentration in 2020 (this parameter was not measured in 2014).
Temperature, phosphate and nitrite concentration contributed largely to PC2 in both years, so did
8"SN-SPM in 2020. Due to few data, 3'N-SPM could not be included into the principle component
analysis of 2014. In 2014, PC2 was also heavily influenced by suspended particulate matter. The
PCA overall suggests that the estuary can be divided into three biogeochemically distinct zones

(Figure 5.5).
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from zone 2. Green circles and a dotted frame stand for samples in zone 3.

5.4 Discussion

5.4.1 Biogeochemical zones in the Ems Estuary

The first goal of this study was to identify distinct biogeochemical zones of nitrogen turnover within
the Ems Estuary to see if changing environmental and geomorphological properties affect the
occurring processes. The assessment of estuarine mixing curves showed three zones of different

nitrogen turnover along the salinity gradient (Figure 5.4).

In both years, 2014 and 2020, nitrate concentration deviated clearly and in a similar manner from the
conservative mixing line. In the upper riverine part of the estuary, nitrate concentration fell below the
conservative mixing line, indicating nitrate removal (zone 1), followed by a zone with nitrate
concentration slightly above the mixing line (zone 2) that acted as a net nitrate source. In the third
zone, nitrate mostly followed the conservative mixing line, with nitrate removal and isotopic
enrichment near the marine endmember in 2020, indicating nitrate uptake by phytoplankton. In 2014,
the identification of the “outer zone” (zone 3) is more complicated, as the outermost samples follow
the conservative mixing line in Figure 5.4. However, these outermost samples are distinct from the
prevailing processes in zone 2, because they do not show signs of nitrate production, a characteristic

of zone 2.
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The PCA analysis showed that nitrogen turnover was comparable in both years. However, there are
distinct differences between the cruises. Seasonal and interannual variation may cause differences in
dissolved inorganic nitrogen distribution and nitrate stable isotope composition. The PCA
independently confirms comparable zones of nitrogen turnover for both years. The principle
component loadings were also similar for both cruises. The PCA supports the suggested nitrate
zonation taking the other biogeochemical properties into account (Figure 5.5). The three
biogeochemical zones were mainly divided according to PC1. Contributing parameters were oxygen,
nitrate, C/N, suspended particulate matter and silicate, which suggests a tight coupling of nitrate
turnover to suspended particulate matter. PC2 helped to differentiate zone 2. Contributing parameters

(temperature, nitrite, and phosphate) suggest a link to nutrient uptake processes.

Based on the location of the biogeochemical zones along the Ems (Figure 5.1), we see a connection
with the geomorphological characteristics of the Ems Estuary. In both years, zone 1 was located in
the hyper-turbid tidal river and the beginning of zone 2 is characterized by increasing ammonium
concentration. In 2014, zone 1 included the Dollard reach. In 2020, the Dollard reach was grouped
into zone 2, together with the middle reaches. The shift of zone 2 between the cruises may be driven
by discharge conditions. In 2014, discharge was significantly higher than in 2020 (about twice the
long-term average discharge of 30 to 40 m® s! for June and August; Andreas Engels, NLWKN Bst.
Aurich, pers. comm., 2021). This may have led to a shift of zone 2 downstream, as was also indicated
by the shift in the salinity gradient and suspended particulate matter concentrations. (de Jonge et al.
2014) showed that elevated discharge can relocate estuarine turbidity maxima downstream. Zone 3

was in the outer reaches in 2014 and 2020.

Overall, mixing properties as well as a PCA suggest that there are three distinct biogeochemical zones
that act either as sinks (zones 1 and 3) or sources (zone 2) of nitrate along the Ems. These ones are

mainly defined by discharge and suspended particulate matter (especially PC1).

5.4.2 Denitrification in the upper estuary

Zone 1, the most upstream region acted as a nitrate sink in both years, with nitrate concentrations
below the conservative mixing line and enriched 8'N-nitrate and §'*O-nitrate values (Figure 5.4d, ¢).

Potential removal mechanisms are nitrate respiration or nitrate assimilation.

High suspended particulate matter values in the hyper-turbid tidal river and Dollard reach (Figure
5.2i) reduced light availability, limiting primary production (Bos et al. 2012). Therefore, nitrate

assimilation by phytoplankton in the upper estuary can be ruled out as a relevant nitrate sink.

Denitrification is a potential nitrate sink that can lead to strong isotope enrichment. Denitrification

was a dominant loss pathway in the 1980s in other temperate estuaries like the Elbe Estuary (Schroder
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etal. 1996), where sediment denitrification removed up to 40 % of the summer nitrate load. We found
that 5'°N-nitrate and §'30-nitrate in the Ems Estuary increased with decreasing nitrate concentration.
8'5N-nitrate versus 6'®O-nitrate plot on a slope of 0.5 in both years (Figure A4.2), which points
towards denitrification (Bottcher et al. 1990; Mengis et al. 1999; Granger and Wankel 2016; Wong
et al. 2020). A strong fractionation occurred (°c ~ 24 %o; R? = 0.89 in 2014 and 26 %o; R?> = 0.76 in
2020). While denitrification in sediments leads to little to no fractionation due to a diffusion limitation
(Brandes and Devol 1997; Lehmann et al. 2004; Sigman and Fripiat 2019), water column
denitrification has an isotope effect that fits our calculations (Kendall et al. 2007; Sigman and Fripiat

2019), and can explain the observed patterns.

Water column denitrification occurs under anaerobic to low oxygen conditions in the water column
(Tiedje 1988). According to Seitzinger (1988), denitrification occurs at oxygen concentration below
6.25 umol L. We measured low oxygen concentration in surface water during both years with lowest
concentration of ~70 umol L' (Figure 5.2h), which is well above the threshold for denitrification.
However, vertical oxygen concentration profiles and continuous measurements in the estuary in
near-bottom water showed that deeper water became anoxic in both years. Even though these anoxic
conditions only developed for a few hours over a tidal cycle, we conclude that water column

denitrification was the responsible nitrate sink mechanism in the Ems in 2014 and 2020.

Furthermore, denitrification can also occur on suspended particles. Liu et al. (2013) reported the
occurrence of denitrification on suspended particles in oxic waters in a hyper-turbid river. Xia et al.
(2016) observed a high oxygen influx around suspended particles and decreasing oxygen
concentration. They suggest that oxygen was consumed by nitrification and/or microbial respiration
close to the particle’s surface and thereby provided redox conditions for coupled
nitrification-denitrification to take place. Zhu et al. (2018) detected aggregates of nitrifiers and
denitrifiers on suspended particulate matter in the Hangzhou Bay in China. Similarly, Sanders and
Laanbroek (2018) propose that coupled nitrification-denitrification processes occur in the upper Ems
Estuary, and suggested immediate nitrate consumption driven by suspended particles in the water

column.

Overall, we find strong evidence for water column denitrification in zone 1, likely in the anoxic
bottom waters. Moreover, coupled nitrification-denitrification can add to this nitrate sink in the

hyper-turbid tidal river.

5.4.3 Increasing importance of nitrification in the middle reaches

The mixing lines along the estuary displayed a significant shift of nitrogen turnover from the
“denitrification zone” (zone 1) to zone 2. Nitrate concentrations plotted above the mixing line,

indicating a net nitrate source with lighter nitrate isotope values (Figure 5.4).
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Nitrate is produced via nitrification, which was no longer oxygen limited in zone 2 due to increasing
concentrations compared to the tidal river. A positive correlation between nitrite and ammonium, as
well as a negative correlation between nitrite and nitrate for both years indicate nitrate production via
nitrification with nitrite as an intermediate product. This is in line with the findings of Sanders and

Laanbroek (2018), who found nitrification in water column and sediments in 2014.

However, there is no clear indication of nitrification in the correlations of nitrate concentration and
nitrate isotopes. Nitrate isotopes were positively correlated with nitrate concentrations, but such a
parallel increase usually does not occur during nitrification. Nitrification produces isotopically
depleted nitrate, but the sources of 8'°N-nitrate and §'®O-nitrate are independent and increase the
overall nitrate pool. At least in 2014, a plot of 3'*N-nitrate versus §'®O-nitrate still plots on a slope of
0.5 in 2014, suggesting that denitrification may still be of importance in this zone. During
denitrification, nitrate isotope values and concentrations are also negatively correlated, because

denitrification consumes light nitrate and elevates the isotope values in the remaining pool.

The positive correlation in our study thus is intriguing. It seems likely that denitrification still occurs
in parts of zone 2, either in the oxygen limited conditions in deeper water layers, in the sediments of
the adjacent tidal flats (Gao et al. 2010), or driven by still elevated suspended particulate matter
concentrations of 185 and 230 mg L' in 2014 and 2020, respectively. The net addition of nitrate,

however, is a clear sign of nitrification.

Therefore, we aim to explore whether the parallel increase of nitrate concentration and isotope values
can be explained by simultaneous nitrification and denitrification. To identify the influence of both
processes, we used a mapping approach inspired by Lewicka-Szczebak et al. (2017). A detailed
description of the open-system mapping approach and figures are shown in the Appendix A4. Briefly,
we try to disentangle the influence of nitrification and denitrification in zone 2 based on the open-
system isotope effects, where the slope of the linear relationship between nitrate isotope values and
remaining fraction of nitrate concentration corresponds to the isotope effect (Sigman et al. 2009).
The initial values used for the mapping are derived from the nitrate mixing calculations based on (Fry

2002).

For denitrification, we calculated an isotope effect of “gppnit = -26 %o in the “denitrification zone”
(zone 1). For nitrification, the expression of the isotope effect depends on the abundance of
ammonium. As long as ammonium is limiting, we assume that any ammonium is converted to nitrite
and nitrate, so that the apparent isotope effect is that of remineralization. In most parts of zone 2, no
ammonium was accumulated. A simultaneous increase of &'’N-SPM, ammonium and nitrite
concentration at stream kilometer 50 in 2020 point towards remineralization (Figure 5.2a, b, 1). Based

on 8'"N-SPM, we calculated an isotope effect of Peremin = -1.2%0 (R? = 0.26), which fits with
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previous assessments of the isotope effect of ammonification (Mobius 2013). We applied this value
for nitrification with prior remineralization. Further downstream, ammonium and nitrite
concentrations increased, so we assume that remineralization no longer determines the overall isotope
effect of nitrification. Instead, there was a combined influence of ammonium oxidation with an
isotope effect > = -14%o to -41%o (Mariotti et al. 1981; Casciotti et al. 2003; Santoro and Casciotti
2011) and nitrite oxidation with "¢ =+9%o to +20%. (Casciotti 2009; Buchwald and Casciotti 2010;
Jacob et al. 2017). As we measured elevated ammonium and nitrite concentrations, both processes
influenced the fractionation caused by nitrification. Therefore, for total nitrification we assumed a
combined isotope effect of exirri = -10 %o, that we used to describe nitrification in samples with
accumulated ammonium and nitrite. This number is lower than previously measured for ammonium
oxidation, and is based on nitrification rate from incubations performed previously in the Elbe estuary

(Sanders and Diahnke 2014).

Based on these input variables, the mapping approach can indeed explain the development of isotope
effects and nitrate concentration. In the most upstream samples, nitrate removal exceeded production:
in 2014, denitrification removed 26 pmol L, and nitrification added 10 pmol L. In 2020, the
mapping approach suggests an addition of 52 umol L' and simultaneous denitrification of
62 pumol L. In the middle of zone 2, nitrification gained in relative importance with an approximated
production of 10 umol L' in 2014 and 20 umol L' in 2020, in contrast to denitrification of
approximately 3 and 10 umol L', respectively. In the most downstream samples, mixing was

dominant, and we detected neither nitrate production nor reduction.

Overall, nitrification and denitrification determined the evolution of nitrate isotopes and
concentration in the estuary. Further downstream of zone 2, nitrification becomes increasingly
important, and the relevance of denitrification ceases. Both processes lose in importance towards the

North Sea, when mixing turns to be the most important process.

5.4.4 Mixing and nitrate uptake in the outer reaches

In the “outer zone” (zone 3) the mixing line shows divergent trends for our two cruises (Figure 5.4).

While conservative mixing dominates in 2014, 2020 shows nitrate uptake in the North Sea.

For 2020, a plot of 8'°N-nitrate versus 8'*O-nitrate falls along a slope of 1.5, which points towards
simultaneous assimilation and nitrification (Wankel et al. 2006; Déhnke et al. 2010). The isotope
effect °¢ of this drawdown is -3 %o, which also is a sign of assimilation, even though it is at the lower
end of values reported for pure cultures (Granger et al. 2004). C/N values close to Redfield ratio in
2020 (Figure 5.2j) also pointed towards primary production in the outer reaches. The stronger signal

of nitrate uptake in June 2020 compared to August 2014 is likely caused by a stronger influence of
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the spring phytoplankton bloom in the outer reaches (Colijn 1983; Colijn et al. 1987; Brinkman et al.
2015) fueled by continuous nutrient supply from the estuary.

In the mixing plot (Figure 5.4), the outermost isotope samples of our cruise in 2020 fall on the
conservative mixing line. The good fit is caused by the calculation with a marine endmember that
has an isotopically enriched signature in comparison to average global values (Sigman et al. 2000,
2009) and North Sea winter values of 5 %o (Dédhnke et al. 2010). The increase of the isotope signature

shows that fractionation takes place, likely due to assimilation.

In contrast to the biogeochemical active inner zones, mixing dominated nitrate distribution in the
outer reaches of the estuary in 2014. In 2020 however, the outer reaches were a nitrate sink due to

ongoing primary production in the coastal North Sea.

5.4.5 Suspended particulate matter as driving force of the spatial zonation

We identified three biogeochemical zones of nitrogen turnover along the estuary, which differ
significantly in their coastal filter function. The tidal river was a nitrate sink with dominating water
column denitrification. In the middle reaches, nitrification gained in importance, turning this section
in a net nitrate source. In the “outer zone” (zone 3), mixing gained in importance but with a clear
nutrient uptake in 2020. Other estuaries with high turbidity show denitrification zones as well
(Ogilvie et al. 1997; Middelburg and Nieuwenhuize 2000). This finding and our analysis of the PCA
and dominant nitrogen turnover processes suggest that the overarching control on biogeochemical

nitrogen cycling and zonation may be suspended particulate matter.

Channel deepening led to tidal amplification and an increased sediment transport in the estuary
(Winterwerp et al. 2013; de Jonge et al. 2014; van Maren et al. 2015a; b). Between 1954 and 2005,
suspended particulate matter concentration increased on average 2- to 3-fold, and even 10-fold in the
tidal river. The turbidity maximum extended to a length of 30 km and moved upstream, into the

freshwater tidal river (de Jonge et al. 2014).

High C/N ratios (Figure 5.2j), as well as a low and stable particular organic carbon (POC) fraction of
the suspended particulate matter in this region (~4.5 %) in the tidal river and Dollard reach indicate
low organic matter quality and a large contribution of mineral associated organic matter of the present
organic matter (Figure 5.2k). In 2014, C/N ratios were extremely high, and uncharacteristic for
estuarine environments. We attribute this to a potential influence of peat soils or peat debris in
sediments (Broder et al. 2012; Loisel et al. 2012; Papenmeier et al. 2013; Wang et al. 2015), which
may have been washed into the river due to high discharge. The extremely high C/N ratios should

nonetheless be treated with caution, as we cannot entirely rule out sampling artifacts.
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Nonetheless, and regardless of organic matter origin, degradation of organic carbon leads to anoxic
conditions in the tidal river. Even though the low quality of organic matter fuels only low degradation
rates with POC fractions of ~3 % (Figure 5.2k), the extremely high POC concentration
(>4000 umol L") support the intense oxygen depletion and anoxic conditions in the tidal river. This
indicates very refractory material. Talke et al. (2009) found oxygen depletion rates proportional to
suspended particulate matter concentrations in the Ems Estuary. Moreover, high suspended
particulate matter concentrations depress primary production throughout the inner estuary due to light

limitation and this leads to a dominance of heterotrophic processes (Bos et al. 2012).

With decreasing suspended particulate matter concentration, oxygen concentration increases, and the
relevance of denitrification ceases in comparison to nitrification. In the “coactive zone” (zone 2) at
the transition between Dollard reach and middle reaches, C/N ratios start to decrease, indicating the
input of fresh organic matter entering the estuary from the North Sea (van Beusekom and de Jonge
1997, 1998), fueling nitrification in zone 2. Although, the quality of the organic matter improves,
oxygen depletion decreases due to reduced suspended particulate matter concentrations leading to
lower POC concentrations in comparison to the tidal river. Towards the North Sea, low suspended
particulate matter concentration in the outer reaches enables deeper light penetration supporting local
primary production (Colijn et al. 1987; Liu et al. 2018), as is also supported by a slight chlorophyll
maximum in the outer reaches (Figure A4.11). Given the ongoing import of organic matter from the
North Sea to the Wadden Sea and adjacent estuaries, this primary produced organic material probably

fuels the remineralization process in the inner estuary.

Changing discharge conditions can lead to a spatial shift of the biogeochemical zones within the
estuary. (de Jonge et al. 2014) showed that elevated discharge can relocate the turbidity maximum
(MTZ) downstream. As we identified suspended particulate matter concentrations as one of the most
important controls on nitrogen turnover in the Ems Estuary, we assume that the described zones will

move with shifting suspended particulate matter concentration along the estuary.

Overall, we find that the interplay of nitrification and denitrification and nitrogen assimilation is
governed by suspended particulate matter concentration along the Ems Estuary. We expect that
changing discharge can lead to spatial offsets in suspended particulate matter concentrations and thus

influence the spatial segregation of nitrogen turnover processes.

5.4.6 Nitrous oxide production and its controls in the Ems Estuary

So far, we elucidated nitrogen turnover in the Ems Estuary. We found that nitrification and
denitrification vary spatially in importance. Both processes can produce nitrous oxide, and we
accordingly found nitrous oxide peaks in the estuary in areas with significant differences in their

nitrogen turnover. Nitrous oxide was measured only in 2020, thus we will use the high-resolution
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data from this cruise to examine the importance of nitrification and denitrification for nitrous oxide
production along the estuary. We will also discuss controls that favor the emergence of nitrous oxide

production areas.

The calculated average sea-to-air flux of 0.35 g-N,O m yr! results in a total nitrous oxide emission
0f0.57 x 10% g-N,O yr! along the Ems Estuary. In June 1997, a significantly higher average sea-to-air
flux density of 1.23 g-N,O m?yr! was measured (Barnes and Upstill-Goddard 2011), which
amounted to an annual nitrous oxide emission of 2.0 x 10® g-N,O yr! over the entire estuary.
Upscaling from a single cruise to an entire year is somewhat questionable, but it is interesting to note
that the emissions may have halved since the 1990s. Furthermore, our results as well as those from
1997 were obtained from a single survey in June, making the comparison intriguing. Since the 1990s,
the DIN load of the Ems Estuary was significantly reduced due to management efforts (Bos et al.
2012). Phytoplankton biomass in the outer reaches (Station Huibertgat Oost; van Beusekom et al.
2018) decreased in response to decreasing nutrient loads, possibly contributing to the observed lower

nitrous oxide emissions. However, this hypothesis requires further verification in the future.

The nitrous oxide concentrations observed in 2020 can be linked to the prevailing biogeochemical
conditions. The first nitrous oxide maximum was located in the upstream region (stream kilometer
0). In this area, we identified water column denitrification as the dominant nitrogen turnover process,
and we found relatively low pH values and high nitrate concentration. In their summary paper about
nitrous oxide in streams and rivers, Quick et al. (2019) found that these factors are favorable for
nitrous oxide production via denitrification. Intermittent oxygen hypoxia and anoxia in the different
water depths also enhance nitrous oxide production in the tidal river, which is in line with our tidal
oxygen measurements in the Ems. Several studies also showed a positive correlation between nitrous
oxide concentration and suspended particulate matter concentration (Tiedje 1988; Liu et al. 2013;
Zhou et al. 2019), and suspended particulate matter concentration was also highest in this region of
the tidal river. Altogether, we suggest that the Ems is well suited as a region with extremely high
nitrous oxide production, triggered by high nutrient loss, intermittent anoxia, and high suspended

particulate matter loads.

Further downstream, nitrous oxide concentrations decrease, along with oxygen concentrations,
reaching a minimum around kilometer 22. The simultaneous reduction of nitrous oxide and oxygen
concentration at first sight seems counterintuitive, but it may be caused by complete denitrification

that produces N instead of nitrous oxide (Knowles 1982).

Based on our data, we cannot clearly say whether the source of nitrous oxide production was in the
water column or in the sediments. Other studies, e.g., in the muddy Colne estuary found high nitrous

oxide production due to denitrification, but assigned nitrous oxide production only to the sediments
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(Ogilvie et al. 1997; Robinson et al. 1998; Dong et al. 2002). Sedimentary denitrification in our study
may have contributed to this first nitrous oxide maximum. The beginning of ebb tide during our
campaign may have enhanced outgassing of nitrous oxide from the sediment, and low water levels
may have caused a mechanical release of nitrous oxide from the sediments caused by our research
vessel. Thus, the “denitrification zone” (zone 1) is an important nitrous oxide production zone, but
the measured nitrous oxide concentration might in parts be affected by sedimentary processes and

might overestimate nitrous oxide production in the water column.

The second nitrous oxide maximum occurred around stream kilometer 35 at the transition between
tidal river and Dollard reach. In this area, our mapping approach indicates simultaneous
denitrification and nitrification. The nitrous oxide peak coincides with an increase of ammonium and
nitrite concentration, as well as a slight rise in nitrate concentration, indicating the onset of

nitrification in the water column.

In contrast to conditions leading to the first nitrous oxide peak, not enough fresh organic matter seems
to be present in the transition area to support nitrous oxide production. Lower suspended particulate
matter concentrations with comparable low POC fraction leads to lower remineralization rates and
higher oxygen levels. Low organic matter availability and increasing oxygen concentration favor
nitrous oxide production via nitrification (Otte et al. 1999; Sutka et al. 2006). Similarly, Quick et al.
(2019) summarized aerobic or oxygen limited conditions with low organic carbon availability
favorable for nitrous oxide production via nitrification. As our data suggest additional denitrification,
we speculate that in possible anoxic microsites on suspended particles and anoxic deeper water layers,
denitrification may have contributed to nitrous oxide production. Overall, we assume that nitrification

and denitrification jointly added to nitrous oxide production in this region.

In summary, we find that two nitrous oxide production hotspots exist in the Ems Estuary. Suspended
particulate matter plays a big role controlling the nitrous oxide production along the Ems Estuary. In
the upstream region, where oxygen depletion occurs due to immense suspended particulate matter
concentration, denitrification produces nitrous oxide. At the transition zone between tidal river and
Dollard reach, suspended particulate matter concentration is lower, leading to higher oxygen
concentration and nitrous oxide production via nitrification. Denitrification prevails in deeper water

layers where oxygen concentration is low, and possibly in anoxic microsites close to particles.
5.5 Conclusion

Overall, we find that three distinct biogeochemical zones exist along the Ems. Stable isotope changes
point towards water column denitrification in the turbid water column of the tidal river. In the Dollard

reach/middle reaches nitrification gains importance turning this section of the estuary into a net nitrate
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source. Nitrate uptake occurs in the outer reaches due to primary production in the coastal North Sea,
in August 2014 mixing dominated. Our analysis of the dominant nitrogen turnover processes suggest
that suspended particulate matter concentration and the linked oxygen deficits exert the overarching
control on biogeochemical nitrogen cycling, zonation and nitrous oxide production in the Ems

Estuary.

Changing biogeochemical conditions can significantly alter estuarine nutrient processing. Deepening
of river channels happens not only in Germany (Kerner 2007; Schuchardt and Scholle 2009; de Jonge
et al. 2014; van Maren et al. 2015a) but worldwide (van Maren et al. 2009; Winterwerp et al. 2013;
Cox et al. 2019; Grasso and Le Hir 2019; Pareja-Roman et al. 2020), and this can change suspended
particulate matter loads and composition in estuaries. Increased suspended particulate matter loads
can enhance denitrification, but also trigger nitrous oxide production and enhance oxygen-depleted
zones, which is what we observe in the Ems Estuary. Thus, the interplay of suspended particulate
matter with riverine nutrient filter function and nitrous oxide emissions should be further evaluated.
The common practices of deepening and dredging affect suspended particulate matter and this creates

a direct link between pressing social and ecological problems in coastal regions.
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6 Conclusions and outlook

6.1 Conclusion

Estuaries are situated in an area of conflict among ecological, economic and social demands (Bianchi
2007; Kennish 2017), with anthropogenic alterations potentially affecting the estuarine nutrient filter
function significantly (Horrigan et al. 1990; Soetaert et al. 2006; Déahnke et al. 2008; Voss et al.
2011). In my thesis, I have examined the effects of different stressors on nitrogen retention, nitrogen

turnover, and nitrous oxide production in two heavily managed estuaries in Germany: Elbe and Ems.

The powerful effect of discharge on riverine nitrogen turnover was shown for the Elbe. The reduction
in German nitrogen emissions was mirrored in river loads, while discharge conditions were
responsible for the strong variability in annual nitrogen loads. Low discharges enhance denitrification
and sedimentation in the river and its catchments but also fuel phytoplankton growth, leading to
increased DIN uptake and transport of particulate nitrogen downstream. This particulate nitrogen is
recycled in the estuary, potentially increasing nitrogen loads and oxygen depletion. At present,
decreasing nitrogen input and low discharge conditions lead to low or even depleted riverine nitrate
concentrations in the upper freshwater section of the estuary and an upstream shift of heterotrophic
processes with accumulated ammonium and low oxygen conditions. Further downstream, in the Port
of Hamburg, the increased retention in the river reverses: At low freshwater discharges, nitrate gain
increases due to the synergetic effects of fueled riverine phytoplankton blooms and altered suspended

particulate matter dynamics.

In estuaries with high agricultural input, eutrophication is linked to nitrous oxide emissions by the
overarching control of organic matter on nitrous oxide production. The Elbe Estuary is a year-round
source of nitrous oxide, with the highest emissions in winter when DIN loads and wind speeds are
high. However, in spring and summer, nitrous oxide saturation and emissions do not decrease with
lower DIN loads, suggesting that estuarine in-situ nitrous oxide production is important regardless of
the season. Thus, DIN availability is not the sole control of nitrous oxide emissions in estuaries with
high agricultural input. High organic matter availability due to phytoplankton blooms promoted by
high nutrient loads in the upstream rivers fuel nitrification. The consequence is high nitrous oxide

emissions and a decoupling of nitrous oxide and DIN ratios.

Finally, the effects of suspended particulate matter on nitrogen retention, turnover and nitrous oxide
emissions were shown in the hyper-turbid Ems Estuary. Suspended particulate matter was identified

as the overarching control of nitrogen turnover, leading to a distinct biogeochemical zonation with
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water column denitrification occurring in the most turbid section of the estuary. Increased suspended
particulate matter loads possibly enhance denitrification but also trigger nitrous oxide production and
the development of oxygen-depleted zones, which is what I observed in the Ems Estuary. The
common practice of deepening and dredging affects the turbidity state of an estuary (Kerner 2007;
Winterwerp et al. 2013; de Jonge et al. 2014) and thus creates a direct link between pressing social

and ecological problems in coastal regions.

Generally, the findings of my research indicate the possible connection between multiple stressors
on the nitrogen cycle in heavily anthropogenically impacted estuaries, highlighting the need for a
holistic approach to water quality improvement, nutrient mitigation and sediment management that
considers the impacts of climate change. The Elbe Estuary is an excellent study site for these
synergetic effects of different anthropogenic stressors and their biogeochemical feedback. According
to climate change predictions (Brasseur et al. 2017; IPCC 2022), low discharge periods will become
more frequent and extensive, leading to enhanced retention in the river and catchment. As a
consequence, depleted nitrate concentrations in the upper estuary result in an upstream shift of
heterotrophic processes causing phytoplankton degradation, oxygen depletion and remineralization.
The spread of low-oxygen zones affects biomass, biodiversity and habitats (Diaz et al. 2019).
Furthermore, low discharges in combination with high nutrient inputs from agriculture also fuel
riverine phytoplankton growth, possibly leading to an increased transport of reactive nitrogen
downstream, where it can be reconverted to ammonium or nitrate, fueling eutrophication in a cascade
effect (Galloway et al. 2003). This effect is accelerated in the Hamburg Port region, where a sudden
light limitation due to increasing water depth results in the decomposition of phytoplankton (Kerner
2000; Schol et al. 2014). Intense respiration causes oxygen depletion that in combination with a
change in organic matter quality and quantity triggers nitrous oxide production and emissions.
Considering the most recent construction work for further deepening of the fairway and the regular
deepening and dredging operations, as well as the effects of suspended particulate matter in the
hyper-turbid Ems Estuary, further sediment management could lead to a spreading of low-oxygen

zones, significant water-column denitrification and higher nitrous oxide production.
6.2 Outlook

My thesis revealed the dominance of discharge conditions on estuarine biogeochemical cycling.
However, how low discharges affect the general filter function and estuarine nitrogen budget needs
to be further evaluated. Long residence times limit quantification of nitrate gain along an estuary by
transect measurements. Therefore, an approach is needed that combines high-resolution observations

at the head of the estuary with transect measurements and estuarine residence time calculations to
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track nitrogen inputs from the river to the estuary and to assess the effects of low discharges on the

estuarine nutrient filter function.

In light of climate change projections, more frequent and extensive droughts are to be expected (IPCC
2022). In light of the discharge-driven depleted nitrate concentrations in the Elbe Estuary, the
question arose whether a nitrate limitation of phytoplankton growth might develop in estuaries with
high nutrient inputs. Nitrate limitation could possibly lead to a collapse of phytoplankton blooms,
which affects the expansion of oxygen minimum zones impacting biomass, biodiversity, habitat and
biogeochemical cycling (Diaz et al. 2019). As I further elaborated the tight coupling between
eutrophication and nitrous oxide emissions in estuaries with high agricultural input, the effects on

nitrous oxide production and emissions need to be considered as well.

To assess the nitrous oxide emissions in estuaries in more detail, stationary data would help to
elucidate the effects of diel variations as well as tidal effects. More long-term data are needed to
understand the impact of management efforts on nitrous oxide concentrations, production, and
emissions. I propose a measurement strategy with stationary nitrous oxide measurements coupled
with transect cruises for a more profound understanding of complex spatial and temporal nitrous

oxide dynamics.

In particular, nitrous oxide production in the Hamburg Port region still poses many interesting
research questions, as the port acts as a highly reactive bioreactor (e.g., Sanders et al. 2018; Pein et
al. 2021; Déhnke et al. 2022; Norbisrath et al. 2022), making it possible to study processes and
controlling parameters in a relatively small study site: (1) notably, nitrous oxide production occurred
simultaneously in the water column and sediments. Thus, a closer look into the nitrous oxide
dynamics, including incubation experiments for rate determination from both sources, is needed to
assess the contribution of sediments and the water column to overall nitrous oxide production and
their respective controls. Measuring §'"N**-N,O site preference has been shown to be a useful tool to
distinguish between different nitrous oxide production pathways (e.g., Yamagishi et al. 2007; Breider
et al. 2015; Toyoda et al. 2019) and could help to disentangle relevant processes in Hamburg Port.
(2) Zander et al. (2020) found a high spatial gradient of organic matter quality along the Hamburg
Port and within port basins. They found that organic matter degradability was ten times higher in
upstream areas. Considering the overarching control of organic matter on nitrous oxide production
that I found, as well as changing residence times, water depth, and light availability in the port basins,
the spatial variability of nitrous oxide concentrations, production, and emissions in the Port of
Hamburg, including the port basins, should be studied in detail. (3) My results showed the effect of
a wastewater treatment plant on nitrous oxide concentrations in the Elbe Estuary during an extreme

weather event. The IPCC (2022) expects more frequent and extensive weather extremes, including
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both droughts and heavy rainfall. Furthermore, I assume water temperature, riverine nitrogen load
and freshwater discharge may influence the importance of input from the wastewater treatment plant
on nitrous oxide concentrations and emissions. Therefore, the possible reassessment of inputs from
wastewater treatment plants should be considered in light of climate change with the overarching aim

of evaluating management measures.

The deepening of river channels occurs not only in Germany (Kerner 2007; de Jonge et al. 2014; van
Maren et al. 2015a) but also worldwide (e.g., van Maren et al. 2009; Winterwerp et al. 2013; Cox et
al. 2019; Grasso and Le Hir 2019; Pareja-Roman et al. 2020). In the Elbe Estuary, a change in the
suspended particulate matter dynamics after the deepening in 1999 was shown by Kerner (2007). A
decrease in tidal flow led to longer residence times of fine-grained suspended particles that remained
in the freshwater section of the estuary until all degradable organic matter was consumed. Suspended
particulate matter accumulated in the Port of Hamburg and longitudinal profile, leading to enhanced
oxygen deficits (Kerner 2007). Furthermore, Winterwerp and Wang (2013) and Winterwerp et al.
(2013) introduced the theory of estuarine “tipping points” that lead to hyper-turbid conditions induced
by extensive deepening and narrowing. High suspended particulate matter concentrations were the
overarching control in the “beyond the tipping point” Ems Estuary. Dahnke et al. (2022) showed that
suspended particulate matter quantity and quality are also crucial controls in the Elbe Estuary.
Therefore, the suspended particulate matter dynamics and possible changes after the most recent
deepening of the fairway in the Elbe Estuary should be studied alongside possible effects on the
nitrogen cycle, oxygen depletion and nitrous oxide production — as well as in other heavily deepened
and dredged estuaries worldwide. Moreover, the effects of sediment operations themselves on the

air-water-sediment interaction and on nitrous oxide emissions need to be addressed.

Generally, I elaborated the need for a holistic approach to water quality improvement, nutrient
mitigation, and sediment management in heavily managed estuaries. However, this has a direct link
to economic and social demands, highlighting the need for an interdisciplinary approach in the
socioecological research field of estuaries. A profound understanding of the interaction between
ecological parameters and the estuarine nitrogen cycle is necessary to assess complex management

studies, and knowledge about the interaction with social, legal, and economic drivers is crucial.
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AOA
AOB

AOU
BAW

CO;
DIN
DNRA
EEA
Eq.
FGG
GF/F
HCl
HPA
ie.
IAEA
IKSE

INSC
IPCC

MTZ

N20O
NHOH
NH;
NH,*

Ammonia-oxidizing archaea

Ammonia-oxidizing bacteria

Apparent oxygen utilization

Bundesanstalt fiir Wasserbau (=Federal Waterways Engineering and Research
Institute)

Concentration

Carbon

Carbon dioxide

Dissolved inorganic nitrogen

Dissimilatory nitrate reduction to ammonium

European Environmental Agency

Equation

Flussgebietsgemeinschaft (= River Basin Community)
Glass fiber filter, grad F

Hydrochloric acid

Hamburg Port Authority

id est

International Atomic Energy Agency

Internationale Kommission zum Schutz der Elbe (=International Commission for
the Protection of the Elbe River)

Ministerial Conference on the Protection of the North Sea
Intergovernmental Panel on Climate Change

Loads

Maximum turbidity zone

Number

Nitrogen

Dinitrogen

Nitrous oxide

Hydroxylamine

Ammonia

Ammonium
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NLWKN Niedersidchsischer Landesbetrieb fiir Wasserwirtschaft, Kiisten- und
Naturschutz (=Lower Saxon State Department for Waterway, Coastal and
Nature Conservation)

NO Nitric oxide

NOy Sum of nitrite and nitrate

NOy Nitrite

NOs Nitrate

NOB Nitrite-oxidizing bacteria

0 Oxygen

OSPAR Convention for the Protection of the Marine Environment of the North-East
Atlantic

p Level of significance

ppb Parts per billion

PC Particulate carbon

PCA Principal component analysis

PE Polyethylene

PN Particulate nitrogen

POs* Phosphate

POC Particulate organic carbon

Q Discharge

R Pearson correlation coefficient

R/V Research vessel

Si Silicate

SPM Suspended particulate matter

T Temperature

TN Total nitrogen

TON Total organic nitrogen

UBA Umweltbundesamt (=German Environemntal Agency)

USGS United States Geological Survey

VSMOV Vienna Standard Mean Ocean Water

WSA Wasser- und Schifffahrtsamt (=Federal Waterways and Shipping Administration)

WWTP Wastewater treatment plant

6 Isotope ratio relative to standard isotope ratio

€ Fractionation factor
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Appendix Al

Table Al.1. Number of samples in the FGG Elbe data set separated into interval sampling and longitudinal profiles as well
as number of samples our weir sampling for each year from 1985 to 2009

FGG Elbe data set Hereon
Interval sampling Longitudinal profiles Interval sampling
1985 52 11 0
1986 52 11 0
1987 52 8 0
1988 0 8 0
1989 0 8 0
1990 0 8 0
1991 0 8 0
1992 0 8 0
1993 0 8 0
1994 26 5 0
1995 26 7 0
1996 23 6 0
1997 23 6 0
1998 26 7 0
1999 26 6 0
2000 25 6 0
2001 26 6 0
2002 26 7 0
2003 26 6 0
2004 26 6 0
2005 26 6 0
2006 26 6 0
2007 12 6 0
2008 18 6 0
2009 18 6 0
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Table A1.2. Number of samples in the FGG Elbe data set separated into interval sampling and longitudinal profiles as well
as number of samples our weir sampling for each year from 2010 to 2021

FGG Elbe data set Hereon
Interval sampling Longitudinal profiles Interval sampling
2010 17 15 0
2011 19 6 13
2012 18 7 25
2013 19 6 45
2014 19 5 25
2015 19 5 20
2016 19 5 19
2017 0 5 15
2018 0 10 21
2019 0 6 17
2020 0 0 15
2021 19 6 9

Table A1.3. Calculated average summer residence times (T) from Schmilka (stream kilometer 4.0) to weir in Geesthacht
(stream kilometer 585.9). The values are based on 12 simulations each starting from 1% of June to 31% of August with one
value per week. Average summer discharge (Qsummer) Was calculated based on daily discharge measurements at station Neu
Darchau (stream kilometer 536, FGG Elbe 2022) from June to August.

Year 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Tsummer 7.01 7.67 8.25 6.66 8.73 10.06 8.52 9.08 10.65 10.53
(d)
Qsummer 8025 5404  397.8 1302.0 387.7 2437 3663 417.7 223.1 229.9

(m s

Residence time (d)

R=-0.95,p=28e-05

5.5 6.0 6.5 7.0
log(Discharge m’s’q)

Figure Al.1. Relation of logarithmic annual summer discharge (Qsummer) measured at Neu Darchau (stream kilomer 536)
and average summer residence time (T) from Schmilka (stream kilometer 4.0) to weir in Geesthacht (stream kilometer
585.9). Pearson correlations coefficient (R) and p-value are shown.
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Figure A1.2. Comparison of DIN concentrations obtained from the FGG Elbe and Hereon data set at the weir in Geesthacht
from 2011 to 2021: FGG Elbe data is shown in dark green circle and Hereon samples in light green triangles.
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Figure A1.3. (a) Annual total nitrogen emission from Germany, data provided from UBA (2020), (b) annual total nitrogen
loads from entering the Elbe estuary at the weir Geesthacht, (c) annual average discharge.
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Figure A1.4. Internal correlation between annual German TN emissions and annual discharge

TN-fraction reaching Elbe estuary
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Figure A1.5. (a) Fraction of annual German TN emissions to surface water reaching the Elbe Estuary at the weir in
Geesthacht with regression line (Eq. 2.3), p-value, Pearson correlation coefficient and R2-value, (b) Annual TN loads at the
weir Geesthacht: The points show the calculated loads based on the FGG Elbe (2022) data set (Section 3.3). The grey line
indicates the results derived from our regression based analysis (Eq. 2.4). Please note that UBA (2020) only provided data

from 1987 to 2016 and we calculated TN loads from 1985 to 2019.
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Figure Al.6. (a) Average monthly ratio of particulate nitrogen concentration and DIN concentrations that we used to
distinguish seasons. (b) 8'%0-nitrate plotted against §'*N-nitrate for the entire data set. (c) §'®O-nitrate plotted against
8!5N-nitrate without flooding event in summer 2013 and separated into seasons. Blue circle show winter values (January,
February and December). Green triangles represent spring values (March to May). Summer values (June to August) are
shown in yellow triangles and autumn measurements (September to November) are red circles. Pearson correlations and
p-values are shown in the plot.

132



Appendix

Appendix A2
Isotope correction

Since the studies of Johannsen et al. (2008) and Schlarbaum et al. (2011), the internationally accepted
8'80-nitrate value of the IAEA reference material has been revised and changed from 22.7 %o (Révész
et al. 1997) to 25.6 %o (Bohlke et al. 2003). Thus, we corrected for this offset, and also included an
additional offset of -0.6 %o to account for a change in the referencing scheme from a
single-point-correction to a bracketing correction (Knapp et al. 2008).

Table A2.1. Campaign dates with stream kilometers sampled (salinity <1), average water temperatures, average discharges

and average DIN loads for each sampling stretch. Water temperatures and DIN loads results from measurements on board.
The average discharge is obtained from the nearest gauge Neu Darchau at stream kilometer 536.

Cruise Campaign Stream Water Average Average
Dates kilometers temperature discharge DIN load
(°C) (m* s (umol L)
2011/08 24.-25.08.2011 606 — 694 20.2 686 139.5
2012/05 24.05.2012 610 -674 17.8 405 124.3
2012/06 13.&28.06.2012 606 — 678 17.9 347 105.5
2012/08 08.08.2012 610 - 680 21.2 418 93.1
2013/05 15.-16.05.2013 606 — 694 16.2 794 212.8
2013/07 24.-25.07.2013 610 — 694 23.6 568 134.4
2013/08 28.08.2013 606 — 674 20.6 377 113.6
2014/05 08.05.2014 610 — 668 15.5 385 127.2
2015/06 11.06.2015 612 -670 18.7 276 96.6
2017/08 01.-02.08.2017 613 -692 21.6 607 95.9
2019/06 04.-05.06.2019 610 —-677 19.6 423 107.2
2019/07 01.08.2019 607 — 656 23.6 171 59.2
2020/06 20.06.2020 609 — 668 21.3 331 60.7
2021/05 04.-05.05.2021 610 — 681 11.1 411 169.7
2021/07 27.-28.07.2021 620 — 693 22.8 721 180.0
2022/05 23.-24.05.2022 610-676 18.7 336 99.0
2022/06 15.06.2022 611 —668 19.7 241 50.2

133



Appendix

Table A2.2. Available data set for each cruise: X — data available, O — uncorrected data available, (blank) — no data available
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Figure A2.1. Suspended particulate matter concentrations in (a) May, (b) June, (c) July and (d) August; C/N ratios in (e)
May, (f) June, (g) July and (h) August; PN fractions in (i) May, (j) June, (k) July and (1) August; PC fractions in (m) May,
(n) June, (0) July and (p) August; 8'’N-SPM values in (q) May, (r) June, (s) July and (t) August; silicate concentrations in
(u) May, (v) June, (w) July and (x) August; phosphate concentrations in (y) May, (z) June, (aa) July and (bb) August. The
grey background indicates the Port of Hamburg.
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Figure A2.2. Comparison of nitrate concentration measured by the FGG Elbe at station Zollenspieker (stream kilometer
598.7) and the most upstream samples of our transect cruises (~ stream kilometer 610). Zollenspieker data is shown in light
green and circles. Transect cruise concentrations are displayed by dark green triangles.
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Figure A2.3. Maximum ammonium, nitrite as well as combined ammonium and nitrite loads plotted against riverine
particulate nitrogen loads. Our most upstream samples lead as riverine values. All values are in g s™'. Pearson correlations
(R), p-values and the equations for the regression line are shown.
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Figure A2.4. Pearson correlation coefficients (R) and p-values for discharge, temperature, position of the oxygen minimum,
position of the ammonium maximum, position of the nitrite maximum, riverine nitrate concentrations and loads.
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Appendix A3

Table A3.1. Applied oxygen correction for each cruise: The corrections were made using the salinity corrected optode
measurements from the FerryBox (O2) in comparison with Winkler titrations. Changes in oxygen corrections arose due to
several optode changes in the time period from 2017 to 2022.

Cruise Correction Winkler titrations R?2
2017/08 +24.05+£1.52 7

2019/06 +35.19£5.97 9

2019/07 +35.19£5.97 9

2020/06 -2.38 19 0.99
2020/09 -2.38 19 0.99
2021/03 0.97 x 02 +43.91 22 0.94
2021/05 1.12x 02 +13.41 36 0.97
2021/07 1.12 x 02 +13.41 36 0.97
2022/03 1.12x 02 +13.41 36 0.97

Table A3.2. Calculated average N2O saturation, sea-to-air fluxes calculated following Nightingale et al. (2000) and
atmospheric N2O dry mole fractions during our cruises for the Elbe estuary

Campaign Dates ~ Average saturation N0 flux densities (umol m2 d-!)

(%) Cruise wind Annual wind Seasonal wind
28.-29.04.15 160.8 +37.9 20.9+13.3 92+59 11.5+73
02.-04.06.15 203.8+112.7 16.6 £ 18.2 149+16.3 15.4+16.9
01.-02.08.17 221.0+106.5 109+9.7 173154 18.1£16.2
04.-05.06.19 192.6 + 66.0 10.1+£723 13.4+£9.7 13.9+£10.0

30.07.-01.08.19 232.5+155.3 15.0£17.9 18.3+£21.8 19.9 £23.7
19.-20.06.20 1939+ 74.1 19.4+15.6 13.3+£10.8 13.8+11.2
09.-11.09.20 160.5 + 53.6 13.1+11.8 87+79 11.4+10.3
10.-12.03.21 242.5+141.6 80.1 +80.5 23.2+£233 37.0+37.1
04.-05.05.21 145.6 +28.8 33.5+£21.2 7.1+45 7.8+4.9
27.-28.07.21 172.6 +£37.2 124+6.5 104+£54 11.3£59
01.-02.03.22 196.5 +47.0 6.8+3.4 15.6+£7.8 24.8+12.4
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Table A3.3. Calculated average N2O saturation, sea-to-air fluxes calculated following Wanninkhof (1992) and atmospheric
N20 dry mole fractions during our cruises for the Elbe estuary

Campaign Dates ~ Average saturation N0 flux densities (umol m= d!)
(%) Cruise wind Annual wind Seasonal wind

28.-29.04.15 160.8 =37.9 243+154 9.8+6.2 12.6 £ 8.0
02.-04.06.15 203.8+112.7 17.8+19.5 15.8+17.2 16.4+18.0
01.-02.08.17 221.0+106.5 10.7+9.6 183+ 16.3 19.3+£17.2
04.-05.06.19 192.6 £ 66.0 103+7.4 14.2+10.2 14.8 £10.7

30.07.-01.08.19 2325+ 1553 154+184 19.3+23.1 213+254
19.-20.06.20 193.9 £74.1 21.5+173 141+114 147+119
09.-11.09.20 160.5 +53.6 14.6+13.2 92+8.4 125+11.3
10.-12.03.21 242.5+141.6 96.3+96.8 24.6 £24.7 41.4+41.6
04.-05.05.21 145.6 +28.8 41.2+26.0 7.5+4.7 84+53
27.-28.07.21 172.6 £37.2 134+£7.0 11.0£5.7 12.1+6.3
01.-02.03.22 196.5 £ 47.0 6.3+3.1 16.5+8.2 27.8+13.9

Table A3.4. Calculated average N2O saturation, sea-to-air fluxes calculated following Clark et al. (1995) and atmospheric
N20 dry mole fractions during our cruises for the Elbe estuary

Campaign Dates ~ Average saturation N:O flux densities (pmol m?2 d!)
(%) Cruise wind Annual wind Seasonal wind

28.-29.04.15 160.8 =37.9 21.6+13.7 104+6.6 12.6 £ 8.0
02.-04.06.15 203.8+112.7 18.4+20.1 16.8+184 17.3+19.0
01.-02.08.17 221.0+106.5 13.7+12.2 19.5+174 20.3+18.1
04.-05.06.19 192.6 = 66.0 12.1+8.7 15.1+10.9 156 +11.3

30.07.-01.08.19 2325+ 1553 17.6 £21.0 20.6 +24.6 22.1+264
19.-20.06.20 193.9+74.1 20.8 +16.7 15.1£12.1 15.5+12.5
09.-11.09.20 160.5 + 53.6 14.0+12.6 9.9+89 124+11.2
10.-12.03.21 242.5+141.6 81.7+82.1 26.2+£26.3 39.3+394
04.-05.05.21 145.6 +28.8 34.1+21.5 8.0+5.1 87+55
27.-28.07.21 172.6 =37.2 13.6+7.1 11.7+6.1 12.5+6.6
01.-02.03.22 196.5+47.0 9.7+4.38 17.6 £ 8.8 26.3+13.2
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Table A3.5. Areas for different sections of the Elbe Estuary used for N2O emission estimates

Section Stream kilometer (km) Area (km?)
Limnic 585-615 8
Port 615632 22
Oligohaline 632 - 704 162
Mesohaline 704 - 727 110
Polyhaline 727 -750 148
Total 585-750 450

Table A3.6. Annual DIN and TN loads calculated according to Pdtsch and Lenhart (2011) from 2015 to 2021. We used
publicly available data provided by FGG Elbe (2022). For 2022, data is not publicly available yet.

Year DIN (Gg yr') TN (Gg yr'!)
2015 41.4 59.4
2016 47.5 60.3
2017 53.9 70.2
2018 40.7 51.1
2019 36.7 43.1
2020 36.8 44.5
2021 55.0 63.0
Mean 44.6 55.0

Table A3.7. Calculated average seasonal DIN and TN loads from 2015 to 2021

Season Months DIN (g d™") TN (gd™h)
Winter March 2.91 x 108+ 1.05 x 108 3.34 x 108 £ 9.40 x 107
Spring April & May 1.17 x 108 £ 6.24 x 107 1.58 x 108+ 7.62 x 107
Summer June & July 5.03 x 107 £ 3.36 x 107 7.37 x 107 £ 3.99 x 107
Late summer August & September 4.33 x 107 £2.69 x 107 6.25 x 107 £ 3.58 x 107
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Figure A3.1. Salinity along the Elbe estuary (a) in spring/summer and (b) in winter. Suspended particulate matter (SPM)
concentration in (mg L-1) along the Elbe estuary in (c) spring/summer and (d) in winter. Particulate carbon to nitrogen ratio
(C/N) along the Elbe estuary in (e) in spring/summer and (f) in winter. Particulate nitrogen (PN) content in (%) in (g)
spring/summer and (h) winter. Particulate carbon (PC) content in (%) in (i) spring/summer and (j) winter. All values are
potted against stream kilometers. The Hamburg Port region is shown with a gray background. C/N ratios were measured
with an Elemental Analyzer (Eurovector EA 3000) calibrated against a certified acetanilide standard (IVA Analysentechnik,
Germany). The standard deviation was 0.05% and 0.005% for carbon and nitrogen respectively. Please note that there are
no data for the suspended particulate matter composition in 2015.
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Figure A3.2. (a) Comparison of average N2O saturation transect measurements with previous research from the Elbe
Estuary, (b) the total nitrogen concentration and (c) oxygen concentration. Average annual oxygen concentration and total
nitrogen concentration are shown for the station Zollenspieker at the beginning of the estuary (stream kilometer 598.7) and
publicly available (FGG Elbe 2022).Values for 2022 and total nitrogen concentration for 2021 are not presented as the data
is not publicly available yet.
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Figure A3.3. Succession of N-bearing substances coming from the North Sea and in the Port of Hamburg in April 2015:
Relative change of SPM concentrations (a) from the North Sea and (b) in the Port of Hamburg. Nitrate in pmol L', nitrite
in umol L', ammonium in pmol L' and nitrous oxide concentrations in nmol L' plotted against stream kilometers (c) from
the North Sea and (d) in the Port of Hamburg. The grey area in (d) and (f) shows the position of the Port of Hamburg.
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Figure A3.4. Succession of N-bearing substances coming from the North Sea and in the Port of Hamburg in June 2015:
Relative change of SPM concentrations (a) from the North Sea and (b) in the Port of Hamburg. Nitrate in umol L™, nitrite
in pmol L', ammonium in pmol L' and nitrous oxide concentrations in nmol L-! plotted against stream kilometers (c) from
the North Sea and (d) in the Port of Hamburg. The grey area in (d) and (f) shows the position of the Port of Hamburg.
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Figure A3.5. Succession of N-bearing substances coming from the North Sea and in the Port of Hamburg in August 2017:
Relative change of SPM concentrations (a) from the North Sea and (b) in the Port of Hamburg. Nitrate in umol L™, nitrite
in umol L', ammonium in pmol L' and nitrous oxide concentrations in nmol L' plotted against stream kilometers (c) from
the North Sea and (d) in the Port of Hamburg. Particulate nitrogen concentrations in pmol L™ and C/N values plotted against
stream kilometers (e) from the North Sea and (f) in the Port of Hamburg. The grey area in (d) and (f) shows the position of
the Port of Hamburg.
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Figure A3.6. Succession of N-bearing substances coming from the North Sea and in the Port of Hamburg in June 2019:
Relative change of SPM concentrations (a) from the North Sea and (b) in the Port of Hamburg. Nitrate in pmol L', nitrite
in pmol L', ammonium in pumol L' and nitrous oxide concentrations in nmol L-! plotted against stream kilometers (c) from
the North Sea and (d) in the Port of Hamburg. Particulate nitrogen concentrations in pmol L' and C/N values plotted against
stream kilometers (e) from the North Sea and (f) in the Port of Hamburg. The grey area in (d) and (f) shows the position of

the Port of Hamburg.
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Figure A3.7. Succession of N-bearing substances coming from the North Sea and in the Port of Hamburg in July 2019:
Relative change of SPM concentrations (a) from the North Sea and (b) in the Port of Hamburg. Nitrate in pmol L', nitrite
in umol L', ammonium in pmol L' and nitrous oxide concentrations in nmol L' plotted against stream kilometers (c¢) from
the North Sea and (d) in the Port of Hamburg. Particulate nitrogen concentrations in umol L' and C/N values plotted against
stream kilometers (e) from the North Sea and (f) in the Port of Hamburg. The grey area in (d) and (f) shows the position of

the Port of Hamburg.
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(a): Relative SPM variation

(b): Relative SPM variation
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Figure A3.8. Succession of N-bearing substances coming from the North Sea and in the Port of Hamburg in June 2020:
Relative change of SPM concentrations (a) from the North Sea and (b) in the Port of Hamburg. Nitrate in umol L1, nitrite
in umol L', ammonium in pmol L' and nitrous oxide concentrations in nmol L-! plotted against stream kilometers (c) from
the North Sea and (d) in the Port of Hamburg. Particulate nitrogen concentrations in umol L and C/N values plotted against
stream kilometers (e) from the North Sea and (f) in the Port of Hamburg. The grey area in (d) and (f) shows the position of

the Port of Hamburg.
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Figure A3.9. Succession of N-bearing substances coming from the North Sea and in the Port of Hamburg in September
2020: Relative change of SPM concentrations (a) from the North Sea and (b) in the Port of Hamburg. Nitrate in pmol L,
nitrite in pmol L', ammonium in umol L' and nitrous oxide concentrations in nmol L' plotted against stream kilometers
(c) from the North Sea and (d) in the Port of Hamburg. Particulate nitrogen concentrations in umol L' and C/N values
plotted against stream kilometers (e) from the North Sea and (f) in the Port of Hamburg. The grey area in (d) and (f) shows

the position of the Port of Hamburg.
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(a): Relative SPM variation (b): Relative SPM variation
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Figure A3.10. Succession of N-bearing substances coming from the North Sea and in the Port of Hamburg in March 2021:
Relative change of SPM concentrations (a) from the North Sea and (b) in the Port of Hamburg. Nitrate in pmol L', nitrite
in umol L', ammonium in pmol L' and nitrous oxide concentrations in nmol L' plotted against stream kilometers (c) from
the North Sea and (d) in the Port of Hamburg. Particulate nitrogen concentrations in pumol L' and C/N values plotted against
stream kilometers (e) from the North Sea and (f) in the Port of Hamburg. The grey area in (d) and (f) shows the position of
the Port of Hamburg.
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Figure A3.11. Succession of N-bearing substances coming from the North Sea and in the Port of Hamburg in May 2021:
Relative change of SPM concentrations (a) from the North Sea and (b) in the Port of Hamburg. Nitrate in pmol L', nitrite
in umol L', ammonium in pmol L' and nitrous oxide concentrations in nmol L' plotted against stream kilometers (c) from
the North Sea and (d) in the Port of Hamburg. Particulate nitrogen concentrations in umol L-! and C/N values plotted against
stream kilometers (e) from the North Sea and (f) in the Port of Hamburg. The grey area in (d) and (f) shows the position of
the Port of Hamburg.
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(a): Relative SPM variation
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Figure A3.12. Succession of N-bearing substances coming from the North Sea and in the Port of Hamburg in June 2021:
Relative change of SPM concentrations (a) from the North Sea and (b) in the Port of Hamburg. Nitrate in umol L™, nitrite
in umol L', ammonium in pmol L' and nitrous oxide concentrations in nmol L' plotted against stream kilometers (c) from
the North Sea and (d) in the Port of Hamburg. Particulate nitrogen concentrations in pmol L™ and C/N values plotted against
stream kilometers (¢) from the North Sea and (f) in the Port of Hamburg. The grey area in (d) and (f) shows the position of
the Port of Hamburg.
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Figure A3.13. Succession of N-bearing substances coming from the North Sea and in the Port of Hamburg in March 2022:
Relative change of SPM concentrations (a) from the North Sea and (b) in the Port of Hamburg. Nitrate in pmol L', nitrite
in umol L-!, ammonium in pmol L' and nitrous oxide concentrations in nmol L' plotted against stream kilometers (c¢) from
the North Sea and (d) in the Port of Hamburg. Particulate nitrogen concentrations in umol L' and C/N values plotted against
stream kilometers (e) from the North Sea and (f) in the Port of Hamburg. The grey area in (d) and (f) shows the position of
the Port of Hamburg.
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Appendix A4
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Figure A4.1. Vertical profiles of oxygen concentration in 2014 and 2020 at different stations along the Tidal River and
Dollard Reach: a) vertical profile measured in 2014 at a station at stream kilometer 11.5, with b) the water levels over time
at the station, c¢) vertical profile measured in 2014 at a station at stream kilometer 24.5, with d) the water levels over time
at the station, e) vertical profile measured in 2020 at a station at stream kilometer 7.2, with f) the water levels over time at
the station, g) vertical profile measured in 2020 at a station at stream kilometer 18.2, with h) the water levels over time at
the station

The lowest concentration in bottom water in 2014 was 58 pmol L-! at stream km 11.5, and 36 pmol L at km 24. In 2020,
oxygen concentration was low in surface water at stream km 7.2, and anoxia occurred in bottom water over a full tidal
cycle. Downstream, at km 18.2, Oz concentration decreased 6 m below the surface, and anoxic conditions were reached at
low water levels
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Figure Ad4.2. Plot of §'30-nitrate vs §'N-nitrate in the Tidal River of the Ems estuary in 2014 and 2020 with regression
line, coefficient of determination and linear regression equation. Point shapes and colors mark stream kilometer of each
sampling station.
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Mapping approach

We used a mapping approach inspired by Lewicka-Szczebak et al. (2017) using open-system
approach for calculations of isotope effects. In an open-system approach the isotope effect can be
described as the slope of the linear relationship between isotope values of nitrogen and fraction f
(Chapter 2.8) (Sigman et al. 2009). The remaining fraction of substrate f is determined by
1= ([C]/[Ciitiai] ). We used our calculated mixing values (Chapter 2.7) as initial concentration and
isotope values. In following, we explain our procedure in detail using a sample (ID: 702, km 41.50,

2020) as an example.

We calculated nitrate mixing concentration and the theoretical isotope value of samples following

conservative mixing between two endmembers (Liss 1976). For our example we derived:

¢ = (323171864 _ 0 4on (A4.1)

(32.31-0)

Cix = S X Cg + (1 — 5)Cy = 0.423 x 181.70 pmol L™ + (1 — 0.423) x

3.60 umol L™t = 78.94 pmol L™ (A4.2)

SXCrXog+(1—5)XCyXby
Mix =

= Ouix (A4.3)
CMix
_0.423 x 181.70 pmol L™ X 14.64 %o + (1 — 0.423) X 3.60 pmol L™* x 14.23 %o
B 78.94 pmol L1

= 14.62 %o

We use 8'"'N-NOs"mix as initial isotope value and ¢c(NOs )mix. The remaining fraction for these values
is =1, since no nitrate is converted during pure mixing processes. Following figure is derived for our

example:

2020 - km 41.50

30.00

< 20.00

% 15.00 x
Z= Mixing
= 10.00

0.70 (.80 0.90 1.00 L.10

Figure A4.3. Calculates mixing 8'>N-NOj3 versus the remaining fraction of nitrate for the example sample
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We know that nitrogen isotopes ratios change along a specific isotope effect. We determined
following relevant isotope effects for the Ems estuary: epenit = -26 %o, “eremiv = -1.2 %o. As long
as ammonium concentration is low, we applied this eremiv value for nitrification with prior
remineralisation. As soon as, ammonium and nitrite concentrations increased, we assume that
remineralisation no longer determines the overall isotope effect of nitrification. We expect a
combined influence of ammonium oxidation with an isotope effect > = -14 to -41 %o (Mariotti et al.
1981; Casciotti et al. 2003; Santoro and Casciotti 2011) and nitrite oxidation with ¢ = +9 to +20 %o
(Casciotti 2009; Buchwald and Casciotti 2010; Jacob et al. 2017) that leads to an assumed isotope
effect of Sexitri = -10 %o (Sanders unpublished data).

In our example sample, ammonium and nitrite concentration already increased, so we used -10 %o as
slope for our nitrification line and -26 %o for the denitrification line. Which leads to the following

figure.

2020 -km 41.50

30.00

25.00

15N = 26 %o

— 20.00

e 15 — 10,
S 15.00 £ Nigrrgy = =10 %0

Z
z Mixing
1000

5.00

0.00
0.7 0.8 09 1 1.1

Figure A4.4. Calculated mixing §'°N-NOs" versus the remaining fraction of nitrate for the example sample. The red line
indicates the isotope effect of nitrification with enxrrrr = -10 %o with the mixing sample as intersect. The green lines
indicates the isotope effect of denitrification with Spent = 26 %o with the mixing sample as intersect.

We can describe the linear equations for both processes (EQpent, mix and EQnitrimix) using the isotope

effect as slope and the calculated mixing value as intersect. Leading to following equations:
EQDENl,mix:

515Nmix,DEN1 = Mpgns X [+ bpenimix = DPpenimix = 515Nmix,DEN1 — Mpgny X f (Ad.4)
= 14.64 %0 + 26 X 1 = 40.64 ’

EQnitRrI, mix

515Nmix,N1TR1 = Myrrrr X [+ Byirrimix = Pnirrimix = 615Nmix,NITRI — My X f = (A4.5)
14.64 %o + 10 X 1 = 24.64 ’
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If only one of the processes occurred, the isotope value of our measured sample would lie on one of
the regression lines. However, as the following plot shows, this is not the case for our example. The

remaining fraction f of the sample is derived by /= (/C]/[Cinitiai] ).

Cm 84.60 pmol L™

f=c-= 78.94 ymol L=1 1.07 (A4.6)

CMix

2020 - km 41.50
30.00

: _ )
25.00 &P Nppg = 26 %o

~ 20,00
Measured

x

5Ny = ~10 %a

15.00

8 N-NO;" (%q

Mixing
10.00

5.00

0.00
0.70 0.80 0.90 1.00 1.10 1.20 1.30

Figure A4.5. Calculated mixing §'"N-NOs3mix and measured 8'"’N-NOs"sample Versus the remaining fraction of nitrate for the
example sample. The red line indicates the isotope effect of nitrification with enitrr = -10 %o with the mixing sample as
intersect. The green lines indicates the isotope effect of denitrification with Sepent = 26 %o with the mixing sample as

intersect.

After plotting the measured value, we calculate linear equations for each process using the measured

values as the intersect (EQpentmeas and EQnitrimeas). Leading to following results:

2020 - km 41.50
30.00

25.00 £ Nppng = 26 %o

b 3

— 20,00 =
‘‘‘‘‘ - Measured

=g SNy =-10%
s

15.00

N-NO. (%«

Mixing

0

10.00
5.00

0,00
0.70 0.80 0,90 1.00 110 1.20 1.30

Figure A4.6. Calculated mixing 8'"*°N-NO3 mix and measured 8'>N-NO3 sample versus the remaining fraction of nitrate for the
example sample. The red line indicates the isotope effect of nitrification with Sexrrrr = -10 %o with the mixing sample as
intersect. The green lines indicates the isotope effect of denitrification with Sepent = 26 %o with the mixing sample as
intersect. The dashed red line indicates the isotope effect of nitrification with Senitrr = -10 %o with the measured sample as
intersect. The dashed green lines indicates the isotope effect of denitrification with Sepent = 26 %o with the measured sample

as intersect.
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EQDENLmeas:
8" Nineas,pent = Mpens X f + bpenimeas = bpenimeas = 6> Nmeas,pent — Mpent X f = (A4.7)
16.09 %o + 26 X 1.07 = 43.95 ’
EQNITRI, meas
5 lstix,NITRI = Myrr X f + byiTrImeas = DniTRIMeas = 6 15Nmeas,NITRI — Myjrrr X (A4.8)

f =16.09 %o + 10 x 1.07 = 26.80

We determine intersects of a linear equation derived by the mixing value as intersect and an equation
derived by the measured sample to calculate the amount of nitrate processes via the different
pathways. Therefore, two different approaches are possible for this purpose that lead to the same
results.

a) Calculating fpeni: The intersection of EQpenimix and EQnitrimeas leads to fpeni. The difference
between f and fpenr results in farrri. To calculate the amount of nitrate consumed/produced via each

process, we use the deviation from the initial fractionation.
foeN:
15 — —
6 NDENI = MpEnI X fDENI + bDENI,mix = MpyiTRI X fDENI + bNITRI,meas

—26 X fopni +40.64 = — 10 X fipn; + 26.80

(A4.9)
_ 40.64 — 26.80 — 0.86
foent = 26 — 10 =0
fNiTR:
fuvirrt = f — foeny = 1.07 — 0.86 = 0.21 (A4.10)
¢(NO3)pent
CDENI = (fini —_ fDENI) X CMIX = (1 —_ 086) X 7894 umol L_l = 1073 l,lmOl L_l (A411)
¢(NO3)NiTrRI
Cnitri = fvirrr X Cuix = 0.21 X 78.94 umol L™ = 16.39 umol L1 (A4.12)
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Figure A4.7. Calculated mixing 8'°’N-NO3mix and measured 8'>N-NO3 sample versus the remaining fraction of nitrate for the
example sample. The red line indicates the isotope effect of nitrification with Sexrrrr = -10 %o with the mixing sample as
intersect. The green lines indicates the isotope effect of denitrification with Sepent = 26 %o with the mixing sample as
intersect. The dashed red line indicates the isotope effect of nitrification with Sexrrrr = -10 %o with the measured sample as
intersect. The dashed green lines indicates the isotope effect of denitrification with Pepeni = 26 %o with the measured sample

as intersect.

b) Calculating faxitri: The intersection of EQreminmix and EQpenimeas l€ads to fairri. The difference

between f and fairri results in fpeni. To calculate the amount of nitrate consumed/produced via each

process, we use the deviation from the initial fractionation.

fNiTrE:

15 — —
6 NNITRI = MpEgni X fNITRI + bDENI,meaS = MyiTRI X fNITRI + bNITRI,mix

—26 X fNITRI + 4395 = —10x fNITRI + 24.63

_4395-2463
firrr = 26—10

foent = fyirre — f = 1.21— 1.07 = 0.14

CNITRI = (fNITRI - fini) X CMI.X' = (121 - 1) X 7894 I.lmol L_l = 1639 |J.m0l L_l

fDENT:

c(NO3)NiTRI

c¢(NO3 )pent

Cpent = foent X Cupx = 0.14 X 78.94 ymol L™t = 10.73 umol L1

(A4.13)

(A4.14)

(A4.15)

(A4.16)
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Figure A4.8. Calculated mixing 8'’N-NO3 mix and measured 8'’N-NOs sample versus the remaining fraction of nitrate for the
example sample. The red line indicates the isotope effect of nitrification with Penitri = -10 %o with the mixing sample as
intersect. The green lines indicates the isotope effect of denitrification with epent = 26 %o with the mixing sample as
intersect. The dashed red line indicates the isotope effect of nitrification with Sexirrr = -10 %o with the measured sample as
intersect. The dashed green lines indicates the isotope effect of denitrification with >epent =26 %o with the measured sample

as intersect.

Table A4.1. Measured and calculated mixing values for samples in zone 2 in 2014 used for the open-system mapping

30.00

25.00

20.00

15.00

8"°N-NO

10.00

5.00

0.00

<

2020 - km 41.50

15 =26 %
ePNppg = 26 %o

(.80

90 1.00

approach
2014 MEAS MIX
km c(NO5) 51°N-NO;s- c(NO5) 5°N-NOs-
pmol L! %o pmol L! %o
26.20 151.00 20.81 167.32 16.83
30.73 161.00 19.64 172.84 16.84
66.18 31.10 14.67 23.86 16.04
77.62 21.30 13.56 17.17 15.68
87.53 23.30 14.25 18.40 15.77
88.80 15.10 12.70 13.16 15.29
Table A4.2. Results of the open-system mapping approach for samples in zone 2 in 2014
2014 DENI NITRI DENI NITRI
Km Fumix  FMeas m Dmix Dmeas M Dmix bmeas T NOs f NOs
uM M
L L!
2620 1.00 090 -26.0 42.83 4428 -1.2 18.03 21.90 0.84 26.07 1.06 9.75
30.73 1.00 093 -26.0 42.84 4385 -1.2 18.04 20.75 0.89 1892 1.04 7.08
66.18 1.00 1.30  -26.0 42.04 48.56 -10.0 26.04 27.71 090 2.48 1.41 9.72
77.62 1.00 124 -26.0 41.68 4581 -10.0 2568 2596 098 030 126 443
87.53 1.00 127 -26.0 41.77 47.18 -10.0 2577 2692 093 132 134 623
88.80 1.00 1.15 -26.0 4129 4254 -10.0 2529 2418 1.07 -091 1.08 1.03
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Table A4.3. Measured and calculated mixing values for samples in zone 2 in 2020 used for the open-system mapping

approach
2020 MEAS MIX
km c(NO3) 3N-NO:;- c(NO3) 3N-NO:;-
umol L! %o umol L! %o
30.64 141.80 21.85 151.83 14.64
35.25 119.50 19.62 120.89 14.64
41.50 84.60 16.09 78.94 14.63
41.50 76.60 15.73 67.08 14.63
44.83 67.50 14.39 64.45 14.63
48.12 51.90 12.49 48.02 14.62
48.37 62.20 13.23 60.35 14.62
55.61 48.90 11.96 48.58 14.62
Table A4.4. Results of the open-system mapping approach for samples in zone 2 in 2020
2020 DENI NITRI DENI NITRI
Km Fumix  FMeas m Dmix Dmeas M Dmix bDmeas T NOs f NO3
uM L~ uM L~
1 1
30,64 1.00 093 -26.0 40.64 46.13 -10.0 24.64 31.18 0.59 62.11 1.34  52.08
3525 1.00 099 -26.0 40.64 4532 -10.0 24.64 2950 0.70 36.76 1.29  35.36
41.50 1.00 1.07 -26.0 40.63 4395 -10.0 24.63 26.80 0.86 10.727 1.208 16.387
41.50 1.00 1.14 -26.0 40.63 4542 -10.0 24.63 27.15 0.84 10.56 1.30  20.08
4483 1.00 1.05 -260 40.63 41.62 -10.0 24.63 2486 0.99 0.96 1.06  4.02
48.12 1.00 1.08 -26.0 40.62 40.59 -10.0 24.62 2330 1.08 -3.96 1.00  -0.09
4837 1.00 1.03 -26.0 40.62 40.03 -10.0 24.62 2354 1.07 -4.10 096  -2.25
55.61 1.00 1.01 -26.0 40.62 38.13 -10.0 24.62 2203 1.16 -7.87 0.84  -7.55
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2014 - km 30.73 2014 - km 66.18

2014 - km 26.20

2014 -87.53

150 070 080 090 100

Figure A4.9. Plots derived by our open-system mapping approach for samples in 2014 (a) at stream kilometer 26.20, (b) at
stream kilometer 30.73 (c) at stream kilometer 66.18, (d) at stream kilometer 77.62, (e) at stream kilometer 87.53, (f) at
stream kilometer 88.80. Line color and arrow direction indicate the turnover-process. Green lines with arrows oriented
upwards to the left are denitrification lines. Red lines with arrows oriented downwards to the right are nitrification lines.
Straight lines indicate linear regression with mixing values as intercept and dashed lines linear regressions with the

measured samples as intersect.

156



Appendix

2020 - km 30.64

_ 2500
"T_ 20,00
A
Y1500
Z 150
= 1000
5.00
(a)
.00
045 0.65 .85 1.05 1
f
2020 - km 41.50
30.00
2500
3 2000
S 1500
=z 13
z
= 1000
5.00
(d)
0.00
0.70 0,90 110
[
2020 - km 48.37
25.00
2000
= 1500
-
Z 10.00

3.00

(2)
0.00
070 0.80

0,90 1.00

£

1.20

1

G N-NOy (%a)

3 N-NO, (%

o)

N-NO, (%

o

35,00

30,00

25.00

20,00

15.00

10.00

300

0.00

2500

20.00

15.00

10.00

500

0.00

25.00

20,00

15.00

10.00

5.00

(.00

2020 - km 35.25 2020-km41.50

30,00
25.00
3 2000

15.00

G N-NO.

10,00

5.00
(b) (©)
0.00

0.70

8 r

0.50 0.70 0.90 110 1.30 1.50 110 1.30

0.90

2020 - km 44 .83 2020 - km 48.12

25.00

20000

15.00

10.00

.00

(e) (t)
0.00
0.70

090 L.00

110

) Loo 1o 1.20 130 01,80 120 130

[ f

070 080 0.9

2020 - km 55.61

(h)

0.70

0.80

1.00
r

0.90) 110 120 1.30

Figure A4.10. Plots derived by our open-system mapping approach for samples in 2020 (a) at stream kilometer 30.64, (b)
at stream kilometer 35.25, (¢) at stream kilometer 41.50, (d) at stream kilometer 41.50, (e) at stream kilometer 44.83, (f) at
stream kilometer 48.12, (g) at stream kilometer 48.37, (h) at stream kilometer 55.61. Line color and arrow direction indicate
the turnover-process. Green lines with arrows oriented upwards to the left are denitrification lines. Red lines with arrows
oriented downwards to the right are nitrification lines. Straight lines indicate linear regression with mixing values as
intercept and dashed lines linear regressions with the measured samples as intersect.
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Figure A4.11. Chlorophyll a concentration in the Outer Reaches /zone 3 during our cruise in 2020. For chlorophyll a, water
was filtered through combusted, pre-weighted GF/F Filters (4 h, 450 °C) and stored frozen for later analysis in our
laboratory. The slight chlorophyll maximum supports our assumption of nitrate uptake due to ongoing primary production

in the Outer Reaches.
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