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Nitrogen isotopes reveal a particulate-matter driven

biogeochemical reactor in a temperate estuary
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Abstract. Estuaries and rivers are important biogeochemical reactors that act to modify the loads and composition
of nutrients in the coastal zone. In a case study during July 2013, we sampled an 80km transect along the Elbe
estuary under low-oxygen conditions. To better elucidate specific mechanisms of estuarine nitrogen processing,
we tracked the evolution of the stable isotopic composition of nitrate, nitrite, particulate matter, and ammonium

through the water column, This approach allowed constraint of the in-situ isotope effects of ammonium and nitrite

oxidation and of remineralization at the reach scale. The isotope effects of nitrite oxidation and ammonium

oxidation ywere consistent with pure culture assessments. We found that the estuarine nitrogen budget of the Elbe

estuary is governed by settling, resuspension, and remineralization of particulate matter, and further used our stable

isotope data togvaluate sources and sinks of nitrogen in the Elbe estuary,through an isotope mass balance approach.

1 Deleted: §
We were able to constrain

/[ Deleted: are

[ Deleted: quantify

We find that the reactivity of particulate matter, through its remineralization in the estuary, is the main control pn

) [ Deleted: . Based on

nitrogen isotope dynamics of jnorganic nitrogen species. Moreover, while underscoring this role of particulate

matter delivery and reactivity, the isotope mass balance also jndicated additional sinks of reactive nitrogen, such

aspossible denitrification of water column nitrate in the intensively dredged and deep Hamburg harbor region.

Introduction

Estuaries are biogeochemical hotspots of elemental cycling and can reduce contaminant and nutrient loads, thus

playing a majoryole in the transfer of terrestrial nutrients and organic matter to the coastal zone. With growing use

Y\
\ \{
\\

Deleted: calculation, we reproduced internal N-cycling and
associated isotope dynamics.

Deleted: and concentration

Deleted:

[ Deleted: of

| Deleted: and

AN

Deleted: remineralization

‘{ Deleted: underscores this role of the delivery and reactivity of

W\ \
\ \\
W . .
\\\ | particulate matter, but it

\\
:\\[ Deleted: allowed us to pinpoint

\\\ \\[ Deleted: the

of synthetic fertilizers over the last 150 years, river-borne loads of nitrogen (N) to the coastal zone have greatly )

increased (Galloway et al., 2003). Much research over the past several decades has focused on understanding the
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one of the largest rivers discharging into the North Sea has served to remove substantial inputs of surplus reactive
nitrogen (Schroder et al.,, 1996). With improved wastewater management and control of fertilizer application
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oxygen levels in comparison to the early 1990s after the fall of the Iron Curtain (Spiekermann, 2021), nitrification,

the microbial oxidation of ammonium to nitrite and nitrate, gained in importance in the N budget (Dahnke et al.,

2008). Today, oxygen depletion occurs only regionally in summer in the harbor region (Schél et al., 2014), where
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nitrification js most active and at times even doubles the nitrate load of the agriculturally impacted river (Sanders
et al., 2018). As a consequence, nitrate pollution remains problematic, — and jmproving our understanding of the
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processes, including those involving net inputs or outputs (N fixation, denitrification) as well as those that involve

he nitrogen load and composition in rivers and estuaries is Jicavily modified by microbial transformation
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more internal cycling transformations (e.g., assimilation, nitrification, remineralization). However, constraining
this microbial turnover and recycling of nitrogen can be especially difficult using concentration measurements
alone. As a complementary and powerful tool, changes in the isotope composition of reactive N species have been
widely leveraged to provide new insights into biological N turnover in estuarine (Déhnke et al., 2008; Middelburg

and Nieuwenhuize, 2001; Sebilo et al., 2006), coastal (Dahnke et al., 2010; Wankel et al., 2007) and open ocean
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fractionation, leading to measurable shifts in the isotopic ratios of substrate and product pools (Kendall, 1998;
Mariotti et al., 1982; Sebilo et al., 2006). These isotopic shifts can be compared with fractionation factors
determined from pure culture studies (e.g. Buchwald et al., 2012; Casciotti et al., 2003; Granger et al., 2004; Jacob
et al., 2018). For example, the '°N fractionation factor (or isotope effect. ') for ammonia oxidation in bacterial
and archaeal pure cultures ranges from -13 to -41%o (Casciotti et al., 2003; Mariotti et al., 1981; Santoro and
Casciotti, 2011), whereas nitrite oxidation has a fractionation factor from +10 to +12%, reflecting a unique inverse
isotope effect (Casciotti, 2009; Jacob et al., 2018). The fractionation factor imparted during remineralization /
ammonification of organic nitrogen (into ammonia) is generally small, with estimates ranging from ~0%o (Brandes

and Devol, 2002; Kendall, 1998) to -2.5%0 (Mdbius, 2013). Nitrate can be removed by denitrification in anoxic

regions. During sedimentary denitrification, no isotope effect is expressed as rates are diffusion limited (Brandes

and Devol, 1997). In contrast, denitrification occurring in the water column exhibits an isotope effect of up to 30%o

(e.g., Brandes et al., 1998). In natural marine environments, the use of stable of stable isotope nitrogen dynamics
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compounds preclude their isotopic measurement.

In many environments, the dnfluence of nitrification and denitrification may be closely coupled or co-occur (e.g.

Brase et al., 2017; Granger and Wankel, 2016). Here in ¢he Elbe estuary, we Jeverage observed patterns in stable
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2. Material and Methods

2.1 Study site

The Elbe Estuary extends from the weir in Geesthacht at stream km 586 (measured from the German-Czech border)

to Cuxhaven at stream km 714, where the estuary opens to the Southern North Sea. The Elbe River catchment is
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dominated by agricultural land-use and is inhabited by ~25 million people (Lozan and Kausch, 1996). The most ,/{ Deleted: Most ]

140 important nitrogen inputs priginate from agricultural sources in the upper and middle reaches of the Elbe (Hofmann ,/{ Deleted: stem ]

et al., 2005; Johannsen et al., 2008) and reach the Elbe via diffuse inputs to its tributary rivers. Point-sources play
a subordinate role (Hofmann et al., 2005). The Elbe River is the most important source of reactive nitrogen to the
Southern North Sea, with an average annual load of ~ 75 kt between 2012 and 2016 (Umweltbundesamt, 2021).
Riverine nutrients have been reduced by ~50% since the 1990s, but the Southern North Sea is still regarded as a

| 145 problem area of eutrophication (OSPAR Commission 2008). The tidal part of the Elbe estuary also serves as an ,/{ Deleted: OSPARCommission

important shipping fairway. Continuous maintenance dredging enables access for large container ships to the Deleted: §
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2.2 Sampling

In July 2013, we sampled the water column of the estuary from the mouth to stream km 610, upstream of the city
150 of Hamburg (Figure 1) with the R/V Ludwig Prandtl. Surface water samples were collected with an on-board
diaphragm pump via the vessel’s water inlet at a depth of 2 m, and turbidity, salinity, pH and dissolved oxygen
were measured continuously using an in-situ FerryBox system (Petersen et al., 2011). Chlorophyll is reported
based on fluorescence measurements from a SCUFA Fluorometer (Turner Designs, San Jose, CA, USA),
integrated in the Ferrybox. No final calibration was performed, and chlorophyll fluorescence data thus can only be
155  used to assess relative changes along the transect. This SCUFA instrument also reported turbidity, and was
calibrated against FNU standards in the laboratory prior to the cruise. Dissolved oxygen in the FerryBox was

measured with an optode (Aanderaa Data Instruments AS, Bergen, Norway).

L

3 Hamburg g

sampling stretch

Harbour region
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160 Figure 1: The Elbe estuary. The stretch of the sampling transect is indicated in red. Vertical lines black lines show the
location of the Hamburg harbor area (stream km 615 — 635) and of the estuarine maximum turbidity zone (stream km

680 — 700).

Water samples were immediately filtered through pre-combusted (4 hrs, 450°C) GF/F filters (0.7 um) and stored
165 in acid-washed (10% HCI overnight) PE bottles before they were frozen at —18°C for later analyses of nutrient
concentration and dissolved inorganic nitrogen (DIN) stable isotope composition. Filter samples for suspended
matter were dried at 50°C directly after sampling and were then stored frozen. Nitrification rates were immediately

determined on board using fresh and unfiltered water samples (see section 2.5 below).
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2.3 Nutrient analysis

Duplicates of all filtered water samples were analyzed for concentrations of ammonium, nitrite und nitrate, using //[ Deleted: analysed
an automated continuous flow system (AA3, Seal Analytical, Germany) and standard colorimetric techniques
(Hansen and Koroleff, 2007). Detection limits were 1 pmol L™' for nitrate, 0.5 pmol L™ for nitrite and 0.5 pmol
L' for ammonium. In subsamples of nitrification rate measurements, ammonium was analyzed manually based /,[ Deleted: analysed
on the same colorimetric techniques. Due to restrictions in sample volume, nitrite and nitrate concentrations in
these incubation samples were analyzed in replicate by HPLC (Jasco 980, Jasco, Germany) (Meincke et al., 1992). //[ Deleted: analysed
2.4 Analyses of suspended particulate matter
Suspended particulate matter (SPM) was analyzed for its carbon and nitrogen content, and isotopes thereof. Sensor ,[ Deleted: analysed
data of chlorophyll fluorescence were further used as an indicator of suspended matter quality. Jotal particulate \\\ [ Deleted: elemental composition (
carbon (POC) and total nitrogen (TN) concentrations (weight%) of SPM were quantified using a Thermo Flash \‘\\{ Deleted: ),
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EA 1112 (Thermo, Germany). The precision of the measurement was 0.05% for carbon and 0.005% for nitrogen,
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certified sediment standard (IVA Analysentechnik, Germany) were measured every eight to ten samples during ~{ Deteted: analyser
each run to assure measurement quality and assess Jong-term analytical performance. A single-point calibration \,/[ Deleted: to

was performed with IAEA-N1 with an assigned '°N value of 0.4%o (Bahlmann et al., 2010). The standard h \[ Deleted: the
deviation for IAEA-N1 isotope analyses was less than 0.2%o.

2.5 Nitrification rates

Nitrification rates were measured following a modified version of the ISO/DIN 15685:2001 standard test

(DIN15685 2001). The method is described in detail in Sanders and Laanbroek (2018). In short, 50 ml of river

water were incubated in 100 mL glass bottles with open caps in the dark at room temperature (22+2°C, i.e., close

to the average water temperature of ~24°C) for up to 14 days (Sanders and Laanbroek, 2018). Up to 5 sub-samples //[ Deleted:
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2.6 Stable Isotope analysis
2.6.1 Nitrate isotopes

All water samples were analyzed for isotopic composition of nitrate (5'*Nno3 and 8'30no3) using the denitrifier
method (Casciotti et al., 2002; Sigman et al., 2001), wherein nitrate and nitrite are quantitatively converted to
nitrous oxide (N2O) by denitrifying bacteria (Pseudomonas aureofaciens, ATCC#13985) lacking N>O reductase.
Injected sample volumes were adjusted to achieve a sample size of 20 nmol of generated N>O. N,O was extracted
from the sample vials by a flow of ultra-high purity helium and measured with a GasBench II (Thermo, Germany),
coupled to an isotope ratio mass spectrometer (Delta Plus XP, Thermo, Germany). With each batch of samples,
two international standards (USGS34: §'°N: -1.8%o, 8'30: -27.9%0; IAEA-NO3: 8°N: +4.7%o, 8'30: +25.6%0) and
an internal standard were also measured for standardization. Standard deviation of samples and standards was
<0.2%o for 3'*Nnos (n = 4) and <0.5%o for §'*Onos (n=4). In samples with elevated nitrite concentration, §'’Nnoz

was analyzed separately, and we present 8'"Nnos values that were mass-balance corrected for the contribution of
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nitrite.

2.6.2 Nitrite isotopes

During the sampling campaign, high nitrite and ammonium levels in some samples allowed for isotope analysis.
8"5Nno2 was analyzed in samples with [NO27] > 2 umol L! according to previously described protocols (Bohlke
et al., 2007). A culture of Stenotrophomonas nitritireducens is used to selectively reduce nitrite to N>O. For
calibration, we used two in-house standards with known 8'*Nxoa values of -83.3 +0.2%o and +27.6 £0.2%o vs. Air-
N3, determined independently via EA-IRMS analysis. For §'*Nxoo, the standard deviation of our measurements

was <0.3%o (n=4).

2.6.3 Ammonium isotopes

8N in ammonium (8'Nnus) was analyzed based on the hypobromite method (Zhang et al,, 2007). In brief, any
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ammonium to nitrite by hypobromite oxidation. Nitrite was then chemically converted to N>O via addition of

acetic acid buffered sodium azide solution and was measured by purge and trap as with nitrite and nitrate isotope
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samples (Mcllvin and Altabet, 2005). The minimum ammonium concentration required for isotope analyses in our
setup is 2 pumol L', With each batch of samples, three international ammonium standards (USGS25: §'5N: -30.4%o,
USGS26: §'°N +53.8%0, IAEA N1: 8'°N +0.4) were run for calibration, and an internal standard was used for

quality control. The standard deviation of samples and standards was <0.5%o for &'*Nny.

2.7 Estimation of isotope effects for nitrite oxidation and ammonium oxidation
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From 0.2 umol L'! at stream km 618, concentrations increased to <2 umol L' (1.7 +/- 0.6) in the Hamburg harbor
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Figure 2: Nutrient concentration, parti matter composition, biogeochemical trends and nitrification rates along
the Elbe Estuary. The harbor region is indicated by shading, and the dashed blue and red boxes show the stretches that
were used for the estimation of the isotope effects of ammonium and nitrite removal, respectively.

3.2 Nitrification

Nitrification rates in July 2013 were highest in the upper part of the estuary, including the Hamburg harbor region _/,,/./[ Deleted: port
(Elbe-km 18 to 635) with a nitrate production of up to 10 umol L' d"! (Fig. 2A). Nitrification rate decreased //,/{ Deleted: 615
downstream of the harbor region, reaching minimum values of ~2 umol L' d"'. Rates were strongly positivel _/,,,_/[ Deleted: port
correlated to %N and %C in suspended matter (r> = 0.91 and 0.95, respectively), and negatively correlated to §'N | Deleted: but were not significantly correlated to dissolved oxygen
B concentration or SPM content. They were, however,
of SPM, Lower §'°Ngpy values coincided with high nitrification rates (not shown). Nitrification rates were not —
“{ D , and lower 8N

)
)
)
|
)

correlated with dissolved oxygen concentration or SPM concentration.

Deleted: We measured stable

3.3 Isotopic changes along the estuary Deleted: signatures

//{ Deleted: of

stable isotope g

{ Deleted: matter

3). Nitrate §"°N and §'®0 values yvere elevated entering the estuary (+19%o and +10%o for 3N and §"0O,

‘[ Deleted: are

Deleted: . The strongest decrease in §'*O occurs in the harbour
region (

respectively), decreasing along the estuary to final values of +11 and +3%o, respectively, around stream km 656, »,_,_4{

(Fig. 3). Downstream of this point, nitrate stable isotopes exhibited conservative mixing patterns (data not shown,). \

\\ Deleted: 618 —
N\
A { Deleted: ),

A\N
\\\\£ Deleted: .

\\\f Deleted: from

\
[ Deleted: , Dihnke et al., 2008;Fry, 2002

O A U U U




25 5 25
- | . ——5"N,,
<] |
o 20 2 o0l ® 0
2 j "? 5|5NPN
© | G —o—5"N,,,,
;E" 15 ',"‘ ;: 15 | ®—35"N,
Z_ 1‘ =z
Z | z -« Pt
?‘_ 10 | . 10|
© | .
o] | Oﬂ
z / >
= 5 ‘{ =
£ | z 5r
o / o ° o g9 O o
0 ‘," 0 1 1 1
690 680 670 660 650 640 630 620 610 ;v‘ 690 630 670 66
Stream km Dtarad:
Figure 3: Isotopic changes of DIN and PN along the estuary. The harbor region is indicated by shading.
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Figure 4: Overview of calculated fractionation factors for turnover of (a), ammonium, (b), nitrite, and (c), particulate
nitrogen along the respective Elbe stretch. The initial f denotes the remaining fraction of the respective substrate. See

sections 2.7and 3.3 for details of the calculation.

4. Discussion

4.1 Deriving N-cycling from isotope effects

Deleted: and could be measured contemporaneously. After the
flood in June 2013

Deleted: ), river discharge returned to moderate levels again for
only a few days prior to our sampling campaign. Intense cycling
processes led to an unusually vast extension of nitrite and ammonium
peaks in the estuary. This allowed a unique perspective on associated

isotope effects of

Deleted: N cycling processes. 9

The Elbe estuary is a site of very active N-processing and has
undergone dramatic changes over the past several decades: The
estuary previously suffered from high nitrogen loads and exhibited
intense sedimentary denitrification in the 1980s (Schroder et al.,
1996), whereas its importance in N-removal apparently diminished
more recently (Dahnke et al., 2008;Deek et al., 2013). §

Currently, nutrient and carbon turnover is most dynamic within the
harbor region (Amann et al., 2015;Sanders et al., 2018), where
oxygen depletion at present frequently occurs in summer (Schdl et

Jn this study, we captured a rare event in the Elbe estuary in which the isotopic characterization of transient N- ||
|

cycle intermediates that accumulated after a summer flood in the same year (Jacob et al., 2016;Voynova et al., Iy

in our dataset underscore the high degree of piogeochemical activity in the harbor region, — as has been noted L///

/{ Deleted: role

al., 2014).

Deleted: this
[ Deleted: . In addition, there
Deleted: previous demonstration of both nitrification as well as

previously (Brase et al., 2017;_Sanders et al., 2018). Nitrification rates measured in this study were similarly
Notably, however, the

distributed to, if slightly higher than, those previously reported (Sanders et al., 2018).

distribution of nitrification rates along the estuary matches the succession of transient ammonium and nitrite

///{ Deleted: changes in the estuary

denitrification in the harbor region
Moved (insertion) [2]
{ Deleted: and their driving forces.

accumulation through the harbor basin,The spatial extent of ammonium and nitrite accumulation during our cruise //% Deleted: reflect
enabled us to compute individual isotope effects for N-turnover processes. With our assessment of isotope effects / / { Deleted: Sanders et al. (2018) recently evaluated
/1] R
here, we aim to more fully characterize these dominant turnover processes, v // Deleted: . They found
// /| Deleted: oxygen isotopes

/

Notably, nitrate isotope composition only faintly yeflects nitrate regeneration dynamics in the estuary (Fig. 2A, 7
/

Fig. 3). Recent work evaluating nitrate production in the estuary, noted that changes in 5'°O of nitrate were
indicative of intense nitrification, and that newly added nitrate had an oxygen isotope signature close to that of

2018). This holds true in our dataset as well; we find a characteristic drop of oxygen

/

ambient water,(Sanders et al.
isotope values in the harbor region yeflecting incorporation of oxygen atoms from H,O into nitrate (Fig. 3). /

Nonetheless, in comparison to large isotope dynamics observed in both the nitrite and ammonium pools, changes

of nitrogen isotopes in nitrate are dampened due to the large pre-existing nitrate pool. The 3'80 of nitrate appears
/

more sensitive to inputs by nitrification than 8'°N, as a result of the relative differences between the composition

/
/

of new nitrate and that of the pre-existing pool.

/
Jhe inverse isotope effect for nitrite oxidation (+12.9%o, stream km 641 - 656) in our study corresponds well the //{

isotope effect that has been identified in lab experiments (Casciotti, 2009) as well as under natural conditions in

the Elbe catchment (Jacob et al., 2016). We thus assume that nitrite oxidation is the main sink for nitrite in this ’_/__{

river section, and that nitrite concentration along this stretch is largely unaffected by other sinks such as

denitrification or nitrite assimilation. Between stream km 626 and 039. the estimated isotope effect for ammonium

9

/ /{ Deleted: ,

1/
//

{ Deleted: .

/
/{ Deleted: indicating the
Deleted: light

Deleted: Nonetheless, in comparison to nitrite and ammonium
/ isotope dynamics, changes of nitrogen isotopes in nitrate are
dampened due to the large pre-existing nitrate pool. We will therefore
/| elaborate indications for nitrate production based on nitrite and
/| ammonium concentration and isotope changes.
If the sequential remineralization of organic N to NH," and oxidation
of NH," to NO5” by nitrification serve as the primary source of new
nitrate, a link between the nitrogen content of particulate matter and
the isotope signature of freshly produced nitrate should be evi(™_ 2]

o 0 U U U L

/

/

Moved up [2]: The spatial extent of ammonium and nitrite
accumulation during our cruise enabled us to compute individual

.. [3]

___J

\£ Deleted: |
Deleted: 2016). The isotope effect thus appears unaffected by
additional nitrite sinks or sources in this stretch.

Deleted:
In the river section between

[ Deleted: 646,

o L




585

590

595

600

605

610

615

620

Jgemoval of -17.4 %o lies towards the lower end of pure culture-based assessments of the isotope effect of ammonia //{ Deleted: concentration decreases, and ammonium and nitrite

isotopes could be measured in parallel.

oxidizing bacteria (-14 to -38, Casciotti et al., 2003). If ammonia oxidation represents the sole removal mechanism,

<[ Deleted

no other ammonium uptake

4

the steady-state difference between the isotope signature of ammonium and nitrite,(5'*Nyna - §'*Nno2) where NH*

Deleted:

oceurs,

is decreasing and NO, is accumulating, should approximately equal the isotope effect calculated based on 1.

\\\
‘[ Deleted: , 5

Interestingly. this is not the case, 8"*Nnu4 - 8'*Nno2 is 28.8 + 2.3%o, which is larger than the computed isotope ‘[Deleted: ammonium concentration. This
. S . . . . /{ Deleted: , suggesting
effect of ammonium oxidation, This suggests that another ammonium removal process with a lower isotope effect
Deleted: the

occurs in parallel. A likely candidate is ammonium assimilation by phytoplankton, which would fit with increasing

{ Deleted:

Y60

chlorophyll fluorescence along this stretch (Figure 2).

are subject

[poted

The isotope effect of ammonium assimilation is highly variable, (e.g., Hoch et al., 1992; Pennock et al., 1996;

/ / Deleted: a

g

€

Waser et al., 1998), but usually below 10%o in estuaries (York et al., 2007) and references therein. For a rough / / / { Deleted:

safely

%0 for ammonium assimilation (cf. Wada and Hattori,

Deleted

Our results

calculation, if we assume a moderate isotope effect of

Deleted :

that

1978; York et al., 2007), then approximately 55% of ammonium uptake in the water column js due to assimilation, / / / I;’,
I

Deleted: is

while approximately 45% js oxidized to nitrite. Within the given uncertainty for the isotope effect of ammonium //

| Deleted:

prominent

assimilation, this fits relatively well with the ratio of the ammonium and nitrite peaks (~ 2 to 1) in the estuary. /

| Deleted:
the magnitude of this key process. We find that

We will now investigate in detail the factors that control

While we cannot preciscly determine the exact proportion of both ammonium sinks, it seems evident that /

————

ammonium assimilation is a relevant ammonium sink in addition to nitrification. This seems plausible, since

Deleted: does not appear to

phytoplankton prefers ammonium over nitrate as a nitrogen source (Dortch et al., 1991).

Deleted: regulated

———

The calculated the isotope effect of remineralization along the transect was &'%emin = -4.4%o. This isotope effect is

Del q

ammonium concentration, or by

=

i
i

higher than the usual assumption for remineralization in sediments, which ranges from insignificant to ~2%o.

Deleted: amount of SPM in the water column. Instead, we see that
nitrification rates scale with indicators

2010). We cannot easily explain this deviation and assume that it relates

(Brandes and Devol, 1997; Mobius et al.

=

Deleted quality, such as

S

either to the highly labile and reactive nature of organic matter in our setting, which potentially may alleviate ;

Deleted: N- and C-content of organic matter.q

—

Generally, the concentration and

diffusion limitation during remineralization and allow the expression of a higher isotope effect. However, this

explanation is speculative and should be evaluated in futrure studies. Nonetheless, the relative strength of coupling

Deleted: particulate matter, such as chlorophyll or particulate
f nitrogen concentration, varies along the Elbe Estuary (Fig. 2).
Suspended matter in estuaries is

between remineralization and nitrification in the Elbe has been previously noted (Sanders et al 2018). Below we

=

thus evaluate the role of SPM quality in the estuary and its connection to supporting N cycling.

Deleted SPM composition should be closely interlinked with

nutrient and isotope dynamics. An indication for that is that

Deleted: is also highest

4.2 The role of suspended matter

eleted: upstream part of the stretch, where

Jhe increase in nitrate concentration, together with the transient peaks of nitrite and ammonium and their |

D
Deleted is fresh. Throughout
b

1 q

sampling stretch, N

corresponding isotope dynamics, underscore fhe prominence of nitrification as a central N-cycling process in the

Moved down [3]: Table S1).

harbor region. However, the strength of nitrification can only be supported by an active supply of NHy " through

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
Deleted: rate ]
)
)
)
)
)
}
)
)
)
)
)
)
)
)

Deleted: (N%) of SPM and nitrification rates are closely correlated
/| =091, cf.

the decomposition of organic matter, the reactivity of which must ultimately underlie the pbserved dynamics. The
/

composition and quality of suspended ynatter can be very heterogeneous and is affected by remineralization, |

resuspension, and of course by phytoplankton growth (e.g., Middelburg, 2019;Middelburg and Herman, 2007).

Our data indicate that gates of nitrification do not appear to be regulated by ammonium concentration, or by the

amount of SPM in the water column, but rather scale with indicators of organic matter quality. such as the N- and

C-content pf organic matter

Deleted: The calculated the isotope effect of remineralization along
the transect was £'%epin = 4.4%o. This isotope effect is a bit higher
than the usual assumption for remineralization in sediments, which
ranges from insignificant to ~2%, (Brandes and Devol, 1997;Mobius
et al., 2010), but fits well with a previous estimate by Sanders and
colleagues in the Elbe estuary (Sanders et al., 2018).
Remineralization in the Elbe thus is prominent, and is an important
source of N for generation of nitrate. §

SPM reactivity is an important control of remineralization in the
estuary.

Generally, chlorophyll and particulate nitrogen concentration co-vary along the Elbe Estuary (Fig. 2). Based on

Deleted: should have

2,

Deleted: 7

‘Redfield’ stoichiometry, fresh algal material has a C /N ratio of ~ 6.6 (Redfield et al., 1963; Martiny et al., 2014;

{

Deleted: what we find

Middelburg, 2019), which is yery near to values found in the uppermost samples. With ongoing degradation of

1

Deleted: . Easily

organic material, this ratio increases, as casily degradable, nitrogen-rich compounds (e.g., amino acids, amino /x ] {

U

Deleted: or

10



680

685

690

695

700

705

710

715

sugars. pigments) are preferentially remineralized, while carbon-rich organic matter remains (Islam et al., 2019; | Deleted:

and

Middelburg, 2019; Middelburg and Herman, 2007). his same dynamic plays outin the Elbe where SPM reactivity 1 Deleted:

clearly varies throughout the estuary, approaching highest C/N ratios in the outer part of the estuary (Fig. 2. Tab.

1

Based on C/ N ratios and chlorophyll, we find that SPM is not
equally reactive

S1). Dissolved O, required for aerobic heterotrophy, reaches its minimum in the harbor region, In parallel with a \{ Deleted:

slight increase of C/N in this region, chlorophyll fluorescence also decreases. This suggests that algal material

\[ Deleted: saturation, an indicator for heterotrophic metabolism

. . . . . . . . s - . Deleted:
Jrom upstream is being actively remineralized (Fig. 2a). The high silicate concentration in the water column (Fig. ™.

, after

{ Deleted:

decreased, suggesting active decomposition of limnic

q

2b) indicates remineralization of diatom frustules and corroborates that comparatively fresh and labile suspended \\[ ool

: (Fig.

AN
matter is actively remineralized in fthe harbor region. Downstream, SPM reactivity decreases, with lower \ Deleted:

The low C/N ratio of SPM, and

nitrification rates, increasing C/N ratio, and only faint signs of biological activity at the maximum SPM \{ Deleted: 2b) corroborate
concentration found in the maximum turbidity zone of the estuary (~stream km 670). Deleted: this section of the Elbe Estuary.
Downstream of

Overall, SPM reactivity shows a strong gradient along the estuary, but scales with nitrification rates: The N content

(N%) of SPM and nitrification rates are closely correlated throughout the sampling stretch (r> = 0.91, cf. Table /{ Moved (insertion) [3]

) U U

S1). The correlation with total SPM concentration however is not as evident: some sites of high SPM are

Dbiogeochemically active, whereas others reveal very little N-turnover. [This is particularly the case in the maximum [ Deleted: actively nitrifying or potentially even denitrifying
S— -

turbidity zone, where little pitrification, takes place, and SPM reactivity decreases, shown by increasing C/N ratios \\ \[ Deleted: active
AN .

(Fig. 2). Despite the freshwater regime, SPM jin this outer section of the estuary can be of marine origin \ \£ Deleted: We find that downstream of stream kim 650,

L N \{ Deleted:

N- turnover, such as

(Kappenberg and Fanger, 2007). and in our case study apparently supportsvery little N-turnover, In contrast, the

\\{ Deleted:

increased depth and residence time in the harbor zone effectively promote its behavior as a bioreactor in which \\\\\ \{ Deleted

: of marine origin is introduced and dominates

marine and limnic SPM are mixed, (Kappenberg and Fanger, 2007). This mixing supports the co-occurrence of

NE=

). This marine SPM

nitrification, denitrification, and remineralization, resulting in dramatic shifts in DIN composition. \ \\{ Deleted:

only

\\\* \( Deleted:

in our setting

(D Y N W o JC U U U U

\\{ Deleted: .

4.3 Constructing an estuarine N-Budget { Deleted: changes
Lhanges in the water column, DIN speciation and their respective isotopic composition allowed novel constraint /,,_/»[ Deleted: Based on isotope changes
of jsotope effects and N, dynamics in the estuary. Next, we construct a total nitrogen isotope mass balance to more \\\\[ Deleted: ,
thoroughly explore potential processes and controls on the evolution of riverine nitrogen along the estuarine reach. \ \£ Deleted: on trends in
For this approach several key assumptions were made (the validity of which is discussed below). First, we regard { Deletedi the respective pools, we were able to describe
the transect data as representative of a ‘snapshot’ in time, over which steady state can be assumed. The sampling \\\\{{ z::::::; ;T
area, while generally influenced by tidal action, lies entirely within the freshwater portion of the lower Elbe.
Furthermore, over this section of the river there are no significant tributaries with respect to the water budget.
Thus, our first key assumption is that changes observed in N pool size and isotopic composition are not influenced
by in-mixing of other external sources, and that the primary N source is the nitrogen that enters at the top of the

, Deleted: |
were equivocal regarding the role of DON in the Elbe estuary, especially in the harbor region. A previous study Deleted: port

(Schlarbaum et al., 2010) found a removal of ~20 pmol L' from the combined reduced nitrogen pool (DON +

(DON + ammonium)

reach, We explicitly disregard dissolved organic nitrogen (DON) in our approach, because previous assessments

ammonium), with an explicitly high contribution of ammonium in the harbor region. This is removal fits well with | Deleted:

| Deleted:

(
{
[ Deleted:
(
(

ammonium removal in our study, and we therefore assume that the fraction of reactive DON in the combined pool

port

U L L

of reduced nitrogen pool was small. Generally, invoking a large and isotopically dynamic DON pool contrasts
with the observed continuum of geochemical parameters otherwise routinely documented along this stretch of the

Elbe (Amann et al., 2014; Dihnke et al., 2008; Sanders et al., 2018).

11



755

760

765

770

775

Hence, we use the sum of DIN plus particulate nitrogen in SPM (PN) to address transformations in the total
nitrogen pool. For mass balance calculations, please see supplementary material (S1). We find substantial

fluctuations in the total nitrogen pool over the reach (as much as 16 pumol L' between two sampling points, Figure

5). However, these shifts are almost entirely encompassed by fluctuations in the concentration of PN (Figure 5and -

Table S1). Notably, there were no erratic changes to the 3'°N of the PN pool, but rather a smooth and continuous -

transformation over the entire 90 km reach (Figure 2). This is in line with previous measurements that suggest
notable changes in turbidity over this section of the Elbe, including the turbidity maximum zone toward the lower
end of the reach (Burchard et al., 2018). Thus, we assume that the large fluctuations in PN are due to settling and
resuspension of fresh PN and/or patchiness in PN distribution at the surface, which was not captured during our
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Resuspension and/or particle settling is not considered to be an isotopically discriminating process, so we explicitly
invoke resuspension or settling only to satisfy mass balance, without any impact on the total N isotope mass
balance. Thus, in practice, the PN concentration has been adjusted at each sampling point to reflect the mass
balance complement of the total DIN pool — normalized to the total N entering the river at Km 610. The adjusted
PN data are shown in Figure 5, (light blue).
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Figure 5: N concentration along the estuary. Total N fluctuations are driven by PN fluctuations. Light blue is the
calculated concentration of particulate matter that is assumed to satisfy mass balance.

4.4 Implications of the N isotope mass balance

Finally, we pse our mass balance calculations to investigate whether additional sources or sinks of nitrogen in the

[ Deleted: controlled

— Deleted: ), and, in line with our previous assessments, show that
PN affects estuarine N processing.

[ Deleted: of surface water.

[ Deleted: .

/{ Deleted: will

/

/[ Deleted: we can track

/ { Deleted: so

{ Deleted: remained

estuary may be evident that have thus far gone unrecognized. Based on the assumptions of particulate nitrogen /

I\

settling and resuspension, we were able to satisfy the mass balance for each discrete sampling point, The N isotopic

-| Deleted: For this, we will turn to the isotope module of the mass
balance calculations.

composition of the total N pool (Figure 5). however, exhibits distinct variations over the entire reach, which

remain unexplainable due to variations of particulate matter resuspension and/or settling alone, (which we suggest

;\.\{ Deleted: PN

- [ Deleted: , but the

o [ Deleted: )

12

[ Deleted: .

U U A U U )




795

800

|805

Deleted: may therefore

do not dramatically impart shifts in isotope composition). Indeed. we contend these isotopic variations jnstead
Deleted: that

reflect isotopically fractionating processes or N inputs that are not addressed by the assumptions of our mass _///[
_/,//[ Deleted: are based upon

balance calculations,
Over large sections of the transect, ynass balance indicates net removal of nitrogen, (e.g.. km 639 to km 656). and | Deleted: we find
\( Deleted: ,

that the mass balance derived 5"°N values of the lost N closely resemble those of the remaining riverine N, (~10%o

Thus, we might assume that sedimentary denitrification may be responsible (e.g., net N loss, with little impact on
) . ) . Deleted: calculated for

H°N). However, in the upstream zone (km 618 to km 635), some of the gstimated §'°N values of the lost N suggest \{ Deleted:

a loss of low 3'°N nitrogen (Figure 6). Here we suggest that water column denitrification might be a plausible loss

mechanism. A loss of isotopically low 8'°N nitrogen could arise from denitrification of the standing NO, pool,  \\ | Deleted: the 5N
\\ Deleted: total

which is consistently low (average of -11.8%o; Figure 3). Even a small removal flux of this very low §'°N pool,

\ . . .
could have an appreciable impact on the evolution of the §'°N of the total N pool. Adopting mid-range values for { :J:::eztelgg pool becomes too high at many of the sampling points,
the isotope effect of nitrite reduction ("enir ~ -13%o to -16%o. (Jacob et al., 2016; Martin et al., 2019), a loss flux /{ Deleted: %,(

of less than 2% of the total N pool would be sufficient to account for the loss of low §'°N nitrogen. Such a flux is

NS
\\ \[ Deleted: isotopic composition).

)
)
)
)
) )
\‘\[ Deleted: isotope ]
)
)
)
)
|
)

plausible and in the lower range of independent estimates of present day-losses due to denitrification in the Elbe

estuary (Dédhnke et al., 2008; Deek et al., 2013).

Deleted: that cannot

L 40 . . .
| —8— "N
| 30 L —@— N concentration
13 | - | -
ol |
o ® o | é
a |
= -_ e mm ) P = e e o = = o= o= o= o= @ | l‘_’Z
= ® o | o
= . Hamburg . | S
Ei] 5
] harbor region | =
“ [ e
2 | ;6,
|
£ 2
i idi o
z esfuarmg turbidity ‘; @3
7<) maximum |
10 | — | X
| maximum
| turbidity zone
‘,' _20 1 1 1
|
9 ; i ! : ; ; i | 690 680 670 6€
|
690 680 670 660 650 640 630 620 610 |
|
310 Stream km
Figure 6: Total n isotope values along our sampling stretch. The dashed blue line represents the isotope mass balance
conserved input from the uppermost reach. Red dots represent the mass weighted total N pool., and deviations from the D.eletec!: . . .
P — — . . - - — - Figure 6: Isotope signature and concentration of N that is
epected line indicate addll_lon or removal of N beyond isotope-neutral processes. The harbor region appears to appears removed or added based on the outcome of the isotope mass
to host removal of low 8N, leading to this deviation from expected isotope mass balance. As noted in the text this is balance calcualations. Boxes indicate cases in which the isotope
815 consistent with water column DNF occurring in the low O: waters of the harbor. In the estuarine turbidity maximum composition of missing N rules out isotope-neutral processes like
either high §'*N-nitrogen is removed, or low 8'*N-nitrogen is added. See text, section 4.4, for details. settling or resuspension of particulate matter or sedimentary
denitrification
T
. . : . .. . 10
Notably, this argument requires the removal of NO, under apparently oxic conditions (O, saturation of 40 — 63%) [ Deleted: therefore ]
and yelies perhaps on the existence of low oxygen conditions inside of suspended particulate or flocculate material. Deleted: However, there is growing ]
820  Anoxic nitrogen turnover inside bacterial aggregates has been demonstrated (Klawonn et al., 2015), but we do not Deleted: for active denitrification ]
have direct evidence of these processes in the Elbe, However, high nitrous oxide productionjn the harbor has been //{ Deleted: port region of the ]
\\\[ Deleted: Estuary, such as ]

reported and could not plausibly be explained by nitrification alone, suggesting a contribution of denitrification in \{

13



the water column or sediments (Brase et al., 2017). Denitrification and nitrous oxide production in oxic waters _///[ Deleted: Moreover, denitrification

with high suspended matter loads have been demonstrated jn estuaries previously (Liu et al., 2013; Quick et al., ///[ Deleted: has

2019). Thus, we conclude that a contribution of denitrification in the oxic water column is at least possible in this \( Deleted: clsewhere

system — and would help to satisfy the isotope mass balance jn many cases. _///[ Deleted: as introduced
855 We find a second region hosting an isotopic imbalance downstream (stream km 683 — 689). In this region, either _///[ Deleted: 671

o L U

the removal of a high §'*N pool, or the addition of N with a low 8'°N value is required to satisfy the isotope mass

balance. There are two possible explanations for this scenario. The first one is that a small addition of low §"°N to

the total pool is responsible for the isotopic imbalance. A potential source for this may be nitrogen fixation by

azotrophic bacteria, adding low §'N to the total pool. However, we suggest that this scenario is somewhat unlikely

860 in a eutrophic, N-loaded estuary such as the Elbe River.

Alternatively, it is possible that in this region, a small loss of nitrate occurs, While wesee such a loss inthe isotope

,//[ Deleted: , which

Deleted: our

fractionation). a different mechanism may be at work here. In this section. the "N of the NOs™ pool in this region

mass balance further upstream leading to higher §'°N values (stemming from loss of low 8N through isotope w{ Deleted: do not account for

Deleted: approach. Since

is relatively high (~+12%o). and even a relatively minor loss of NO3 with this elevated isotope value through,

< Deleted: -13%),

865  sedimentary denitrification would be sufficient to Jower the total N isotope composition. In fact, the loss required Deleted: diffusion-limited

[ [

would not be more than 0.5 to 8.0% of the total N flux, which is in accordance with previous assessments for the { Deleted: (in which the intrinsic isotope effect is not expressed)

Elbe (Deek et al., 2013). Thus, we conclude that denitrification may occur at low rates in the sediments in the Deleted: satisfy

downstream region of the estuarine turbidity maximum. Deleted: mass balance. The

O U U )

Lonclusions 1 Deleted: Alternatively, it is possible that a minor addition of low
8'5N to the total pool is responsible for the isotopic imbalance. A
potential source for this may be nitrogen fixation by azotrophic
bacteria. However, we acknowledge that this scenario is somewhat

remineralization in the Elbe estuary and gvaluate the role of pitrification, in nitrogen turnover in this \\ unlikely in a eutrophic, N-loaded estuary like the Elbe River. Thus,

870  Jn this multi-compound isotope study, we were able to characterize thenitrogen isotope effects of nitrification and

we assume that a small loss of nitrate via denitrification might occur

biogeochemically active region. We find that the intensity of nitrification in the estuary is coupled to in the sediments along this stretch of the estuary. §

remineralization and thus the reactivity of particulate matter, as indicated in its nitrogen content and C/N values.

Deleted: importance of particulate matter cycling in estuarine

biogeochemistry. We confirmed lab-based determinations of

\ Deleted: Our data underscore
Ammonium assimilation and nitrification apparently both compete for ammonium produced from labile organic \\{
\

875 matter. Ammonium assimilation produces reactive organic matter that can in turn sustain its reactivity in the \\ \ (Deleted evaluated

estuary. Jointly with high N loads, this organic matter also appears to fuel denitrification,in the estuary through its \\ \ \ { Deleted: nitrate regeneration by

strongstimulation of nitrification. We also find that the harbor region hosts both nitrification as well as \Y Deleted: . The

\ \Y Deleted: .

denitrification, and speculate that even denitrification in the water column may occur in low-oxygen environments \
\ Y Deleted: competes with nitrification, and

with a high load of suspended particulate matter. Overall, changes in particulate matter transport and quality appear

\{ Deleted: is produced

880  to have profound effects on nitrogen biogeochemistry in the estuary, and affect the yelative distribution of both [r leted: increase

nitrification and denitrification. While the overall nitrogen loads of the Elbe River are decreasing, changes in river \ \\\% Deleted: .

biogeochemistry gclearly have dramatic local effects in the harbor region, stimulating high rates of local nutrient \\ \\ | Deleted: q

Y Deleted: we assume that
turnover,and increased oxygen consumption,

\ \Y Deleted: can

Data availability

{ Deleted: can alter
\ Deleted: balance

{ Deleted: can

885 The data are available from the corresponding author upon request. ( Deleted: with

\f Deleted:

Deleted: resulting in hypoxic zones.

O JC A U U 0 U U L )

14



930

935

940

945

950

955

Author contribution

Author contributions. KD, TS and SDW designed the research. TS carried out the fieldwork, and TS and YV
performed the analyses. All authors jointly interpreted the data. KD, TS and SDW wrote the paper, with
suggestions and additions provided by YV.

Competing interests.

The authors declare that they have no conflict of interest.

Acknowledgements

The authors would like to thank the captain and crew of the R/V Ludwig Prandtl for their support during the cruise.
Markus Ankele is acknowledged for nutrient measurements, and we thank Justus van Beusekom for helpful
comments that greatly improved this manuscript. Ji-Hyung Park and two anonymous reviewers are acknowledged
for their helpful feedback that improved this manuscript greatly.

Parts of this work were supported the BMBF project Blue_Estuaries (#03F0864C) and further contribute to the

cluster of excellence CLICCS (Climate, Climatic Change, and Society) of Universitit Hamburg funded by the

Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) under Germany‘s Excellence Strategy —

EXC 2037.

References

Amann, T., Weiss, A., and Hartmann, J.: Silica fluxes in the inner Elbe Estuary, Germany, Biogeochemistry, 118,
389-412, 10.1007/s10533-013-9940-3, 2014.
Amann, T., Weiss, A., and Hartmann, J.: Inorganic Carbon Fluxes in the Inner Elbe Estuary, Germany, Estuaries

and Coasts, 38, 192-210, 10.1007/s12237-014-9785-6, 2015.

estuary - a turbid, tidal estuary in northern Europe, Aquat. Microb. Ecol., 42, 149-158, 2006.

Bahlmann, E., Bernasconi, S. M., Bouillon, S., Houtekamer, M., Korntheuer, M., Langenberg, F., Mayr, C.,
Metzke, M., Middelburg, J. J., Nagel, B., Struck, U., VoB, M., and Emeis, K.-C.: Performance evaluation of
nitrogen isotope ratio determination in marine and lacustrine sediments: An inter-laboratory comparison, Organic
Geochemistry, 41, 3-12, https://doi.org/10.1016/j.orggeochem.2009.05.008, 2010.

Belser, L. W., and Mays, E. L.: Specific-Inhibition of Nitrite Oxidation by Chlorate and Its Use in Assessing
Nitrification in Soils and Sediments, Applied and Environmental Microbiology, 39, 505-510, 1980.

Bergemann, T., and Gaumert, M.: Elbebericht 2008, Hamburg, 86, 2010.

Bohlke, J. K., Smith, R. L., and Hannon, J. E.: Isotopic analysis of N and O in nitrite and nitrate by sequential
selective bacterial reduction to N20, Analytical Chemistry, 79, 5888-5895, 2007.

15



960

965

970

975

980

985

990

995

Bonaglia, S., Deutsch, B., Bartoli, M., Marchant, H. K., and Bruchert, V.: Seasonal oxygen, nitrogen and
phosphorus  benthic cycling along an impacted Baltic Sea estuary: regulation and spatial patterns,
Biogeochemistry, 119, 139-160, 10.1007/s10533-014-9953-6, 2014.

Brandes, J. A., and Devol, A. H.: Isotopic fractionation of oxygen and nitrogen in coastal marine sediments,
Geochimica Et Cosmochimica Acta, 61, 1793-1801, 1997.

Brandes, J. A., and Devol, A. H.: A global marine-fixed nitrogen isotopic budget: Implications for Holocene
nitrogen cycling, Global Biogeochemical Cycles, 16, 2002.

Brandes, J. A., Devol, A. H., Yoshinari, T., Jayakumar, D. A., and Naqvi, S. W. A.: Isotopic composition of nitrate
in the central Arabian Sea and eastern tropical North Pacific: A tracer for mixing and nitrogen cycles, Limnology
and Oceanography, 43, 1680-1689, 1998.

Brase, L., Bange, H. W., Lendt, R., Sanders, T., and Diahnke, K.: High Resolution Measurements of Nitrous Oxide
(N20) in the Elbe Estuary, Frontiers in Marine Science, 4, 10.3389/fmars.2017.00162, 2017.

Buchwald, C., Santoro, A. E., Mcllvin, M. R., and Casciotti, K. L.: Oxygen isotopic composition of nitrate and
nitrite produced by nitrifying cocultures and natural marine assemblages, Limnology and Oceanography, 57, 1361-
1375, 10.4319/10.2012.57.5.1361, 2012.

Buchwald, C., Santoro, A. E., Stanley, R. H. R., and Casciotti, K. L.: Nitrogen cycling in the secondary nitrite
maximum of the eastern tropical North Pacific off Costa Rica, Global Biogeochemical Cycles, 29, 2061-2081,
10.1002/2015gb005187, 2015.

Burchard, H., Schuttelaars, H. M., and Ralston, D. K.: Sediment Trapping in Estuaries, Annual Review of Marine
Science, 10, 371 - 395, https://doi.org/10.1146/annurev-marine-010816-060535, 2018.

Casciotti, K. L., Sigman, D. M., Hastings, M. G., Bohlke, J. K., and Hilkert, A.: Measurement of the oxygen
isotopic composition of nitrate in seawater and freshwater using the denitrifier method, Analytical Chemistry, 74,
4905-4912, 2002.

Casciotti, K. L., Sigman, D. M., and Ward, B. B.: Linking diversity and stable isotope fractionation in ammonia-
oxidizing bacteria, Geomicrobiology Journal, 20, 335-353, 2003.

Casciotti, K. L.: Inverse kinetic isotope fractionation during bacterial nitrite oxidation, Geochimica Et
Cosmochimica Acta, 73, 2061-2076, 2009.

Dihnke, K., Bahlmann, E., and Emeis, K.: A nitrate sink in estuaries? An assessment by means of stable nitrate
isotopes in the Elbe estuary, Limnology and Oceanography, 53, 1504-1511, 2008.

Dihnke, K., Emeis, K., Johannsen, A., and Nagel, B.: Stable isotope composition and turnover of nitrate in the
German Bight, Marine Ecology Progress Series, 408, 7-18, 2010.

Deek, A., Diahnke, K., van Beusekom, J., Meyer, S., Voss, M., and Emeis, K.: N2 fluxes in sediments of the Elbe
Estuary and adjacent coastal zones, Marine Ecology Progress Series, 493, 9-21, 10.3354/meps10514, 2013.
DIN15685. 2001. Bodenbeschaffenheit - Bestimmung der potentiellen Nitrifizierung - Schnellverfahren mittels
Ammoniumoxidation. Deutsches Institut fiir Normung e.V., Beuth Verlag, Berlin.

Dortch, O., Thompson, P. A., and Harrison, P. J.: Short-Term Interaction between Nitrate and Ammonium Uptake
in Thalassiosira-Pseudonana - Effect of Preconditioning Nitrogen-Source and Growth-Rate, Marine Biology, 110,
183-193, 1991.

Eyre, B., and Balls, P.: A comparative study of nutrient behavior along the salinity gradient of tropical and

temperate estuaries, Estuaries, 22, 313-326, 1999.

16



1000

1005

1010

015

1020

1025

1030

1035

1040

Fry, B.: Conservative mixing of stable isotopes across estuarine salinity gradients: A conceptual framework for
monitoring watershed influences on downstream fisheries production, Estuaries, 25, 264-271, 2002.

Galloway, J. N., Aber, J. D., Erisman, J. W., Seitzinger, S. P., Howarth, R. W., Cowling, E. B., and Cosby, B. J.:
The nitrogen cascade, Bioscience, 53, 341-356, 2003.

Garnier, J., Billen, G., Némery, J., and Sebilo, M.: Transformations of nutrients (N, P, Si) in the turbidity maximum
zone of the Seine estuary and export to the sea, Estuarine, Coastal and Shelf Science, 90, 129-141, 2010.

Gaye, B., Nagel, B., Dihnke, K., Rixen, T., and Emeis, K. C.: Evidence of parallel denitrification and nitrite
oxidation in the ODZ of the Arabian Sea from paired stable isotopes of nitrate and nitrite Global Biogeochemical
Cycles, 27, 1-13, doi:10.1002/2011GB004115, 2013.

Granger, J., Sigman, D. M., Needoba, J. A., and Harrison, P. J.: Coupled nitrogen and oxygen isotope fractionation
of nitrate during assimilation by cultures of marine phytoplankton, Limnology and Oceanography, 49, 1763-1773,
2004.

Granger, J., and Sigman, D. M.: Removal of pitrite with sulfamic acid for nitrate N and O isotope analysis with /{ Moved down [4]: Prokopenko, M. G., Mordy, C. W.,

the denitrifier method, Rapid Commun. Mass Spectrom., 23, 3753-3762, 10.1002/4cm.4307, 2009. \\[ Deleted: The proportion

{ Deleted: remineralized

Granger, J., Prokopenko, M. G., Mordy, C. W., and Sigman, D. M.: The proportion of remineralized nitrate on the \

ice-covered eastern Bering Sea shelf evidenced from the oxygen isotope ratio of nitrate, Global Biogeochemical

\ \‘\ [ Deleted: on the ice-covered castern Bering Sea shelf evidenced
from the oxygen

\ O\
\ \

Cycles, 27, 962-971, 10.1002/gbc.20075, 2013.

971

Granger, J., and Wankel. S. D.: Isotopic overprinting of nitrification on denitrification as a ubiquitous and unifying

\ O\
\ { Deleted: ratio of nitrate, Global Biogeochemical Cycles, 27, 962-
\
{ Deleted: gbe.20075, 2013

feature of environmental nitrogen cycling, Proceedings of the National Academy of Sciences of the United States

Moved (insertion) [4]

e e JC L

of America, 113, E6391-E6400, 10.1073/pnas.1601383113, 2016.

Hansen, H. P., and Koroleff, F.: Determination of nutrients, in: Methods of Seawater Analysis, Wiley-VCH Verlag
GmbH, 159-228, 2007.

Hoch, M. P., Fogel, M. L., and Kirchman, D. L.: Isotope fractionation associated with ammonium uptake by a
marine bacterium, Limnology and Oceanography, 37, 1447-1459, https://doi.org/10.4319/10.1992.37.7.1447,
1992.

Hofmann, J., Behrendt, H., Gilbert, A., Janssen, R., Kannen, A., Kappenberg, J., Lenhart, H., Lise, W., Nunneri,
C., and Windhorst, W.: Catchment—coastal zone interaction based upon scenario and model analysis: Elbe and the
German Bight case study, Regional Environmental Change, 5, 54-81, 10.1007/s10113-004-0082-y, 2005.

Islam, M. J., Jang, C., Eum, J., Jung, S.-m., Shin, M.-S., Lee, Y., Choi, Y., and Kim, B.: C:N:P stoichiometry of
particulate and dissolved organic matter in river waters and changes during decomposition, Journal of Ecology
and Environment, 43, 4, 10.1186/s41610-018-0101-4, 2019.

Jacob, J., Sanders, T., and Dihnke, K.: Nitrite consumption and associated isotope changes during a river flood
event, Biogeosciences, 13, 5649-5659, 10.5194/bg-13-5649-2016, 2016.

Jacob, J., Nowka, B., Merten, V., Sanders, T., Spieck, E., and Dahnke, K.: Oxidation kinetics and inverse isotope
effect of marine nitrite-oxidizing isolates, Aquat. Microb. Ecol., 80, 289-300, 10.3354/ame01859, 2018.
Johannsen, A., Dihnke, K., and Emeis, K.: Isotopic composition of nitrate in five German rivers discharging into
the North Sea, Organic Geochemistry, 39, 1678-1689, 2008.

Kappenberg, J., and Fanger, H.-U.: Sedimenttransportgeschehen in der tidebeeinflussten Elbe, der Deutschen
Bucht und in der Nordsee, 2007.

Kendall, C.: Tracing nitrogen sources and cycling in catchments, in: Isotope Tracers in Catchment Hydrology,

edited by: Kendall, C., and McDonnell, J. J., Elsevier, Amsterdam, 521-576, 1998.

17



1050

1055

1060

1065

1070

1075

1080

1085

Kerner, M.: Effects of deepening the Elbe Estuary on sediment regime and water quality, Estuarine, Coastal and
Shelf Science, 75, 492-500, https://doi.org/10.1016/j.ecss.2007.05.033, 2007.

Klawonn, 1., Bonaglia, S., Briichert, V., and Ploug, H.: Aerobic and anaerobic nitrogen transformation processes

in N2-fixing cyanobacterial aggregates, The ISME Journal, 9, 1456-1466, 10.1038/ismej.2014.232, 2015.

Liu, T., Xia, X., Liu, S., Mou, X., and Qiu, Y.: Acceleration of Denitrification in Turbid Rivers Due to
Denitrification Occurring on Suspended Sediment in Oxic Waters, Environmental Science & Technology, 47,
4053-4061, 10.1021/es304504m, 2013.

Lozan, J. L., and Kausch, H.: Warnsignale aus Fliissen und Astuaren, Parey Berlin, 1996.

Mariotti, A., Germon, J. C., Hubert, P., Kaiser, P., Letolle, R., Tardieux, A., and Tardieux, P.: Experimental-
Determination of Nitrogen Kinetic Isotope Fractionation - Some Principles - Illustration for the Denitrification and
Nitrification Processes, Plant and Soil, 62, 413-430, 10.1007/BF02374138, 1981.

Mariotti, A., Leclerc, A., and Germon, J. C.: Nitrogen isotope fractionation associated with the NO2— — N20
step of denitrification in soils, Canadian Journal of Soil Science, 62, 227-241, 10.4141/cjss82-027, 1982.

Martin, T. S., Primeau, F., and Casciotti, K. L.: Modeling oceanic nitrate and nitrite concentrations and isotopes
using a 3-D inverse N cycle model, Biogeosciences, 16, 347-367, 10.5194/bg-16-347-2019, 2019.

Martiny, A. C., Vrugt, J. A., and Lomas, M. W.: Concentrations and ratios of particulate organic carbon, nitrogen,
and phosphorus in the global ocean, Scientific data, 1, 140048, 10.1038/sdata.2014.48, 2014.

Mcllvin, M. R., and Altabet, M. A.: Chemical conversion of nitrate and nitrite to nitrous oxide for nitrogen and
oxygen isotopic analysis in freshwater and seawater, Analytical Chemistry, 77, 5589-5595, 2005.

Meincke, M., Bock, E., Kastrau, D., and Kroneck, P. M. H.: Nitrite oxidoreductase from Nitrobacter hamburgensis:
redox centers and their catalytic role, Archives of Microbiology, 158, 127-131, 10.1007/BF00245215, 1992.
Middelburg, J. J., and Nieuwenhuize, J.: Nitrogen isotope tracing of dissolved inorganic nitrogen behaviour in
tidal estuaries, Estuarine Coastal and Shelf Science, 53, 385-391, 2001.

Middelburg, J. J., and Herman, P. M. J.: Organic matter processing in tidal estuaries, Marine Chemistry, 106, 127-
147,2007.

Middelburg, J. J.: Organic Matter is more than CH20, in: Marine Carbon Biogeochemistry : A Primer for Earth
System Scientists, edited by: Middelburg, J. J., Springer International Publishing, Cham, 107-118, 2019.

Mébius, J., Lahajnar, N., and Emeis, K. C.: Diagenetic control of nitrogen isotope ratios in Holocene sapropels
and recent sediments from the Eastern Mediterranean Sea, Biogeosciences, 7, 3901-3914, 10.5194/bg-7-3901-
2010, 2010.

Mébius, J.: Isotope fractionation during nitrogen remineralization (ammonification): Implications for nitrogen
isotope biogeochemistry, Geochimica et Cosmochimica Acta, 105, 422-432,
http://dx.doi.org/10.1016/j.gca.2012.11.048, 2013.

OSPARCommission. 2008. Second OSPAR Integrated Report on the Eutrophication Status of the OSPAR
Maritime Area, Eutrophication Series. OSPAR Comission, London, United Kingdom.

Pastuszak, M., Witek, Z., Nagel, K., Wielgat, M., and Grelowski, A.: Role of the Oder estuary (southern Baltic)
in transformation of the riverine nutrient loads, Journal of Marine Systems, 57, 30-54, 2005.

Pitsch, J., Serna, A., Dahnke, K., Schlarbaum, T., Johannsen, A., and Emeis, K. C.: Nitrogen cycling in the German
Bight (SE North Sea) - Clues from modelling stable nitrogen isotopes, Continental Shelf Research, 30, 203-213,
10.1016/j.¢csr.2009.11.003, 2010.

18



1090

1095

1100

1105

1110

1115

1120

1125

Pennock, J. R., Velinsky, D. J., Ludlam, J. M., Sharp, J. H., and Fogel, M. L.: Isotopic fractionation of ammonium
and nitrate during uptake by Skeletonema costatum: Implications for 315N dynamics under bloom conditions,
Limnology and Oceanography, 41, 451-459, https://doi.org/10.4319/10.1996.41.3.0451, 1996.

Petersen, W., Schroeder, F., and Bockelmann, F.-D.: FerryBox - Application of continuous water quality
observations along transects in the North Sea, Ocean Dynamics, 61, 1541-1554, 10.1007/s10236-011-0445-0,
2011.

Quick, A. M., Reeder, W. J., Farrell, T. B., Tonina, D., Feris, K. P., and Benner, S. G.: Nitrous oxide from streams
and rivers: A review of primary biogeochemical pathways and environmental variables, Earth-Science Reviews,
191, 224-262, https://doi.org/10.1016/j.earscirev.2019.02.021, 2019.

Radach, G., and Pétsch, J.: Variability of continental riverine freshwater and nutrient inputs into the North Sea for
the years 1977-2000 and its consequences for the assessment of eutrophication, Estuaries and Coasts, 30, 66-81,
2007.

Redfield, A. C., Ketchum, B. H., and Richards, F. A.: The influence of organisms on the composition of sea-water,
1963,

Sanders, T., and Laanbroek, H. J.: The distribution of sediment and water column nitrification potential in the
hyper-turbid Ems estuary, Aquatic Sciences, 80, 10.1007/s00027-018-0584-1, 2018.

Sanders, T., Schol, A., and Dihnke, K.: Hot Spots of Nitrification in the Elbe Estuary and Their Impact on Nitrate
Regeneration, Estuaries and Coasts, 41, 128-138, 10.1007/s12237-017-0264-8, 2018.

Santoro, A. E., and Casciotti, K. L.: Enrichment and characterization of ammonia-oxidizing archaea from the open
ocean: phylogeny, physiology and stable isotope fractionation, Isme Journal, 5, 1796-1808,
10.1038/ismej.2011.58, 2011.

Schlarbaum, T., Dahnke, K., and Emeis, K.: Turnover of combined dissolved organic nitrogen and ammonium in
the Elbe estuary/NW Europe: Results of nitrogen isotope investigations, Marine Chemistry, 119, 91-107,
10.1016/j.marchem.2009.12.007, 2010.

Schél, A., Hein, B., Wyrwa, J., and Kiresch, V.: Modelling water quality in the Elbe and its estuary - Large scale
and long term applications with focus on the oxygen budget of the estuary, Die Kiiste, 81, 203 - 232, 2014.
Sebilo, M., Billen, G., Mayer, B., Billiou, D., Grably, M., Garnier, J., and Mariotti, A.: Assessing nitrification and
denitrification in the seine river and estuary using chemical and isotopic techniques, Ecosystems, 9, 564-577, 2006.
Sigman, D. M., Casciotti, K. L., Andreani, M., Barford, C., Galanter, M., and Bohlke, J. K.: A bacterial method
for the nitrogen isotopic analysis of nitrate in seawater and freshwater, Analytical Chemistry, 73,4145-4153,2001.
Sigman, D. M., DiFiore, P. J., Hain, M. P., Deutsch, C., Wang, Y., Karl, D. M., Knapp, A. N., Lehmann, M. F.,
and Pantoja, S.: The dual isotopes of deep nitrate as a constraint on the cycle and budget of oceanic fixed nitrogen,
Deep-Sea Research Part I-Oceanographic Research Papers, 56, 1419-1439, 10.1016/j.dsr.2009.04.007, 2009.
Spieckermann, M. J.: Controls of Oxygen Consumption of Sediments in the Upper Elbe Estuary, University of
Hamburg, Germany, 96 pp., 2021.

Stephens, B. M., Wankel, S. D., Beman, J. M., Rabines, A. J., Allen, A. E., and Aluwihare, L. I.: Euphotic zone
nitrification in the California Current Ecosystem, Limnology and Oceanography, 65, 790-806,
https://doi.org/10.1002/In0.11348, 2020.

Umweltbundesamt, 2021: Flusseintrage und direkte Eintrage in die Nordsee,
https://www.umweltbundesamt.de/daten/wasser/nordsee/flusseintraege-direkte-eintraege-in-die-

nordsee#tweniger-nahrstoffe-gelangen-in-die-nordsee, accessed 08. 10.2021

19



1130

1135

1140

1145

1150

van Beusekom, J. E. E., and de Jonge, V. N.: Retention of phosphorus and nitrogen in the Ems estuary, Estuaries,
21, 527-539, 1998.

Voynova, Y. G., Brix, H., Petersen, W., Weigelt-Krenz, S., and Scharfe, M.: Extreme flood impact on estuarine
and coastal biogeochemistry: the 2013 Elbe flood, Biogeosciences, 14, 541-557, 10.5194/bg-14-541-2017, 2017.
Wada, E., and Hattori, A.: Nitrogen isotope effects in the assimilation of inorganic nitrogenous compounds by
marine diatoms, Geomicrobiology, 1, 85-101, 1978.

Wankel, S. D., Kendall, C., Francis, C. A., and Paytan, A.: Nitrogen sources and cycling in the San Francisco Bay
Estuary: A nitrate dual isotopic composition approach, Limnology and Oceanography, 51, 1654-1664, 2006.
Wankel, S. D., Kendall, C., Pennington, J. T., Chavez, F. P., and Paytan, A.: Nitrification in the euphotic zone as
evidenced by nitrate dual isotopic composition: Observations from Monterey Bay, California - art. no. GB2009,
Global Biogeochemical Cycles, 21, B2009-B2009, 2007.

Waser, N. A. D., Harrison, P. J., Nielsen, B., Calvert, S. E., and Turpin, D. H.: Nitrogen isotope fractionation
during the uptake and assimilation of nitrate, nitrite, ammonium, and urea by a marine diatom, Limnology and
Oceanography, 43, 215-224, https://doi.org/10.4319/10.1998.43.2.0215, 1998.

York, J. K., Tomasky, G., Valiela, 1., and Repeta, D. J.: Stable isotopic detection of ammonium and nitrate
assimilation by phytoplankton in the Waquoit Bay estuarine system, Limnology and Oceanography, 52, 144-155,
2007.

Zhang, L., Altabet, M. A., Wu, T. X., and Hadas, O.: Sensitive measurement of NH4+ N-15/N-14 (8NH4+) at
natural abundance levels in fresh and saltwaters, Analytical Chemistry, 79, 5297-5303, 2007.

20



| Page 6: [1] Deleted

Daehnke, Kirstin

10/28/2022 12:38:00 PM I

Phosphate concentration is at its minimum upstream of the port region, where the water is shallow. From 0.2 pmol L

! at stream km 618, concentrations decreased to < 2 pmol L! (1.7 +/- 0.6) and remains relatively stable along the
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Nonetheless, in comparison to nitrite and ammonium isotope dynamics, changes of nitrogen isotopes in nitrate are

dampened due to the large pre-existing nitrate pool. We will therefore elaborate indications for nitrate production based

on nitrite and ammonium concentration and isotope changes.

If the sequential remineralization of organic N to NH4" and oxidation of NH4" to NOs™ by nitrification serve as the

primary source of new nitrate, a link between the nitrogen content of particulate matter and the isotope signature of

freshly produced nitrate should be evident.

We find high nitrification rates that are slightly higher than those measured by Sanders et al (2018) with the same

method. Overall, the distribution of nitrification along the estuary matches the succession of ammonium and nitrite

accumulation through the harbor basin and the previous assessment by Sanders et al. (2018).
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Between stream km 626 and 639, we calculated the isotope effect for ammonium removal as -17.4 %o, which is towards
the lower end of pure culture assessments of the isotope effects of ammonia oxidizing bacteria (-14 to -38, Casciotti

et al., 2003).



