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Abstract. In oceans, estuaries, and rivers, nitrification is an
important nitrate source, and stable isotopes of nitrate are of-
ten used to investigate recycling processes (e.g. remineralisa-
tion, nitrification) in the water column. Nitrification is a two-
step process, where ammonia is oxidised via nitrite to nitrate.
Nitrite usually does not accumulate in natural environments,
which makes it difficult to study the single isotope effect of
ammonia oxidation or nitrite oxidation in natural systems.

However, during an exceptional flood in the Elbe River
in June 2013, we found a unique co-occurrence of ammo-
nium, nitrite, and nitrate in the water column, returning to-
wards normal summer conditions within 1 week. Over the
course of the flood, we analysed the evolution of & 15 N—NHI
and § 15N—NO; in the Elbe River. In concert with changes in
suspended particulate matter (SPM) and >N SPM, as well
as nitrate concentration, 8 ]SN—NO§ and §! SO—NO§ , we cal-
culated apparent isotope effects during net nitrite and nitrate
consumption.

During the flood event, >97 % of total reactive nitrogen
was nitrate, which was leached from the catchment area and
appeared to be subject to assimilation. Ammonium and ni-
trite concentrations increased to 3.4 and 4.4 umol L™!, re-
spectively, likely due to remineralisation, nitrification, and
denitrification in the water column. (SISN—NHA|r values in-
creased up to 12 %o, and § 15N—NO; ranged from —8.0 to
—14.2 %0. Based on this, we calculated an apparent isotope
effect e of —10.0 £ 0.1 %o during net nitrite consumption,
as well as an isotope effect 9 of —4.040.1%0 and '8¢ of
—5.3 £0.1 %o during net nitrate consumption. On the basis
of the observed nitrite isotope changes, we evaluated differ-
ent nitrite uptake processes in a simple box model. We found
that a regime of combined riparian denitrification and 22 to

36 % nitrification fits best with measured data for the nitrite
concentration decrease and isotope increase.

1 Introduction

Today’s nutrient input to aquatic systems is significantly el-
evated over pristine background values in rivers and estuar-
ies all over Europe. Since 1860, the input of reactive nitro-
gen (N;) has increased 20-fold to about 150 TgN yr~! (Gal-
loway and Cowling, 2002). The resulting eutrophication and
its impacts have been discussed extensively (e.g. Galloway et
al., 2003; Rabalais, 2002). In 1985, countries bordering the
North Sea decided to reduce nutrient inputs by 50 %. As a
result, the overall water quality improved, and dissolved in-
organic nitrogen (DIN) loads decreased, while the oxygen
saturation improved markedly (Pitsch et al., 2010). From
1986 to 2006, ammonium inputs to the Elbe River decreased
by 93 %, and nitrate inputs decreased by 48 % (Bergemann
and Gaumert, 2008) because of improved waste water and
organic carbon management. Today, the riverine DIN load
consists mainly of nitrate, which stems from urban waste wa-
ter, surface runoff, and leachate from agriculture soils (Van
Breemen et al., 2002). However, nitrate regeneration in rivers
can also modify DIN loads (Middelburg and Nieuwenhuize,
2001): remineralisation of organic material and subsequent
nitrification (Mayer et al., 2001) regenerates nitrate, which
then again enters the nitrogen cascade (Galloway et al., 2003)
and can either be denitrified (Mariotti et al., 1981) or as-
similated by bacteria and phytoplankton (Middelburg and
Nieuwenhuize, 2000; Wada and Hattori, 1978). Nitrate re-
generation via nitrification occurs in major rivers throughout
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Europe, and contributes to nitrate loads in, for example, the
Seine, Scheldt, and Elbe rivers (Johannsen et al., 2008; Se-
bilo et al., 2006). A previous study by Johannsen et al. (2008)
suggested that in the contemporary Elbe River, nitrate de-
rived from nitrification in soils was the main constituent of
the water column nitrate load in winter.

During enzymatically catalysed nitrogen transformation
processes, lighter isotopes usually are processed faster than
the heavy isotope species, which changes the isotope compo-
sition of the source and product (Mariotti et al., 1981).

Nitrification in this context is unique, because it is a two-
step reaction with divergent isotope effects. Wide ranging
fractionation factors of —14 to —41 %o occur during the first
step, ammonia oxidation to nitrite, in pure cultures (Cas-
ciotti et al., 2003; Mariotti et al., 1981; Santoro and Casciotti,
2011). The second step, the oxidation of nitrite to nitrate, ex-
hibits very rare inverse fractionation (Casciotti, 2009): the
newly produced nitrate is heavier than the source nitrite, and
the remaining nitrite in turn gets subsequently depleted in
SN during nitrite oxidation.

The interpretation of isotope changes in natural environ-
ments during nitrification is complex, and studies addressing
the combined fractionation factor of ammonia and nitrite ox-
idation together even in culture are scarce. Moreover, inves-
tigations of nitrite oxidation and its isotope effect in natural
environments are hampered by the fact that nitrite concentra-
tion in actively nitrifying environments usually is too low to
analyse isotope values.

This is also the case in the Elbe River: under normal flow
conditions, nitrite is not abundant; the main DIN species is
nitrate, which shows a distinct seasonal cycle. Nitrate con-
centration in winter is >300 pmol L~!; summer values are
< 100 umol L~! due to biological nitrate uptake (Johannsen
et al., 2008; Schlarbaum et al., 2011). The interplay of
isotopically distinct nitrogen sources and fractionation pro-
cesses also leads to characteristic summer and winter nitrate
isotope values in the water column. Isotope values are high-
est in summer due to biological uptake and phytoplankton
production (Van Beusekom and De Jonge, 1998), and lowest
in winter (Johannsen et al., 2008; Schlarbaum et al., 2011).
The annual mean 815N—NO3_ value is 8.5 %o (Johannsen et
al., 2008), which is typical for catchment areas with more
than 60 % of agricultural and urban land use (Grischek et al.,
1998).

The normal hydrological conditions were disrupted by an
unusual summer flood in the Elbe River in June 2013. Runoff
and turbidity increased drastically, and ammonium and nitrite
accumulated in the water column, which was a unique op-
portunity to analyse isotope changes. Phytoplankton is light
dependent and should be adversely affected by turbidity, but
nitrifiers are not. We thus expected high turbidity and temper-
ature to provide optimum conditions for nitrifiers. The flood
may increase nitrification rates due to ample substrate, in-
tense water column mixing, and inhibition of phytoplankton
(Karrasch et al., 2001). In this study, we evaluate the role of
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the river flood on nitrogen cycling and nitrification as a sink
of nitrite and ammonium, especially, using stable isotopes.
Based on isotope changes of nitrite and nitrate, we calcu-
lated the apparent isotope effects during net nitrite and ni-
trate consumption. Using these apparent isotope effects, we
constructed a simple box model to estimate the contribution
of nitrification and denitrification on nitrite consumption. To
the best of our knowledge, this is the first investigation of
apparent isotope effects during net nitrite consumption in a
natural, actively nitrifying river system.

2 Materials and methods
2.1 Study site

Nearly 25 million people live in the catchment area of about
148 000km? of the Elbe River. After the Rhine River, the
Elbe is the second largest river discharging into the North
Sea and the largest source of nitrate and DIN for the inner
German Bight (Brockmann and Pfeiffer, 1990). The aver-
age discharge is about 738 m3 s~! with an annual discharge
of 23km> (Lozén and Bernhart, 1996) and a nitrate load of
about 76kt yr~! (Bergemann and Gaumert, 2008). Ammo-
nium is of minor importance and is <5 % of the nitrate load,
and nitrite is usually <2 %.

Our study site at stream kilometre 585 is located up-
stream of a weir that separates the river from the tidal es-
tuary (53°25'31”N, 10°20'10” E). Discharge was measured
upstream at the nearest gauge at Neu Darchau, stream kilo-
metre 536.5.

2.2 Sampling and concentration analyses

During the flood event in June 2013, surface water samples
were taken twice a day from 6 to 14 June from a quay wall at
the shore and, with decreasing discharge, once a day on 15,
16, 18, and 20 June. Water temperature was measured imme-
diately after sampling, and samples were transferred into 2L
polyethylene bottles for immediate processing. Water sam-
ples were filtered within an hour (pre-weighed Whatman®
glass microfiber filters, grade GF/F, precombusted at 450 °C,
4.5h), and aliquots of filtered water samples were frozen
for later nutrient concentration analyses, and stable isotope
composition (§"N-NH}, §'SN-NO;, §'SN-NO3, 80~
NO;3). Filter samples were dried at 50 °C and weighed for
later determination of C /N ratios, suspended particulate
matter (SPM) content, and §'>N-SPM analysis. C /N ratios
were determined with an elemental analyser (Thermo Flash
EA 1112) calibrated against a certified acetanilide standard
(IVA Analysentechnik, Germany). The standard deviation of
C /N analysis was 0.05 % for carbon and 0.005 % for nitro-
gen.

Nutrient concentrations were analysed with a continuous
flow analyser (AA3, Seal Analytics, Germany). For nitrite
and nitrate analyses, standard photometric techniques were
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used (Grasshoff et al., 2009) with detection limits of 0.1 and
1.0 umol L™!, respectively, and ammonium was measured
fluorometrically with a detection limit of 0.5 umol L™ based
on Holmes et al. (1999).

2.3 Isotope analyses

Dual nitrate isotopes (including nitrite) were analysed us-
ing the denitrifier method (Casciotti et al., 2002; Sigman et
al., 2001). In brief, water samples were injected into a con-
centrated Pseudomonas aureofaciens (ATCC® 13985) sus-
pension to analyse nitrate and nitrite. Nitrite concentration
was always <2 % of nitrate in water samples. For sepa-
rate analysis of the nitrogen isotopic signature of nitrite,
Stenotrophomonas nitrireducens bacteria were used to selec-
tively reduce nitrite (Bohlke et al., 2007). Both bacteria den-
itrify the substrate to N>O gas, which was then analysed on
a GasBench II, coupled to a Delta V isotope ratio mass spec-
trometer (Thermo Fisher Scientific). The sample volume was
always adjusted to achieve the same gas amount in the sam-
ples (final gas amount of 10nmol in case of nitrate, 5 nmol
for nitrite analysis).

For analysis of the ammonium isotopic composition, ni-
trite was removed by reduction with sulfamic acid (Granger
and Sigman, 2009). Afterwards, ammonium was chemically
converted to nitrite with hypobromite and ammonium then
was reduced to N>O using sodium azide (Zhang et al.,
2007). Ammonium isotopes were analysed in all samples
with [NHI] > 1 umol L™!. Sample gas extraction and purifi-
cation was equivalent to nitrite and nitrate isotope samples.

85N SPM was analysed with an element analyser (Carlo
Erba NA 2500) coupled with an isotope ratio mass spectrom-
eter (Finnigan MAT 252).

Isotope values are reported using the common “delta” no-
tation,

( lSN)
N sample

ISN
N std

where the standards for nitrogen and oxygen are atmospheric
N> and Vienna Standard Mean Ocean Water (VSMOW), re-
spectively.

International isotope standards with known § values were
used for calibration. IAEA N3 and USGS 34 were used for
nitrate isotope calibration; IAEA N1, IAEA N2, and a certi-
fied sediment standard (IVA Analysentechnik, Germany) for
suspended matter isotope values; and IAEA N1, USGS 25,
and USGS 26 to calibrate ammonium isotope values. For ni-
trite isotope analysis, we used in-house potassium nitrite and
sodium nitrite standards with known 83N values of —81.5
and —27.5 %o, determined via EA/IRMS analysis. All sam-
ples were analysed in replicate. Analytical error of triplicate
standards and duplicate samples was < 0.2 %o for §' N-NOy
and <0.5 %o for S]SO—NO; . For nitrite isotope analysis, the

85N [%o vs. std] = — 1] x 1000, 1)
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analytical error of § 15N—N02_ was < 0.3 %o, and that of §15N—
NHI was <0.5%o. The analytical error of §'>N SPM was
< 0.1 %o. For quality assurance, additional internal standards
(KNO3, KNO,, NaNO; salts) were analysed in every run.

2.4 Calculation of isotope effects

Based on an open-system approach, the isotope effects for
the substrate and product pool can be calculated (Sigman
et al., 2009). In the case of the flood, conditions are inher-
ently dynamic and new substrate is continuously supplied
and partially consumed. The sum of the product nitrogen and
the continuously consumed residual nitrogen equals the total
supply of reactant nitrogen, because the residual nitrogen is
consumed at a steady-state rate (Egs. 2, 3). In an open sys-
tem, this leads to a linear relation between 6 values and f,
with f = ([C]/[Cinitial]), and the slope of the regression line
corresponds to the isotope effect ¢ (Sigman et al., 2009).

dvaluegubsirate — dvalueipitial
Esubstrate = — a—7 , (2)
dvalueproduct — Svalu€initial
Eproduct = s 3)
f

where § valuesubstrate, 8 Valu€product, and & valueiniiar are the
815N values of the substrate and product at the time of sam-
pling and the initial value, f is the remaining fraction of sub-
strate at the time of sampling, and C is the concentration.

3 Results

3.1 General hydrographic properties
Flood conditions (defined by discharge values >3000m? s~
at gauge Neu Darchau, J. Kappenberg, personal communi-
cation, 2014) lasted from 9 to 18 June due to extremely
high precipitation and resulting runoff in the catchment area.
On 11 and 12 June, maximum SPM values of 70 mg L!
were eluted shortly before peak discharge (4060 m®s~!) and
decreased afterwards to 8.6mgL~! (Fig. 1a). C /N ratios
showed the same pattern with a maximum ratio of 10.0, de-
creasing to 7.6. Throughout the entire flood, the water tem-
perature was high and increased from 16.2 to 21.5 °C.
Dissolved oxygen concentration was correlated to dis-
charge; the concentration was initially about 10mg L=, cor-
responding to an oxygen saturation of > 100 %. With increas-
ing discharge, the oxygen concentration dropped to a mini-
mum of 6.0mgL~" (corresponding to 63 % saturation), be-
fore it increased to 7.7 mgL~! (Figs. la, 2). After this peak,
[O;] decreased, accompanied by a strong increase in water
temperature.

3.2 Nutrient concentrations

Previous studies (Johannsen et al., 2008; Schlarbaum et
al.,, 2011) found high nutrient concentrations in winter
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Figure 1. (a) Discharge, dissolved oxygen concentration, and SPM concentration of the Elbe River water samples from 6 to 20 June 2013.
Flood conditions occur with discharge >3000 m3s~ L, (b) Ammonium, nitrite, and nitrate concentrations in the Elbe River in the course of
the flood. Calculation of the fractionation factor is based on filled data points. (¢) Ammonium, nitrite, nitrate, and SPM isotope values in the
course of the flood. Calculation of the fractionation factor is based on filled data points.

and low concentrations in summer. Based on this, our
data appear more representative of spring than of sum-
mer conditions, because winter and spring 2013 were un-
usually cold (Van Oldenborgh et al., 2015); therefore,
phytoplankton activity may be delayed. Before the flood,
the discharge was ~ 800 m3 s~!, nitrate concentration was
>200 pmolL_l, nitrite concentration was < 1.2 umol Ll
and ammonium concentration was below the detection limit
of 0.5umolL~!. DIN concentration increased when dis-
charge rose >3000m>s~! and reached a distinct maximum
shortly after peak discharge (Fig. 1b). Nitrite concentra-
tion rose >2.2 umol L™! and, along with all other nutrients,
reached a maximum of 4.4 umol L™! on 14 June, followed by
a decrease to 3.3 umol L™! towards the end of the flood event
(Fig. 1b). Elevated nitrite concentration >2.2 umol L™! coin-
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cided with decreasing oxygen saturation (from 115 to 63 %,
Figs. 1b, 2).

Ammonium concentrations rose above the detection limit
and reached a maximum of 3.2umol L™! immediately af-
ter the peak of SPM, when oxygen concentrations dropped
<7.7mgL~!, corresponding to an oxygen saturation <90 %
(Figs. 1b, 2). With decreasing discharge, the oxygen concen-
tration rose, ammonium concentration dropped below the de-
tection limit, and the overall DIN concentration decreased
again (Fig. 1a, b).

On 9 June, the Ilowest nitrate concentration
(228.1umol L™!) coincided with increasing discharge
to 3000m3s~!. On 14 June and with further increasing
discharge, nitrate concentration increased to 280.6 umol L™ 1
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Figure 2. Ammonium and nitrite concentrations increase with de-
creasing dissolved oxygen saturation.

followed by a decreasing trend towards 180.0 umol L™! on
20 June.

3.3 Isotope trends of DIN and particulate nitrogen

During the entire flood (i.e. excluding discharge
<3000 m? s"), 8‘5N—NO3_ and 5]80—N03_ values were
negatively correlated with discharge and nitrate concen-
tration. The range of § values of nitrate during the flood
was relatively narrow: initial values of 815N—N03_ and
8 ISO—NO; were 9.0 and 3.5 %o, respectively, dropping to
7.4 and 2.1 %0 when nitrate concentration was the highest
(Fig. 1b, ¢). Afterwards, § values of nitrate increased again,
alongside with dropping concentration, reaching values of
8.8 and 3.9 %o for §'SN-NO3 and §'80-NO3, respectively.
The ratio of §'80-NO3 to §'""'N-NO;J was 1.22 (Fig. 3).

Even though nitrite concentration changed gradually over
the course of the flood, nitrite isotope values followed a com-
plex pattern (Fig. 1b, c). Before the flood, nitrite concen-
tration increased slightly from 1.6 to 1.8 umol L™!, while
815N—N02_ increased from —14.2 to —8.0 %o. At higher dis-
charge (>2000 m?s~!), nitrite concentration gradually rose
to a maximum of 4.4 umol L—!, while §1° N-NO; decreased
from —8.0 to —13.8 %o. When discharge decreased, nitrite
consumption was coupled to a clear increase of 315N—NO; .
This net decrease most likely represented co-occurring con-
sumption and production processes, but we were able to cal-
culate an apparent isotope effect & of —10.0 % 0.1 %o with R?
of 0.97 (Fig. 4, Eq. 2).

At the beginning of the flood event, ammonium concen-
tration rose, so that 815N—NH1 could be analysed. Shortly
after the SPM peak, § 15N—NHI was about 2 %o and then
increased with time to a maximum of 12 %o shortly after
peak discharge, followed by a decrease to about 6 %o. Al-
though the lowest isotope value coincided with minimal am-
monium concentration, there is no distinct correlation of am-
monium concentration and its isotope composition. Overall,
(SISN—NHA|r seemed to be only weakly correlated to SPM: the
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Figure 4. Nitrite isotope values vs. the remaining fraction of ni-
trite during the Elbe flood corresponding to the filled data points in
Fig. 1b and c. The dashed line indicates the apparent isotope effect
during net nitrite consumption with a slope of —10.0 £ 0.1 %o and
R? of 0.97.

changes in 8N SPM, though ranging from 8.1 to 6.2 %o dur-
ing the flood event, were minimal at the time of ammonium
occurrence. The first §1° N—NHI value we measured during
the flood was about 4.5 %o lighter than suspended matter.

4 Discussion

4.1 Nitrate dynamics and isotope changes during the
flood

Nitrate is the primary DIN component in the water column.
It is a substrate for phytoplankton assimilation or denitrifi-
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cation, but it is also clearly correlated to discharge, dilution,
and to leaching from agricultural soils. This is reflected in the
complex changes of nitrate concentration over the course of
the flood event, which is in this context comparable to previ-
ous river floods (Baborowski et al., 2004).

During the flood, nitrate concentration first decreases with
rising discharge, then rises and peaks with peak discharge,
decreasing again with lower discharge until the end of the
flood event. We assume that up to peak discharge on 14 June,
nitrate is mainly determined by hydrographic properties,
such as dilution and input from tributaries.

Nitrate concentration decreased from 269.6 to
228.1umol L™!, due to an initial dilution of the river
nitrate load with high amounts of precipitation and terrestrial
runoff. After this minimum, i.e. after 10 June, the input
from tributaries and upstream regions gained in importance
(Baborowski et al., 2004). Nitrate concentration increased
with discharge, which can be attributed to terrestrial soil
nitrate that is leached from the catchment area. This soil
nitrate stems from nitrification and is an important nitrate
source to the river system at this time of the year (Johannsen
et al., 2008).

This scenario is supported by SPM values: the high runoff
initially results in a peak of SPM from groyne fields, which is
eluted directly before the discharge peak (Baborowski et al.,
2004). The decrease of 8N SPM from ~ 8 %o to < 6 %o dur-
ing increasing discharge also indicates the input of terrestrial
organic material due to leaching. Terrestrial organic matter
has a 819N value of about 3.5 %o, which is significantly lower
than riverine SPM with 89N about 8-9 %, (Middelburg and
Nieuwenhuize, 1998, and this study). The high C /N ratio
during the SPM peak and minimum of nitrate (10 compared
to 7.5 before the peak) further suggests that terrestrial or-
ganic matter contributes to the riverine signal at this time.
Afterwards, the C / N ratio decreases, probably because wa-
ter masses from tributaries and upstream regions contribute
to the pool, as it has been observed during a previous flood
event in the Elbe River (Baborowski et al., 2004). At the same
time, assimilation by phytoplankton is low, probably due to
high turbidity, short residence times, dilution of active cells,
and decreased light availability (Deutsch et al., 2009; Voss
et al., 2006). After 14 June, dropping discharge allows for
a recovery of phytoplankton, which is also visible in rising
oxygen concentration.

The effect of biological processing and assimilation on the
nitrate pool can be inferred from concentration and isotope
changes. In the Elbe River, summer nitrate concentrations are
<« 100 umol L~! and in winter it is >300umol L~!. Mean
summer 3§ 15N—NO3_ and ¢ 180—N03_ values are <18.0 and
7.6 %o, respectively, and mean winter values for 815N—NO;
and §'80-N O3 are <9.3 and 0.8 %o, respectively (Johannsen
et al., 2008; Schlarbaum et al., 2011). During the flood in
June, §'°N-NOj is 7.4-9.0 %0 and §'80-NOJ is 2.1-3.9 %o
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(Fig. 1c), which is close to winter values and suggests only
little biological processing.

In summer and under normal flow conditions, nitrate con-
centration decreases due to assimilation and biomass produc-
tion. As a consequence, dual isotope values are negatively
correlated with nitrate concentration (Deutsch et al., 2009;
Johannsen et al., 2008). During the flood event, 8]5N—NO3_
and 8180—NO3_ are clearly correlated with [NO;'] after the
nitrate peak (R2 of 0.90 and 0.93, respectively), which, to-
gether with rising [O;], pinpoints the onset of biological ni-
trate assimilation. Accordingly, we calculated the isotope ef-
fect using an open-system approach (Eq. 2), during this net
decrease in nitrate concentration. The fractionation factor ¢
is —4.0 £ 0.1 %0, R? of 0.89, and '8¢ is —5.3 £0.1 %o, R? of
0.92 (Fig. 5). This is on the low end of isotope effects re-
ported for nitrate assimilation (Granger et al., 2004; Waser
et al., 1998), but fractionation can be affected by residence
times, such that the isotope effect is lower when residence
times are low (Kendall, 1998). Moreover, we cannot exclude
co-occurring nitrate production, which may also contribute
isotopically depleted nitrate to the total pool. However, re-
garding the amount of pre-existing nitrate, we assume that
this effect is of less importance.

The ratio of 815N—NO3_ to 8180—NO3_ also supports the
dominant role of phytoplankton assimilation. At the begin-
ning of the flood, 815N—NO3_ is not correlated with §180—
NO; , but when nitrate decreases, the ratio of 8180—NO;
to 815N—NO3_ changes along a slope of 1.22 (R? of 0.95,
Fig. 3). It differs slightly from unity, which is associated
with phytoplankton assimilation only (Deutsch et al., 2009;
Granger et al., 2004), but this might be due to nitrification,
which would lower the SISO—NO; values and thus lead to a
slope above 1 (e.g. Wankel et al., 2006).

4.2 Sources of nitrite and ammonium

Nitrate concentration during the flood is high, but an unex-
pected and rare event during the flood is the intermediate ac-
cumulation of ammonium and nitrite. Generally, these nu-
trients do not accumulate in the water column in spring and
summer (Jacob et al., unpublished data), but during the flood,
they are present in unusually high concentrations. This indi-
cates that the normal biological turnover processes during the
flood are disrupted, probably because discharge and turbidity
are high. In the following, we will evaluate sources of am-
monium and nitrite, and then discuss those potential sources
based on isotope changes.

Both nutrients accumulate at low [O;], and we speculate
that this is due to reduced phytoplankton assimilation. It is
unlikely that ammonium in the water column derives from
external agricultural sources, because ammonium molecules
are positively charged and thus tightly bound to clay parti-
cles in soil, and elution with discharge generally does not oc-
cur (Mancino, 1983). We regard remineralisation of SPM as
the main source of ammonium, which in turn is then usu-

www.biogeosciences.net/13/5649/2016/



J. Jacob et al.: Nitrite consumption and associated isotope changes

9.0 T T
4.0
8.8 4
8.6
~3.5
— 8.4 —_
‘Om 8.24 O
Z. 3.0 Z.
Z 807 L
o s ] o
7.8 ® 3°N-NO,
o §"0-NO; [
7.6 s
¢ =-4.0£0.1 %o, R*=0.89 »
744 - 18— o R2= °
e =-5.3+0.1 %0, R>=10.92 Lo
T T
-0.50 -0.25 0.00

1-(NO,/NO;

3 miliz\l)

Figure 5. Dual nitrate isotope values vs. the remaining fraction of
nitrate corresponding to the filled data points in Fig. 1b and c. The
solid line indicates the apparent isotope effect during net nitrate con-
sumption with a slope of 156 —4.04£0.1 %o with RZ of 0.89 and the
dashed line is '8& —5.3 +0.1 %o with R? of 0.92.

ally immediately assimilated (Dortch et al., 1991) or oxi-
dised to nitrite (Mayer et al., 2001). The first ammonium iso-
tope value we were able to measure in the river was ~ 2 %o,
approximately 4.5 %o lighter than the SPM pool (Fig. Ic).
If ammonium stems from remineralisation, this suggests a
—4.5 %o fractionation during remineralisation. Remineralisa-
tion is usually associated with a slightly lower isotope effect,
but our data are in accordance with Schlarbaum et al. (2011),
who found differences of up to —4.5%o between 85N of
suspended matter and dissolved organic nitrogen in the Elbe
River. A breakdown in assimilation, as indicated by low oxy-
gen concentrations, can then lead to an accumulation of rem-
ineralised ammonium. Potential sinks for ammonium are as-
similation, when phytoplankton recovers, or nitrification.

Based on isotope changes in ammonium, it remains diffi-
cult to distinguish its sinks. The subsequent enrichment of the
ammonium pool suggests that light ammonium is removed
from the pool. Ammonia oxidation has a strong isotope ef-
fect of —14 to —41 %o (Casciotti et al., 2003; Mariotti et al.,
1981; Santoro and Casciotti, 2011), and the initial isotopic
difference of ammonium and nitrite is 15 %o and thus in the
range expected for the isotope effect of ammonium oxida-
tion; this suggests that ammonium is a relevant nitrite source.
However, we cannot compute an isotope effect for ammo-
nium consumption over the course of the flood, the concen-
tration remains high for several days, and once it decreases,
ammonia immediately falls below the detection limit.

For nitrite accumulation, we also regard external sources,
such as an effect of mixing of different water masses as un-
likely, because nitrite is generally not abundant in the catch-
ment and is immediately oxidised. Neither is nitrite present
in atmospheric deposition (Beyn et al., 2014), which leaves
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internal sources or a disruption of normal biological process-
ing as a reason for accumulation.

Equivalently to the accumulation of ammonium, the
breakdown in phytoplankton activity can lead to the increase
in nitrite concentration. In stress situations, phytoplankton
can release nitrite from the cells into the water (Lomas and
Lipschultz, 2006). The nitrite accumulation may thus be
analogous to the primary nitrite maximum (PNM) in the
oceans (Lam et al., 2011; Lomas and Lipschultz, 2006; San-
toro et al., 2013).

On the sink side, we assume that nitrite assimilation by
phytoplankton is of minor importance. Even though the pos-
sibility of nitrite assimilation by phytoplankton is commonly
accepted (Collos, 1998), it is energetically expensive (Lomas
and Lipschultz, 2006). Furthermore, nitrate and nitrite reduc-
tion happens within the cell and an active transport of nitrite
through the chloroplast membrane would require additional
energy (Lomas and Lipschultz, 2006), making this process
unfavourable in the presence of nitrate. Other nitrite sinks
are denitrification or nitrification, i.e. nitrite oxidation. In the
oxic water column, denitrification is negligible, but it can be
quantitatively important, when it occurs in sediments or the
riparian zone (Brandes and Devol, 1997; Sebilo et al., 2003).

Nitrification hence may be a sink for both ammonium and
nitrite, and one of the goals of our study was to evaluate the
role of nitrification during the flood. When ammonium drops
below the detection limit with decreasing discharge, nitrite
remains above 3 umol L™ for a few days (Fig. 1b). This suc-
cession of nitrite and ammonium concentration maxima can
indicate successive nitrification acting as ammonium and ni-
trite sink, respectively (Meeder et al., 2012). Nitrification
will, however, need to compete for ammonium with phyto-
plankton (Ward et al., 1984), and the resulting nitrite may be
subject to various consumption pathways.

While we cannot trace any newly produced nitrate into the
large pre-existing nitrate pool, the gradual change of nitrite
concentration and isotope values provides the unique oppor-
tunity to calculate the apparent isotope effect of net nitrite
consumption in the river system. When nitrite concentration
decreases (see filled symbols in Figs. 1b, c and 4), the ap-
parent isotope effect is —10.0 = 0.1 %o. This negative isotope
effect suggests conventional fractionation during nitrite con-
sumption (R? of 0.97). In the light of our hypothesis that
nitrification should be promoted during flood conditions, this
is surprising, because nitrite oxidation is associated with an
inverse isotope effect (Casciotti, 2009).

4.3 Nitrite uptake scenarios

As discussed above, potential sinks for nitrite in the river are
assimilation, denitrification, and nitrite oxidation. The iso-
tope effect we calculated indicates that nitrite oxidation can-
not solely be responsible for nitrite consumption; other pro-
cesses must occur that cause an increase in the nitrite isotope
signal.
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One candidate process is nitrite assimilation. As we eval-
uated above, we assume that it does not play a significant
role in the river during the flood, because nitrate and partly
ammonium, are present and more favourable substrates. Fur-
thermore, nitrite assimilation would not significantly affect
our calculations of the isotope effect, because it is associated
with a small isotope effect of —0.7 to +1.6 %0 (Wada and
Hattori, 1978).

Denitrification, on the other hand, is potentially quanti-
tatively important in the Elbe River (Deutsch et al., 2009).
Sedimentary denitrification has little to no impact on isotope
values of the water column nitrate pool (Brandes and Devol,
1997; Mariotti et al., 1988) and cannot lead to enriched nitrite
isotopes. Denitrification will not occur in the water column,
but riparian denitrification may be a nitrite sink with a no-
table apparent isotope effect (Mengis et al., 1999; Sebilo et
al., 2003). If this isotope effect was expressed, it might be an
explanation for the measured enrichment in nitrite isotopes.
Another explanation may be that the nitrite isotope signa-
ture to some extent is coupled to that of ammonium. If nitrite
stems from increasingly enriched ammonium, this may lead
to an increase in the isotope signature of nitrite.

On the basis of these assumptions, we can calculate differ-
ent scenarios to constrain the role of nitrite oxidation in the
river. In each scenario, we assume that nitrite consumption
exceeds nitrite production. Using the open-system equations
(see Sect. 2.4), we then aimed to reproduce the nitrite isotope
effect of —10.0 %o (cf. Fig. 4).

4.3.1 Scenario 1 - consumption scenario

For an initial evaluation of nitrite oxidation, we assumed
that nitrite is consumed by two nitrite sinks, riparian deni-
trification and nitrite oxidation, for which we assumed aver-
age isotope effects of —16 %o (Deutsch et al., 2005; Houlton
and Bai, 2009; Kendall et al., 2007), and +13 %o (Casciotti,
2009), respectively. If these are the only processes that influ-
ence nitrite isotopes, the isotope effect in this scenario then
basically is the average isotope effect of these two sinks.

In our case, this yields a 22 % contribution of nitrite ox-
idation, whereas denitrification would make up for 78 % of
nitrite consumption. However, in this case we assume that no
ammonium is remineralised, and that no new nitrite is formed
via ammonium oxidation, which seems somewhat unlikely.

4.3.2 Scenario 2 — constant source scenario

In a second approach, we include ammonium remineralisa-
tion and nitrite formation from ammonium. The underlying
assumption is that ammonium is produced from SPM, and
that this new ammonium has an isotope signature that is 2 %o
lower than that of SPM (cf. Mobius, 2013), i.e. ~ 4.5 %o. Un-
der these circumstances, the nitrite pool permanently is di-
luted with nitrite of a constant isotope signature of 4.5 %o,
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assuming that no fractionation occurs, because ammonium
turnover is complete.

This newly produced nitrite is isotopically enriched rel-
ative to the depleted existing pool (Fig. 1c). Our measure-
ments make it impossible to define absolute rates, but to best
match our data, we tried to reproduce the fraction of nitrite
removed from the system (now including new production) as
well as the slope of nitrite isotope values.

The fraction of nitrite removed (f in Eq. 2) depends on
the ratio of ammonium oxidation (i.e. nitrite production) to
nitrite consumption. Nitrite consumption must exceed am-
monium oxidation, because nitrite concentration decreases.
The nitrite consumption we measured in the Elbe River is
best reproduced if one assumes that 25 % of the total nitrite
pool have been removed, and that the ratio of ammonium ox-
idation to nitrite consumption is 0.8.

We then changed the ratio of nitrite oxidation to denitri-
fication to match the isotope data, assuming isotope effects
of +13 and —16 %o, respectively, as described for the previ-
ous scenario. In this case, the contribution of nitrite oxidation
rises to 31 %, and denitrification accordingly makes up for
69 % of nitrite consumption.

4.3.3 Scenario 3 — enriched source scenario

As an upper limit for the contribution of nitrite oxidation, we
also addressed the option of changing ammonium source sig-
natures. Ammonium concentration is low during almost the
entire time of nitrite consumption. As phytoplankton recov-
ers (evidenced by increased [O3]), it might well contribute to
ammonium consumption. Phytoplankton assimilation of am-
monium can have an isotope effect of ~—19 %o (Waser et
al., 1998). If ammonium is fractionated during uptake, but
also permanently supplied from remineralisation, a moderate
enrichment of the pool is at least possible. An enrichment to
12 %o during processing seems realistic, we see ammonium
isotope values reach 12 %o over the course of the flood. In
case the nitrite pool was diluted with increasingly heavy am-
monium, the best fit to our data is achieved if we assume a
high ratio of ammonium oxidation to nitrite consumption of
0.98 and a contribution of nitrite oxidation of 36 %, which
seems to represent the upper limit of nitrite oxidation.

All these scenarios are of course sensitive to the input vari-
ables, especially the isotope effects assigned to nitrite oxida-
tion and denitrification. It is of course also possible that the
entire regime is based on denitrification only, with a moder-
ate isotope effect of —10 %o, but this seems improbable. Ni-
trification is an important process regenerating nitrate in the
Elbe River (Johannsen et al., 2008). Therefore, a scenario
that includes both consumption processes is plausible, and
nitrite isotopes reveal the substantial role of nitrification and
remineralisation.
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5 Conclusions

During an exceptional flood in the Elbe River in June 2013,
an intermediate accumulation of ammonium and nitrite in the
water column indicates a disruption of normal nitrogen pro-
cessing. A suppression of nitrate assimilation is reflected in
high water column concentration and a very moderate iso-
tope effect of nitrate uptake. Our data suggest that the main
source of ammonium is remineralisation of organic material,
whereas the changing nitrite concentration and isotopes are
influenced by several sources and sinks. Net nitrite consump-
tion in the water column has an apparent isotope effect of
—10.0 £ 0.1 %o, which clearly cannot be explained by nitri-
fication only, which is associated with inverse isotope frac-
tionation.

To disentangle nitrite consumption pathways, we con-
structed a simple box model with riparian denitrification
and nitrite oxidation as potential nitrite sinks. We find that
during the flood, the contribution of nitrite oxidation con-
tributes ranges from 31 to 36 %, whereas riparian denitrifica-
tion makes up for 64—69 % of nitrite consumption. Our nitrite
isotope data not only reveal the substantial role of nitrifica-
tion and remineralisation during an extreme flood event, but
also demonstrate that other sinks, like denitrification in the
riparian zone, contribute to nitrite turnover.

While the inverse isotope effect of nitrite oxidation adds
more complexity to the isotope budget of the aquatic ni-
trogen cycle, our data suggest that co-occurring processes
disguise this inverse fractionation in natural environments,
which might be important not only in estuarine settings, but
also in other environments that show nitrite accumulation
in the water column, like oceanic oxygen minimum zones,
where nitrate and nitrite isotopes are frequently used to as-
sess nitrogen dynamics.

6 Data availability

The dataset will soon be available at Pangaea
(doi:10.1594/PANGAEA.865348). Discharge values
were obtained from http://koflux1.hzg.de/staff/kappenberg/
runoff_data/elbe.abfluss (Wasser- und  Schiffahrtsamt
Lauenburg, 2016).

Acknowledgements. We thank F. Langenberg and P. Martens from
the University of Hamburg for the analysis of suspended matter
samples and F. Jung for his help with the analysis of ammonium
isotopes. We also thank J. Kappenberg from the Helmholtz Centre
Geesthacht for providing the hydrological archive data sets. We
acknowledge the editor, H. Niemann. The preparation of this
manuscript significantly benefited from comments provided by
S. Wankel, B. Gaye, C. Frame and three anonymous reviewers.
This study was partly funded by the Helmholtz Association
(VH-NG-721).

www.biogeosciences.net/13/5649/2016/

5657

The article processing charges for this open-access
publication were covered by a Research
Centre of the Helmholtz Association.

Edited by: H. Niemann
Reviewed by: C. Frame and three anonymous referees

References

Baborowski, M., von Tiimpling Jr., W., and Friese, K.: Behaviour
of suspended particulate matter (SPM) and selected trace metals
during the 2002 summer flood in the River Elbe (Germany) at
Magdeburg monitoring station, Hydrol. Earth Syst. Sci., 8, 135—
150, doi:10.5194/hess-8-135-2004, 2004.

Bergemann, M. and Gaumert, T.: Gewissergiitebericht der Elbe
2006, ARGE Elbe, Hamburg, Germany, 2008.

Beyn, F., Matthias, V., and Dihnke, K.: Changes in atmospheric ni-
trate deposition in Germany — An isotopic perspective, Environ.
Pollut., 194, 1-10, 2014.

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 N, O, Anal. Chem., 79, 5888-5895, 2007.

Brandes, J. A. and Devol, A. H.: Isotopic fractionation of oxygen
and nitrogen in coastal marine sediments, Geochim. Cosmochim.
Ac., 61, 1793-1801, 1997.

Brockmann, U. and Pfeiffer, A.: Seasonal changes of dissolved and
particulate material in the turbidity zone of the River Elbe, in:
Estuarine Water Quality Management, edited by: Michaelis, W.,
Springer, Berlin, Heidelberg, New York, 327-334, 1990.

Casciotti, K. L.: Inverse kinetic isotope fractionation during bacte-
rial nitrite oxidation, Geochim. Cosmochim. Ac., 73, 2061-2076,
2009.

Casciotti, K. L., Sigman, D., Hastings, M. G., Bohlke, J., and Hilk-
ert, A.: Measurement of the oxygen isotopic composition of ni-
trate in seawater and freshwater using the denitrifier method,
Anal. Chem., 74, 4905-4912, 2002.

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

Collos, Y.: Nitrate uptake, nitrite release and uptake, and new pro-
duction estimates, Mar. Ecol.-Prog. Ser., 171, 293-301, 1998.
Deutsch, B., Liskow, 1., Kahle, P., and Vo, M.: Variations in the
815N and 8180 values of nitrate in drainage water of two fertil-
ized fields in Mecklenburg-Vorpommern (Germany), Aquat. Sci.,

67, 156-165, 2005.

Deutsch, B., Vo3, M., and Fischer, H.: Nitrogen transformation pro-
cesses in the Elbe River: Distinguishing between assimilation
and denitrification by means of stable isotope ratios in nitrate,
Aquat. Sci., 71, 228-237, 20009.

Dortch, Q., Thompson, P., and Harrison, P.: Short-term interaction
between nitrate and ammonium uptake in Thalassiosira pseudo-
nana: Effect of preconditioning nitrogen source and growth rate,
Mar. Biol., 110, 183-193, 1991.

Galloway, J. N. and Cowling, E. B.: Reactive nitrogen and the
world: 200 years of change, AMBIO, 31, 64-71, 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.

Biogeosciences, 13, 5649-5659, 2016


http://dx.doi.org/10.1594/PANGAEA.865348
http://koflux1.hzg.de/staff/kappenberg/runoff_data/elbe.abfluss
http://koflux1.hzg.de/staff/kappenberg/runoff_data/elbe.abfluss
http://dx.doi.org/10.5194/hess-8-135-2004

5658 J. Jacob et al.: Nitrite consumption and associated isotope changes

Granger, J. and Sigman, D. M.: Removal of nitrite with sulfamic
acid for nitrate N and O isotope analysis with the denitrifier
method, Rapid Commun. Mass Sp., 23, 3753-3762, 2009.

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

Grasshoff, K., Kremling, K., and Ehrhardt, M.: Methods of seawater
analysis, John Wiley & Sons, Weinheim, Germany, 2009.

Grischek, T., Hiscock, K. M., Metschies, T., Dennis, P. F., and
Nestler, W.: Factors affecting denitrification during infiltration
of river water into a sand and gravel aquifer in Saxony, Germany,
Water Res., 32, 450-460, 1998.

Holmes, R. M., Aminot, A., Kérouel, R., Hooker, B. A., and Peter-
son, B. J.: A simple and precise method for measuring ammo-
nium in marine and freshwater ecosystems, Can. J. Fish. Aquat.
Sci., 56, 1801-1808, 1999.

Houlton, B. Z. and Bai, E.: Imprint of denitrifying bacteria on
the global terrestrial biosphere, P. Natl. Acad. Sci., 106, 21713—
21716, 2009.

Johannsen, A., Dihnke, K., and Emeis, K.: Isotopic composition of
nitrate in five German rivers discharging into the North Sea, Org.
Geochem., 39, 1678-1689, 2008.

Karrasch, B., Mehrens, M., Rosenlocher, Y., and Peters, K.: The dy-
namics of phytoplankton, bacteria and heterotrophic flagellates at
two banks near Magdeburg in the River Elbe (Germany), Limno-
logica, 31, 93-107, 2001.

Kendall, C.: Tracing nitrogen sources and cycling in catchments,
in: Isotope tracers in catchment hydrology, edited by: Kendall,
C. and McDonnell, J. J., Elsevier Science B. V., Amsterdam, the
Netherlands, 1, 519-576, 1998.

Kendall, C., Elliott, E. M., and Wankel, S. D.: Tracing anthro-
pogenic inputs of nitrogen to ecosystems, in: Stable isotopes in
ecology and environmental science, edited by: Michener, R. and
Lajtha, K., Blackwell Publishing Ltd., Singapore, 2, 375-449,
2007.

Lam, P, Jensen, M. M., Kock, A., Lettmann, K. A., Plancherel, Y.,
Lavik, G., Bange, H. W., and Kuypers, M. M. M.: Origin and
fate of the secondary nitrite maximum in the Arabian Sea, Bio-
geosciences, 8, 1565-1577, doi:10.5194/bg-8-1565-2011, 2011.

Lomas, M. W. and Lipschultz, F.: Forming the primary nitrite
maximum: Nitrifiers or phytoplankton?, Limnol. Oceanogr., 51,
2453-2467, 2006.

Lozén, J. L. and Bernhart, H. H.: Warnsignale aus Fliissen und As-
tuaren: wissenschaftliche Fakten; mit 60 Tabellen, Parey Buch
Verlag, Berlin, Germany, 1996.

Mancino, C. F.: Studies of the Fate of NO5” and NHI Nitrogen from
Various Fertilizers on Turfgrasses Grown on Three Different Soil
Types, MS thesis, Univ. of Massachusetts, Amherst, USA, 1983.

Mariotti, A., Germon, J., Hubert, P., Kaiser, P., Letolle, R., Tardieux,
A., and Tardieux, P.: Experimental determination of nitrogen ki-
netic isotope fractionation: some principles; illustration for the
denitrification and nitrification processes, Plant Soil, 62, 413—
430, 1981.

Mariotti, A., Landreau, A., and Simon, B.: 1°N isotope biogeo-
chemistry and natural denitrification process in groundwater: Ap-
plication to the chalk aquifer of northern France, Geochim. Cos-
mochim. Ac., 52, 1869-1878, 1988.

Biogeosciences, 13, 5649-5659, 2016

Mayer, B., Bollwerk, S. M., Mansfeldt, T., Hiitter, B., and Veizer,
J.: The oxygen isotope composition of nitrate generated by ni-
trification in acid forest floors, Geochim. Cosmochim. Ac., 65,
2743-2756, 2001.

Meeder, E., Mackey, K. R., Paytan, A., Shaked, Y., [luz, D., Stam-
bler, N., Rivlin, T., Post, A. F., and Lazar, B.: Nitrite dynamics in
the open ocean-clues from seasonal and diurnal variations, Mar.
Ecol.-Prog. Ser., 453, 11-26, doi:10.3354/meps09525, 2012.

Mengis, M., Schif, S., Harris, M., English, M., Aravena, R., El-
good, R., and MacLean, A.: Multiple geochemical and isotopic
approaches for assessing ground water NO5" elimination in a ri-
parian zone, Ground Water, 37, 448-457, 1999.

Middelburg, J. J. and Nieuwenhuize, J.: Nitrogen isotope tracing of
dissolved inorganic nitrogen behaviour in tidal estuaries, Estuar.
Coast. Shelf S., 53, 385-391, 2001.

Middelburg, J. J. and Nieuwenhuize, J.: Carbon and nitrogen sta-
ble isotopes in suspended matter and sediments from the Schelde
Estuary, Mar. Chem., 60, 217-225, 1998.

Middelburg, J. J. and Nieuwenhuize, J.: Nitrogen uptake
by heterotrophic bacteria and phytoplankton in the nitrate
rich Thames estuary, Mar. Ecol.-Prog. Ser.,, 203, 13-21,
doi:10.3354/meps203013, 2000.

Mobius, J.: Isotope fractionation during nitrogen remineraliza-
tion (ammonification): Implications for nitrogen isotope biogeo-
chemistry, Geochim. Cosmochim. Ac., 105, 422-432, 2013.

Pitsch, J., Serna, A., Diahnke, K., Schlarbaum, T., Johannsen, A.,
and Emeis, K.-C.: Nitrogen cycling in the German Bight (SE
North Sea) — Clues from modelling stable nitrogen isotopes,
Cont. Shelf Res., 30, 203-213, 2010.

Rabalais, N. N.: Nitrogen in aquatic ecosystems, AMBIO, 31, 102—
112, 2002.

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 J., 5, 1796
1808, 2011.

Santoro, A. E., Sakamoto, C. M., Smith, J. M., Plant, J. N., Gehman,
A. L., Worden, A. Z., Johnson, K. S., Francis, C. A., and Cas-
ciotti, K. L.: Measurements of nitrite production in and around
the primary nitrite maximum in the central California Current,
Biogeosciences, 10, 7395-7410, doi:10.5194/bg-10-7395-2013,
2013.

Schlarbaum, T., Dihnke, K., and Emeis, K.: Dissolved and partic-
ulate reactive nitrogen in the Elbe River/NW Europe: a 2-yr N-
isotope study, Biogeosciences, 8, 3519-3530, doi:10.5194/bg-8-
3519-2011, 2011.

Sebilo, M., Billen, G., Grably, M., and Mariotti, A.: Isotopic com-
position of nitrate-nitrogen as a marker of riparian and benthic
denitrification at the scale of the whole Seine River system, Bio-
geochemistry, 63, 35-51, 2003.

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 tech-
niques, Ecosystems, 9, 564-577, 2006.

Sigman, D., Casciotti, K., Andreani, M., Barford, C., Galanter, M.,
and Bohlke, J.: A bacterial method for the nitrogen isotopic
analysis of nitrate in seawater and freshwater, Anal. Chem., 73,
4145-4153, 2001.

www.biogeosciences.net/13/5649/2016/


http://dx.doi.org/10.5194/bg-8-1565-2011
http://dx.doi.org/10.3354/meps09525
http://dx.doi.org/10.3354/meps203013
http://dx.doi.org/10.5194/bg-10-7395-2013
http://dx.doi.org/10.5194/bg-8-3519-2011
http://dx.doi.org/10.5194/bg-8-3519-2011

J. Jacob et al.: Nitrite consumption and associated isotope changes

Sigman, D., Karsh, K., and Casciotti, K.: Ocean process tracers:
nitrogen isotopes in the ocean, Encyclopedia of ocean science,
2nd edn. Elsevier, Amsterdam, the Netherlands, 2009.

Van Beusekom, J. and De Jonge, V.: Retention of phosphorus and
nitrogen in the Ems estuary, Estuaries, 21, 527-539, 1998.

Van Breemen, N., Boyer, E., Goodale, C., Jaworski, N., Paustian,
K., Seitzinger, S., Lajtha, K., Mayer, B., Van Dam, D., and
Howarth, R.: Where did all the nitrogen go? Fate of nitrogen in-
puts to large watersheds in the northeastern USA, Biogeochem-
istry, 57, 267-293, 2002.

Van Oldenborgh, G. J., Haarsma, R., De Vries, H., and Allen, M.
R.: Cold extremes in North America vs. mild weather in Europe:
the winter of 2013—14 in the context of a warming world, B. Am.
Meteorol. Soc., 96, 707-714, 2015.

Voss, M., Deutsch, B., Elmgren, R., Humborg, C., Kuuppo, P., Pas-
tuszak, M., Rolff, C., and Schulte, U.: Source identification of
nitrate by means of isotopic tracers in the Baltic Sea catchments,
Biogeosciences, 3, 663-676, doi:10.5194/bg-3-663-2006, 2006.

Wada, E. and Hattori, A.: Nitrogen isotope effects in the assimi-
lation of inorganic nitrogenous compounds by marine diatoms,
Geomicrobiol. J., 1, 85-101, 1978.

www.biogeosciences.net/13/5649/2016/

5659

Wankel, S. D., Kendall, C., Francis, C. A., and Paytan, A.: Nitro-
gen sources and cycling in the San Francisco Bay Estuary: A
nitrate dual isotopic composition approach, Limnol. Oceanogr.,
51, 1654-1664, 2006.

Ward, B., Talbot, M., and Perry, M.: Contributions of phytoplank-
ton and nitrifying bacteria to ammonium and nitrite dynamics in
coastal waters, Cont. Shelf Res., 3, 383-398, 1984.

Waser, N. A. D., Yin, K. D., Yu, Z. M., Tada, K., Harrison, P. J.,
Turpin, D. H., and Calvert, S. E.: Nitrogen isotope fractionation
during nitrate, ammonium and urea uptake by marine diatoms
and coccolithophores under various conditions of N availability,
Mar. Ecol.-Prog. Ser., 169, 2941, 1998.

Wasser- und Schiffahrtsamt Lauenburg: Abflussdaten der Elbe
bei Neu Darchau, Tagesmittelwerte, Lauenburg/Elbe, avail-
able at: http://koflux1.hzg.de/staff/kappenberg/runoff_data/elbe.
abfluss, last access: 1 August 2016.

Zhang, L., Altabet, M. A., Wu, T., and Hadas, O.: Sensitive mea-
surement of NHIISN/MN (815 NHI) at natural abundance lev-
els in fresh and saltwaters, Anal. Chem., 79, 5297-5303, 2007.

Biogeosciences, 13, 5649-5659, 2016


http://dx.doi.org/10.5194/bg-3-663-2006
http://koflux1.hzg.de/staff/kappenberg/runoff_data/elbe.abfluss
http://koflux1.hzg.de/staff/kappenberg/runoff_data/elbe.abfluss

	Abstract
	Introduction
	Materials and methods
	Study site
	Sampling and concentration analyses
	Isotope analyses
	Calculation of isotope effects

	Results
	General hydrographic properties
	Nutrient concentrations
	Isotope trends of DIN and particulate nitrogen

	Discussion
	Nitrate dynamics and isotope changes during the flood
	Sources of nitrite and ammonium
	Nitrite uptake scenarios
	Scenario 1 -- consumption scenario
	Scenario 2 -- constant source scenario
	Scenario 3 -- enriched source scenario


	Conclusions
	Data availability
	Acknowledgements
	References

