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INTRODUCTION

The German Bight/south-eastern North Sea is a
shallow shelf sea (40 m on average; Fig. 1) with a pre-
dominant counter-clockwise circulation pattern. A
mixture of Atlantic water and continental discharge
(the Continental Coastal Water [CCW] with salinity
<33) enters from the east and is transported along the
Dutch and German coast to the north. As in many
coastal water bodies, the nutrient budget of the Ger-
man Bight/SE North Sea is inflated by anthropogenic
inputs of inorganic nitrogen, causing eutrophication
with negative consequences for the ecosystem (Cloern
2001). In the German Bight, these include enhanced
phytoplankton blooms, hypoxia in bottom waters and
changes in the dissolved nutrient ratios, which may

have led to changes in species composition (van Beuse-
kom 2005).

Sources of water column nitrate are: (1) anthro-
pogenic nitrate loads, which derive from the densely
populated adjacent land and reach the German Bight
via atmospheric deposition or riverine input (Beddig
et al. 1997, Brion et al. 2004); (2) recycled nitrate from
mineralised of organic matter in sediments or sus-
pended matter within in the German Bight (Hydes et
al. 1999); and (3) advective fluxes with waters flowing
in from the open North Sea (Central North Sea Water
[CNSW], salinity >34.5). The best-quantified sources
are anthropogenic inputs via the atmosphere (29 kt N
yr–1) and rivers (256 kt N yr–1) (Pätsch et al. 2010). In
rivers, a slight downward trend in nitrate concentra-
tions has been observed in recent years (Radach &
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Pätsch 2007), but the reason for this trend is still
unknown, and inputs of nitrate are still clearly elevated
over pristine concentrations (van Beusekom 2005) and
far above the desired threshold of the Water Frame-
work Directive of the European Union. It is thus impor-
tant to evaluate the poorly defined sources and sinks of
nitrate, such as advective fluxes into and out of the
German Bight via residual currents, phytoplankton
uptake and exchang processes with sediments. Sedi-
ments—increasingly recognized as an important player
in biogeochemical cycles of shallow seas (Soetaert &
Middelburg 2009)—may act as a nitrate sink due to
denitrification, and they are also a site of active N recy-
cling. As yet, the impact of recycled nitrate from
ammonification/nitrification of suspended mater and
of autochthonous particulate organic nitrogen (PON)
is poorly constrained, but recycled nitrate may be
equally important as ‘new’ anthropogenic inputs in
fueling phytoplankton blooms that occur in spring and
summer (Richardson et al. 2000). A previous estimate
suggests that recycled nitrate can contribute up to 50%
to N-demand of phytoplankton assimilation in the
German Bight (Lohse et al. 1993). Estimates for dis-
solved inorganic nitrogen (DIN) input by water masses
advected into the bight range from 70% (Beddig et al.
1997) to <10% (Hydes et al. 1999). More recent esti-
mates with a coupled hydrodynamic and ecosystem

model (Pätsch et al. 2010) suggest that
internal turnover of reactive N in the
German Bight exceeds imports and ex-
ports and that estimates for reactive
nitrogen assimilation are not balanced
by the modelled benthic remineralisa-
tion, requiring intense recycling of par-
ticulate N, not only in surface sediment,
but also in the water column.

To date, no attempt has been made to
combine concentration-based estimates
of nitrate sources and sinks with esti-
mates based on the stable isotope com-
position of nitrate, which allows both
source attribution and clarification of
turnover and uptake processes in global
and regional cycles of reactive nitrogen
(e.g. Sigman et al. 2005, Wankel et al.
2006, Knapp et al. 2008, Bourbonnais et
al. 2009). External nitrate inputs to the
North Sea and the German Bight are dis-
tinct in their δ15N ratio. δ15N expresses
the ratio of 15N to 14N in relation to that
ratio (R) in a standard: δ15Nsample = (Rsam-

ple/Rstandard – 1) × 1000 in ‰; the interna-
tional standard being δ15N air N2 = 0‰.
The δ15NNO3 of inflowing water of
Atlantic origin should, in winter, corre-

spond to the nitrate in sub-thermocline waters of the
Atlantic Ocean (4 to 5‰) (Bourbonnais et al. 2009).
Rivers discharging into the SE North Sea, Rhine and
Elbe, contribute an annual average δ15NNO3 of 8‰
(Johannsen et al. 2008), and the δ15NNO3 of atmospheric
input is around 2.5‰ (Freyer 1991).

So far research work on δ15N in the German Bight
has been concentrated only on particulate matter and
surface sediments, which integrate effects of the iso-
tope mixture of the water column nitrate inventory,
diagenesis and sediment reworking (Pätsch et al.
2010). Average δ15NNO3 values in surface sediments of
the German Bight (6.8‰; Dähnke et al. 2008b) are
elevated over the marine background of 5‰, and
their spatial patterns lead to a first approximation of
the influence of river nitrate composed of isotopically
heavy DIN from urban or agricultural catchments
(Johannsen et al. 2008).

In the present study we extended research perspec-
tives from sedimentary PON to dissolved nitrate by
analyzing the dual nitrate isotopes in water samples
collected at stations in the German Bight and further
offshore before and at the onset of a spring phyto-
plankton bloom in 2007. Our main goal was to use
isotopic fingerprints to segregate nitrate-rich coastal
waters from marine nitrate and to decide if isotope
patterns indicate conservative mixing of the 2 pools, or
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if non-conservative mixing points towards nitrate
turnover within the bight. We found evidence for a sig-
nificant contribution of recycled benthic nitrate to the
pool of water column nitrate in winter. Furthermore,
combined measurements of δ18ONO3 and δ15NNO3

allowed us to better understand water column nitrate
cycling in early spring, because the data revealed
the influence of both phytoplankton assimilation and
nitrification.

MATERIALS AND METHODS

Sampling. Water samples from the German Bight
were taken by a CTD/rosette sampler on 2 RV ‘Alkor’
cruises (AL 292: 20 to 30 January 2007 and AL 296: 7 to
20 March 2007) and on a field campaign in the open
North Sea with RV ‘Walther Herwig III’ (WH 296: 17
January to 16 February 2007). All 3 expeditions sam-
pled a prescribed grid of stations for environmental
monitoring. Water samples were filtered over GF/F
filters on board and frozen until analysis. Sampling
during AL 292 was mostly restricted to coastal stations
due to weather conditions. During AL 292 and AL 296,
samples were taken from near-bottom water and from
the surface (5 m). During WH 296, deeper water areas
in the open North Sea were visited, and 1 additional
intermediate depth level (50 or 75 m) was sampled on
this expedition. Details of sampling stations are shown
in Supplement 1 available at www.int-res.com/articles/
suppl/m408p007_supp.pdf.

Analytical methods. Determination of nitrate con-
centrations: Nitrate concentrations were determined
according to Grasshoff & Anderson (1999) using an
automated nutrient analyzer (AA3, Bran+Luebbe).
Nitrate was reduced to nitrite by passing over a cad-
mium reduction column and was subsequently reacted
to an azo dye with N-(1-naphtyl) ethylenediamine.
This colour complex was determined photometrically
at a wavelength of 540 nm. The detection limit for our
setup was 0.5 µmol l–1.

Isotopic analysis of nitrate in water samples: δ15N
and δ18O values of nitrate were determined with the
denitrifier method (Sigman et al. 2001, Casciotti et al.
2002). Water samples were injected into a suspen-
sion of Pseudomonas aureofaciens (ATCC#13985) for
combined analysis of δ15N and δ18O, or Pseudomonas
chlororaphis for δ15N analysis only. δ15N values deter-
mined with either strain showed reproducibility within
the standard deviation of measurements. Both bacter-
ial strains denitrify nitrate to N2O under anoxic condi-
tions, because they lack nitrous oxide reductase activ-
ity and cannot produce N2. The N2O gas produced is
flushed by purging the sample vials with helium, con-
centrated and purified on a GasBenchII and analyzed

on a Delta Plus XP mass spectrometer (ThermoFinni-
gan). To avoid concentration-dependent fractionation
effects, the sample size was adjusted to a final N2O
amount of 10 nmol. For each sample, replicate mea-
surements were performed, and an international stan-
dard (IAEA-N3: δ15N 4.7‰; δ18O 25.6‰) was measured
with each batch of samples. (Böhlke et al. 2003). To
correct for exchange with oxygen from H2O during the
conversion to N2O we used an 18O-enriched water
standard and applied the correction proposed by Cas-
ciotti et al. (2002). This correction has recently been
revised (Sigman et al. 2009), and we applied an addi-
tional offset of –0.6‰ (see Knapp et al. 2008).

The SD for IAEA-N3 was 0.2‰ for δ15N and 0.5‰ for
δ18O (n = 5). The SD of replicate analyses was in the
same range as for the analyzed standards. For further
quality assurance of the results, we measured an
internal potassium nitrate standard with each batch of
samples. The long-term SD for the internal standard
was within the same specification for δ15N and δ18O
as in IAEA-N3 (n = 29).

Mixing calculations: To assess the mixing pattern of
riverine and marine nitrate in the German Bight and to
detect internal sources and sinks over the course of the
mixing gradient, we applied the conservative mixing
equations by Fry (2002). Deviations from the theoreti-
cal conservative mixing lines of concentrations or iso-
tope signatures point towards sources and sinks in the
mixing gradient (Fig. 2). When net sources and sinks of
nutrients are balanced, this can result in a pseudo-con-
servative mixing line of concentrations. In this case,
stable isotope signatures can provide additional insight
into nitrate cycling. Their composition will deviate
from the conservative mixing lines, if processes reduc-
ing nitrate concentrations (assimilation, denitrification)
are associated with different fractionation factors, or if
sources (nitrification) add nitrate with isotope signa-
tures differing from that of assumed end-members of
the mixing equation.

In order to evaluate the mixing characteristics of Ger-
man Bight waters, the nitrate isotopic composition in
samples with the lowest salinity on either cruise (salini-
ties of 27.8 and 28.1 on AL 292 and AL 296, respec-
tively) are used as end-member values for the low-
salinity region of the CCW, which is loosely defined by
salinities of <33. We stress that these are not truly river-
ine end-member values: the isotope composition of ni-
trate in low-salinity waters of the CCW integrates over
several discrete sources (different rivers with differing
δ-values) and any nitrate processing (assimilation, nitri-
fication) that may have occurred in the lower salinity
region. Samples with the lowest salinity are reported
in Supplement 1. They were taken in the Elbe estuary
and, thus, represent only 1 contribution to the CCW ni-
trate pool; they are not included in the figures or calcu-
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lations. The choice of 1 end-member for the low-salinity
CCW for each data set, necessary due to a prescribed
sampling grid, precludes source attribution to the ni-
trate loads of individual rivers. Nitrate isotope composi-
tion of samples from the open North Sea that were sam-
pled during the WH 296 expedition served as marine
end-members.

RESULTS

The phytoplankton bloom in spring 2007 started late
(ICES/EuroGOOS 2007), and both cruises (AL 292 in
January and AL 296 in March 2007) sampled water
before the onset of significant phytoplankton growth in
the central part of the German Bight. The water col-
umn was well-mixed and neither nitrate concentra-
tions nor isotope signatures were significantly differ-
ent in surface and bottom waters. δ15NNO3 values in
high-salinity samples (characteristic of the CNSW with
salinity >34.5) from west of 5° E (14 stations with up
to 3 depths per station) obtained during WH 296 were
5.6 ± 0.3‰ (n = 21), whereas δ15NNO3 in the German
Bight (8 to >10‰) was elevated over the marine back-
ground during all sampling campaigns, and highest
values invariably occurred in samples from the coastal
region with salinities of <33 (Figs. 3 & 4).

January 2007

The salinity in samples taken in January 2007
ranged from 28 near the Elbe estuary to 35 at offshore
stations. Nitrate concentrations decreased from 56 µmol
l–1 in inshore waters to <10 µmol l–1 in the outer Ger-
man Bight and were ~6 µmol l–1 in the open North Sea;
nitrate concentrations and salinity are clearly anti-
correlated in this sample set (r2 = 0.95, regression line
not shown) (Fig. 2A, Supplement 1). δ15NNO3 values
in the German Bight ranged from 5.5‰ in offshore
waters to >10‰ in coastal waters. In the southern
Wadden Sea, δ15N values were between 8 and 9‰,
which fits the annual means for rivers discharging into
this area (Johannsen et al. 2008), whereas δ15NNO3 was
up to 10‰ in the northern Wadden Sea, an area that
receives no significant direct river discharges (Fig. 3C).
The mixing of nitrate concentrations was mostly con-
servative, despite some scatter in the salinity range
from 30 to 34 (Fig. 2A). Given the limited number of
samples from the open North Sea, we attribute the
scatter at high salinities to different water masses with
slightly varying nitrate concentrations and to the pos-
sible impact of denitrification in sediments of the shal-
low German Bight.

Unlike nitrate concentrations, δ15NNO3 values deviate
clearly from the theoretical conservative mixing line
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(Fig. 2A). On either end of the salinity scale, δ15NNO3

is uniform, and both marine and low-salinity end-
member signatures have a distinct isotope value.
Samples taken south of the mouth of the Elbe River all
plot slightly below the conservative mixing line (the
freshwater end-member of which is a mixture of nitrate
from different rivers), whereas those that plot above
the mixing line (δ15NNO3 values of 9.1 to 10.5‰)
are all situated in the northern Wadden Sea. The
spatial pattern is well illustrated in a contour plot

of deviations from theoretical conservative mixing for
δ15NNO3 (Fig. 5A) that marks samples near the North
Frisian islands, close to the Danish Border, as >1‰
enriched.

δ18ONO3 values are scattered considerably around
the theoretical mixing line (Fig. 2A), but a general
trend to increasing δ18ONO3 with salinity is visible. In
the coastal regions, δ18ONO3 values are 3 to 4‰ and
rise to ~6‰ further offshore, in the open North Sea
(Fig. 2A, Supplement 1; not shown in Fig. 3). In the
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German Bight proper, δ18ONO3 values scatter by about
1‰ around conservative mixing line, with a tendency
to values on or below the conservative mixing line,
mostly in the region off North Frisia (Fig. 5B).

March 2007

In March 2007, the sampling scheme covered waters
with salinities from 28.1 in the CCW up to 35 near Dog-
ger Bank. Nitrate concentrations in the lowest salinity
samples from the inner CCW were slightly higher than

in January, with maximum values of 59 µmol l–1 in the
northern Wadden Sea (Fig. 4B, Supplement 1), and a
minimum concentration of 1.9 µmol l–1 in the western-
most samples.

As in January, nitrate concentrations were linearly
anti-correlated (r2 = 0.93) to salinity (Fig. 2B). δ15NNO3

values in March were slightly higher (around 8.5‰) in
the southern Wadden Sea than in the rest of the inner
German Bight, and the values generally decreased
further offshore (Fig. 4C). The interpretation of isotope
mixing behaviour is somewhat more complicated than
in January, because δ15NNO3 in the high salinity range
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was variable and did not entirely conform to a conser-
vative mixing pattern (Fig. 2B). Contrary to the overall
trend of decreasing δ15NNO3 with rising salinity, δ15NNO3

increased up to 11‰ for 1 subset of samples in the
western part of the study area, decreasing again to
marine background values of ~5‰ further offshore, in
samples with the same salinity values (Fig. 4C).

A similar divergence from conservative mixing is
seen in δ18ONO3 values at salinities >34 (Figs. 2B & 4D).
δ18ONO3 values range from 3 to 5‰ in coastal waters,
but have no clear trend with rising salinity: one subset
of offshore samples near salinities of 35 has a maxi-

mum δ18ONO3 of 12‰, whereas another subset of off-
shore samples only shows a very weak increase to 5‰
(Figs. 2B & 4D). Both δ15NNO3 and δ18ONO3 values rise
above the hypothetical conservative mixing line in the
same region of the outer German Bight (Fig. 5C,D).

DISCUSSION

The isotopic composition of water column nitrate in
the German Bight is governed by mixing of external
inputs—advection of nitrate carried into the bight with
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residual circulation, atmospheric deposition and river
input—and internal processes that either consume
(assimilation, denitrification) or produce (nitrification)
nitrate. All these sources and sinks imprint on the iso-
topic composition of the nitrate pool. In the following,
we examine our data for characteristic fingerprints of
external nitrate sources and for anomalies from ex-
pected conservative mixing indicative of nitrate assimi-
lation or recycling.

Nitrate mixing patterns in the German Bight

The coastal water mass of low salinity, high nitrate
concentrations and high δ15NNO3 values that dominates
the inner German Bight is clearly impacted by river-
ine nitrate discharge, which is enriched in 15N (Kendall
1998, Johannsen et al. 2008). The most important
nitrate sources are the Elbe and Weser Rivers (Sünder-
mann 1997), which often dominate over other sources
such as the coastal water advected into the bight by
the residual counter-clockwise circulation or the Rhine
River (Brockmann et al. 1999). Elbe and Weser nitrate
is markedly enriched (with annual weighted means of
δ15NNO3 between 8 and 8.5‰; Johannsen et al. 2008)
and, when entrained in the nitrate pool of the CCW,
raises the δ15NNO3 (Dähnke et al. 2008a).

However, some individual fingerprints can be dis-
cerned in the mixed nitrate pool of the CCW: Elbe
River nitrate in January is 2‰ more enriched in δ15N
than that of other rivers discharging into the bight
(Johannsen et al. 2008), and its influence shows up in
the isotope mixing pattern for the CCW (Fig. 3C).
δ15NNO3 values close to the mouth of the Elbe in the
Central Wadden Sea are slightly elevated relative to
values in samples further south that are not influenced
by Elbe nitrate. Instead, the slightly lower δ15NNO3

values in the southern Wadden Sea are caused by
nitrate loads from the Weser and/or Rhine Rivers. The
enriched Elbe nitrate is best indicated by a local maxi-
mum of >10‰ in the Elbe estuary (Supplement 1, data
not shown in plots).

In March 2007, the δ15NNO3 values south of the mouth
of the Elbe, close to the Weser River, appear to be more
enriched than surrounding waters, and comparison to
the bimonthly measurements by Johannsen et al.
(2008) shows that, in March, the δ15NNO3 values in the
Weser River are elevated by approximately 2‰ over
those in the Elbe River. Despite its high nitrate load,
the Rhine δ15NNO3 values apparently have little influ-
ence on the isotope signature in this mixing region,
which coincides with findings from contaminant distri-
bution studies (Sündermann 1997).

A second regional maximum is visible in January in
the northern Wadden Sea area near the North Frisian

coast, where δ15NNO3 values rise to a local maximum
of >10‰. Unlike the patterns we discussed above, this
maximum does not appear to be directly related to
river discharge, and it was not observed during the
March cruise. In the following, we will address differ-
ent mechanisms that may explain the different iso-
topic distributions in the water column in these 2
seasons.

Benthic–pelagic interactions

There are 2 possible explanations for the maximum
values of δ15NNO3 being along the North Frisian coast
in January: (1) the input of additional isotopically
enriched nitrogen from landward sources (via ground-
water or subtidal estuaries); (2) the interplay of isotope
fractionation during biological processes over the course
of a seasonal cycle and between water column and
sediment N-pools.

Groundwater can contain concentrations of DIN that
significantly exceed those found in coastal water bod-
ies, and may thus be significant in regional nutrient
budgets. Furthermore, it is known that δ15N in ground-
water can be high due to fractionation during denitrifi-
cation (Amberger & Schmidt 1987, Kroeger & Charette
2008). But there is no evidence that nitrate discharge
from groundwater plays a significant role in our study
area, and the contribution of nitrate by groundwater to
the Wadden Sea is dwarfed by riverine inputs of nitrate
(Andersen et al. 2006). In the specific region of the
northern Wadden Sea, where the maximum δ15NNO3

values occur, Andersen et al. (2007) found only a
small impact of nitrate leaching from groundwater and
attributed this to a long nitrate residence time in the
aquifers that results in near complete denitrification
and in mixing with pre-industrial groundwater masses
low in nitrate. Even in intertidal back-barrier basins,
freshwater input is only of minor importance (van
Beusekom et al. 1999, de Beer et al. 2005). We can thus
safely rule out groundwater inputs as a source respon-
sible for the high δ15NNO3 values observed in the water
column north of 54.5° N.

We favour instead the second explanation that is
based on complete assimilation of residual CCW
nitrate in the area, occurring regularly in spring and
summer, which then leads to production of 15N-
enriched particulate nitrogen from an enriched resid-
ual nitrate pool and the subsequent remineralisation of
this sedimentary particulate nitrogen in winter months.

Generally, the mass-dependent isotopic fractionation
during progressive consumption of nitrate by phyto-
plankton causes an increase in δ15NNO3 and δ18ONO3 of
the remaining nitrate. The extent to which the light
isotope is preferred over the heavy one is defined as
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the isotope effect ε and is dependent on the reaction
rate coefficients for the light and heavy isotope spe-
cies, respectively. Nitrate assimilation by phytoplank-
ton causes equal increases in δ15N and δ18O of the
residual NO3

– (Granger et al. 2004), with fractionation
factors for marine phytoplankton ranging from 5 to
20‰.

We now want to elucidate how fractionation during
nitrate assimilation may, indirectly, be responsible for
the high δ15NNO3 values we find in the northern part
of the German Bight in January.

During the biologically active season (spring and
early summer) progressive assimilation of water col-
umn nitrate, essentially of riverine origin in the CCW,
causes a decrease in nitrate concentration as each
water parcel moves northwards in the residual cur-
rent direction. This decrease in nitrate concentration
is well-documented by typically low summer nitrate
concentrations in the northern Wadden Sea (Brock-
mann et al. 1999) and nitrate limitation of biological
productivity in this part of the Wadden Sea in summer
(Loebl et al. 2009). This uptake will lead to increas-
ingly enriched δ15NNO3 and δ18ONO3 in water column
nitrate, and will, when nitrate is completely assimi-
lated, cause isotopic enrichment in phytoplankton.
Most of this particulate nitrogen is mineralized and
recycled, but a small part (<1%) is deposited in
sediment (de Haas et al. 2002), where δ15N conse-
quently should be elevated over the surrounding
regions. This hypothesis is supported by:
(1) the pronounced regional maximum of
δ15N in surface sediments that coincides
with the area that has elevated δ15NNO3

(Dähnke et al. 2008b, Serna et al. in press)
and (2) results of experiments with a 3-
dimensional ecosystem model that tracks
N-isotopes in the German Bight (Pätsch et
al. 2010). Both suggest that 15N-enriched
residual nitrate of the CCW is regularly
transferred as particulate nitrogen to sedi-
ments off the coast of North Frisia.

Sediment–water fluxes of reactive nitro-
gen are high in the northern Wadden Sea
and the inner German Bight and support a
significant portion of gross primary produc-
tion (Hydes et al. 1999). Nutrient recycling
is intense (e.g. van Beusekom & de Jonge
2002, Pätsch et al. 2010), and mineralisa-
tion of part of the sedimentary particulate
nitrogen (NH4

+) in winter is evident from
high ammonia concentrations off the coast
of North Frisia during winter months
(Fig. 6). Exceptionally, high concentrations
of suspended particulate matter (Brasse
et al. 1999) also indicate intense physical

sediment–water interaction and resuspension of sedi-
ments. We therefore assume that the sedimentary δ15N
signal, via nitrification in the sediments, is transferred
to the water column.

The legacy of the spring/summer nitrate assimilation
(and its δ15NNO3 signal), intermittently stored in surface
sediments, is likely to influence isotopic composition of
the winter nitrate pool after ammonification and nitrifi-
cation. In contrast to assimilation, the 2 isotopes in
nitrate produced by nitrification (oxidation of NH4

+ to
NO2

– and NO3
–) are uncoupled: for a first approxima-

tion, this nitrate inherits the δ15N from particulate
nitrogen being mineralised (due to limited diffusion
in sediments), whereas the δ18O is locked to that of
ambient seawater with a positive offset of approxi-
mately 2‰ (Casciotti et al. 2002, Sigman et al. 2005).
Thus, the difference in enrichment of δ18ONO3 versus
δ15NNO3 corroborates the assumption of significant
nitrification (Fig. 5A,B).

The obvious enrichment in δ15NNO3 cannot be attrib-
uted to an effect of progressive assimilation (which is
unlikely considering the season), because the 2 nitrate
isotope pairs are clearly uncoupled, which is a strong
indication for the presence of recycled nitrate (via nitri-
fication) in the winter nitrate pool off North Frisia. By
March, the nearshore region showed no significant
deviations from conservative mixing of nitrate isotopes
(Fig. 5C,D); at this time, anomalies are seen in the
offshore area.
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Water column nitrate turnover in the German Bight?

Contours of δ15NNO3 and δ18ONO3 (Fig. 4C,D) of sam-
ples taken in March 2007 (expedition AL 296) outline
high δ-values at 2 stations in the outer the German
Bight, which are significantly higher than expected
from conservative mixing (Fig. 5C,D) and in which
the δ18ONO3 enrichment exceeds the enrichment in
δ15NNO3. Salinity is >34.5, marking this as CNSW, and
nitrate concentrations are <6 µmol l–1. Riverine input
can thus be neglected. Although our data are limited
due to the coarse sampling grid, we infer a contribution
of recycled nitrate from nitrification, which may be
held responsible for the increase and the uncoupling
of the 2 isotope pairs in these samples.

To illustrate our reasoning, we plotted δ18ONO3 ver-
sus δ15NNO3 for samples taken on all 3 cruises in Janu-
ary to March 2007 (Fig. 7). Those samples taken in Jan-
uary in the open North Sea on WH 296 have an
average δ15N value of 5.7‰ and a δ18O value of 5‰
(cf. Supplement 1) and are taken to represent the
marine nitrate prior to processing in the German Bight.
We point out that the δ18ONO3 value determined in
our end-member samples is higher than that of deep-
ocean nitrate (approximately 2‰; Sigman et al. 2009)
or of sub-thermocline nitrate in the NE Atlantic (2.4‰;
Bourbonnais et al. 2009), but we currently have no
good explanation for this deviation.

Two distinct trends originate from this source signa-
ture (Fig. 7). The majority of data points scatters
around a slight trend to higher δ15NNO3 and lower
δ18ONO3; these samples are from coastal regions and
are likely dominated by nitrate from rivers or possibly
sediment nitrification in coastal regions. Much of the
scatter around this mixing trend is caused by samples
taken in March (AL 296), and we attribute it to the
onset of major biological activity (such as assimilation
in the water column) that leads to an enrichment of
δ18O and δ15N in nitrate, thus driving the NO3

– signa-
ture away from this trend. A second group of samples
outlines another distinct trend of rising δ18ONO3 and
δ15NNO3, following a slope of 1.6:1 (Fig. 7). These
samples were taken in March 2007 and deviate clearly
from the conservative mixing line we calculated
according to Fry et al. (2002) (Figs. 2B & 5) and origi-
nate from the vicinity of the Dogger Bank, a shallow
region at the edge of our study area. While there was
no apparent phytoplankton bloom in the inner German
Bight in March 2007, the bloom was incipient specifi-
cally in this Dogger Bank region, where winter blooms
are known to be common (ICES/EuroGOOS 2007,
Brockmann & Topcu 2002). This supports the role of
phytoplankton assimilation in raising the dual isotope
values of nitrate. The slope of the enrichment trend
also points to other processes besides assimilation,

because the uptake of nitrate by phytoplankton is
known to result in a parallel increase of both stable iso-
topes on a slope of 1:1 (Granger et al. 2004). The slope
of 1.6:1 thus indicates that either 18O-enriched nitrate
has been added to the residual nitrate pool, or that an
additional input of 15N-depleted nitrate shifted the
δ15N of water column nitrate away from the assimila-
tion-related 1:1 co-enrichment line.

We calculated the apparent fractionation factors 15ε
and 18ε that are associated with the nitrate drawdown
in the subset of samples following the 1.6:1 enrichment
trend according to Mariotti et al. (1981). Assuming a
marine source signature, as we find in deep waters of
the open North Sea (Supplement 1), 15ε = 3.9 ± 0.9‰
and 18ε = 6.2 ± 1.2‰ (95% CI). Notably, 15ε is at the low
end of the range of fractionation factors previously
reported for assimilation by marine phytoplankton
(Granger et al. 2004), providing additional evidence for
input of isotopically light nitrogen to the nitrate pool.
The main clue, though, appears to lie in the marked
difference in isotope effects for δ18ONO3 and δ15NNO3.

Atmospheric input of NOX with low δ15N. Would
explain the deviation from a 1:1 change. However, we
discard this possibility, because there was no signifi-
cant rainfall before or during the time of sampling, and
there is no clear difference between surface and
deeper water samples to suggest any recent input
large enough to significantly alter the isotope signa-
ture. Given the spatial limitation, the proximity of
Dogger Bank and the co-occurrence of elevated
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δ15NNO3 and δ18ONO3 values, it appears more plausible
that a biological turnover process besides phytoplank-
ton assimilation is responsible for this difference in
apparent fractionation factors.

Different processes have the potential to change
either of the 2 isotopes in nitrate. Sigman et al. (2005)
found a similar deviation of a 1:1 slope in deep waters
off the coast of Baja California. They attributed it to
nitrite/nitrate redox cycling during denitrification,
which has an effect on δ18ONO3 only, while the δ15NNO3

signature remains unchanged. This process should,
however, not occur in a well-oxygenated, mixed water
column such as that in the German Bight at this time of
year. The same applies for the input of depleted nitrate
via mineralisation of recently fixed N2—there is no
empirical evidence for N2 fixation occurring at signifi-
cant levels in the German Bight at any time of year
(Brion et al. 2004), much less in winter.

This again, as in the of North Frisian sediments in
winter, leaves nitrification as a likely internal source
of nitrate for consideration, in which the original
δ15NNO3/δ18ONO3 ratio of the water column nitrate pool
is differentially modified (Wankel et al. 2007). Thus,
our findings can be explained if the commencing
bloom in the outer German Bight is associated with
nitrate assimilation that raises δ15NNO3 and δ18ONO3

equally, whereas the steeper enrichment trend at sta-
tions near Dogger Bank results from the simultaneous
occurrence of nitrification (Wankel et al. 2007). In the
North Sea and its estuaries, nitrification has been
shown to occur perennially and regardless of water
temperature (Wuchter et al. 2006, Brion et al. 2008).
Especially in winter, nitrifying Archaea are abundant
in the particle-rich water column of the southern North
Sea (Wuchter et al. 2006), and cell counts for this group
peak in winter (Herfort et al. 2007). We do not have
any direct evidence for the participation of Archaea,
but the active nitrification despite low water tempera-
tures adds evidence for an archaeal contribution to
nitrification. Regardless of the microbiological players,
the anomalous nitrate isotopic composition in the
water column in spring is consistent with the role of
nitrification in the nitrogen cycle of the German Bight.

CONCLUSIONS

The nitrate isotope data acquired in the German
Bight in January and March make it possible to discern
different processes that affect water column nitrate
inventories. In the area closest to the coast, we see
evidence for varying influences of riverine nitrate and
particulate matter remineralisation. Apparently, nitrate
deriving from mineralisation and nitrification of sedi-
mentary organic matter can be equally important in

maintaining nitrate levels in the northern German
Bight as riverine inputs from the Rhine or Elbe.

In regions further offshore, with the onset of biologi-
cal activity in March 2007, the dual isotope signatures
of nitrate show that nitrate is consumed rapidly by bio-
logical processing. Additionally, the isotope signatures
suggest that a portion of the extant nitrate derives from
nitrification. Together, the data indicate that recycled
nitrate contributes significantly to total nitrate in the
German Bight, a notion that has until now only been
inferred on the basis of mass balances.
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