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Abstract. The global marine nitrogen cycle is constrained by largest pool of nitrogen in the biosphere, Aip;Ns unavail-
nitrogen fixation as a source of reactive nitrogen, and denitri-able to most organisms, and is only introduced to marine sys-
fication or anammox on the sink side. These processes witlems by nitrogen fixation. Hence, the marine nitrogen cycle
their respective isotope effects set the marine nittaie in the open ocean is driven by the interplay of this primary
isotope valueq'°N) to a relatively constant average of 5%.. source of reactive nitrogen and its two major sinks, anammox
This value can be used to better assess the magnitude of theaad denitrification, which both create ldnd remove reactive
sources and sink terms, but the underlying assumption is thatitrogen from the marine system (e.g., Voss and Montoya,
sedimentary denitrification and anammox, processes respor2009; Altabet, 2007; Galloway et al., 2004).
sible for approximately one-third of global nitrogen removal,  Stable isotope budgets greatly aid in assessing the turnover
have little to no isotope effect on nitrate in the water column. of this bioavailable nitrogen on both local and global scales
We investigated the isotope fractionation in sediment incu-(Brandes and Devol, 2002; Altabet et al., 2002). An impor-
bations, measuring net denitrification and nitrogen and oxy-tant prerequisite when using stable nitrogen isotopes to de-
gen stable isotope fractionation in surface sediments from théine the global nitrogen budget is that the isotope fraction-
coastal Baltic Sea (Boknis Eck, northern Germany), a siteation factors of each of these processes are adequately as-
with seasonal hypoxia and dynamic nitrogen turnover. sessed and validated. Nitrate, the predominant form of dis-
Sediment denitrification was fast, and regardless of currensolved nitrogen in the open ocean, has an average stable iso-
paradigms assuming little fractionation during sediment den+ope value of approximately 5 %o (e.g., Sigman et al., 2000)
itrification, we measured fractionation factors of 18.9 %o for (Fig. 1).
nitrogen and 15.8 %o for oxygen in nitrate. While the input of ~ This average value is determined by the interplay of nitro-
nitrate to the water column remains speculative, these resultgen fixation on the one and denitrification (here referring to
challenge the current view of fractionation during sedimen-the microbial respiration of nitrate viaJ® to Np) and anam-
tary denitrification and imply that nitrogen budget calcula- mox (bacterial comproportionation of nitrite and ammonium
tions may need to consider this variability, as both preferento Ny) on the other side. Most biological turnover processes
tial uptake of light nitrate and release of the remaining heavydiscriminate the heavier versus the lighter isotope, leading to
fraction can significantly alter water column nitrate isotope a slightly faster turnover of light*N in comparison td°N.
values at the sediment—water interface. Dinitrogen fixation has a small isotope effect (Delwiche and
Steyn, 1970), and forms light organic matter with an isotope
value of~ —2 to +2 %0, which, upon complete remineraliza-
tion and oxidation, lowers the avera@bE’N,\,o3 value in the
1 Introduction open ocean (e.g., Montoya et al., 2002; Emeis et al., 2010).
On the other hand, denitrification in anoxic water bodies has

Reactive nitrogen in the world's oceans plays a key role ing |arge isotope effect of —25 %o (e.g., Brandes et al., 1998;
governing biological productivity in the water column. The
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10— Bay (northern Germany). Despite its proximity to the coast,
- water column denitrification discharge from land is negligible at this site, and the hy-
g ~-25%o drographic setting is typical for the southwestern Baltic Sea

sl (Bange et al., 2011). Due to the mixing of saline North Sea
- water masses with fresher Baltic Sea water, the station expe-
nitrate uptake riences a seasonal stratification, coinciding with pronounced
gL €~ % hypoxia and occasional anoxia in bottom waters.

N, fixati : : ) X .
¢ ZJ)_(?%:Sn Sediments in Boknis Eck contain 4-5wt % organic mat-

ter (Whiticar, 2002; Treude et al., 2005), making it a likely
site for heterotrophic processes like denitrification. The sed-

515N NO, [%o]

4 | benthic denitrification

L & ~-2%o remineralization imentation rate is high between 0.3 and 1 cmy¢Nittrouer
- of fixed N et al., 1998). The study site is characterized by muddy, very
5 [ fluffy sediments, with porosities of up to 0.92 in the upper 3
i to 4cm (Treude et al., 2005; Orsi et al., 1996).
0 i 1 1 | l | 1 1 | 1 1 1 | 1 1 1 I
0 50 100 150 200 2 Materials and methods

. - i "
Fraction of original NO, pool [%] 2.1 Sampling and sediment incubation
Fig. 1. Isotopic changes during nitrate turnover in the open ocean

After Gruber (2004). Samples were taken on 26 April 2010 at the Boknis Eck

Time Series study site with the R/Xlkor. As part of the
routine monthly monitoring at this site, water samples were

Voss et al. 2001). To date, little is known about the isotopef@ken in Sm intervals and analyzed, among other parame-
fractionation of anammox in the water column, but it is gen- t€rS: for @ and DIN (dissolved inorganic nitrogen) concen-
erally assumed that anammoyx, just like denitrification, coin-tration using standard colorimetric procedures (Grasshoff et
cides with considerable, possibly similar, isotope fractiona-&-» 1999). Subsamples of these water column samples were
tion (Naqvi et al., 2006). filtered (GF/F, precombgsted at 450 fqr 5 h) and stored .
However, barring the uncertainty regarding the isotope ef-ffozen (-18°C) for later isotope analysis, which was possi-
fect of anammox in the water column, another challenge of?!€ in samples with [NQ] > 1 M. . _
the isotope approach is that the isotope effect also depends Additionally to the routine water Sampllng, sedlm_ent sam-
on environmental conditions. Both denitrification and anam-PIes were taken the same day with a multicorer with 10 cm
mox also occur in marine sediments, with an estimated sedidiameter core liners. Water depth at the station was 27.8m,
mentary contribution of- 44 % to total global denitrification POttom water temperature 58, and salinity in the overly-
(Seitzinger et al., 2006). The apparent isotope fractionatior"d Water 20.5.
in sedimentary denitrification is commonly believed to be  ©Overlying water was removed from the cores, and the ox-
much less pronounced than in the water column (e.g., Sigmalflized ~ 0.5 cm-thick top layer of sediment (the boundary
et al., 2009; Lehmann et al., 2003). Studies in marine deer?f wh|_ch was indicated by the appearance of black iron sul-
sea sediments have shown that sedimentary denitrificatiofld€S in subsurface layers) was scraped off and transferred
leads to enrichment of pore water nitrate, but this nitrate doedt0 @ beaker for subsequent use in the sediment incuba-
not reach the water column, thus leaving little to no isotopic ions- This surface sediment was carefully homogenized and
imprint on the water column nitrate inventory (Lehmann et continually s_tlrred while 180 ml were aliquoted into each of
al., 2007). two oxygen-lmper_meable polypropylene bags. Af_ter a pre-
Studies addressing this issue, though, addressed deep-sifigubation (overnight at 6:C) to remove all ambient ni-
sediments, and the main objective of the present study wa¥ate: sed|rnentl|5n these bagfswas spiked with a 25mM ni-
to test this hypothesis in more reactive coastal sediments, iffate solution &N =0.15%o, §7°0 =24.2 %), aiming for a
order to further elucidate the dynamics of sedimentary denifinal concentration of- 120 uM. The incubation bags were
trification. Specifically, we wanted to investigate the intrinsic tNen immediately closed and homogenized thoroughly to en-
fractionation effect in sediments, and aimed to unravel iso-SUré €ven nitrate distribution.

tope fractionation of both nitrate and nitrite reduction. During the incubation, the sediment incubation bags were
kept cool in insulated boxes. At distinct time intervals, 30 mL
Study site of homogenized sediment were transferred into 50 mL Fal-

con tubes. Care was taken to not let any ambient air enter the
The time series station Boknis Eck (24’ N, 10°02 E) is lo- bags, which were closed again immediately after sampling.
cated in the coastal Baltic Sea, at the entrance of Ecktaf The samples were immediately centrifuged (7 min, 4400 g,
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4°C) to extract pore water from the slurries. Overlying water Stenotrophomonas  nitritireducengsupplied by Nils
was filtered (GFF) and frozen immediately for later on-shoreRisgaard-Petersen). Further extraction procedures are the
analysis of nutrient concentration and nitrogen isotope val-same as for nitrate isotope determination. For calibration, we

ues. used two in-house nitrite standards with kna#ANo, val-
_ _ ues of —82.3%0 (NO2-HZG1) and-27.6 %. (NO2-HZG2)
2.2 Nutrient analysis vs. Air-No, determined independently with an elemental

. . . analyzer (Flash EA 1112) coupled to an isotope ratio mass
Nutrients from bag incubations were analyzed manua"y'spectrometer (Thermo Finnigan Delta Plus XP)

Nitrite was analyzed using standard colorimetric methods For §15Nyo,, the standard deviation of our measurements
(Grasshoff et al., 1999). Nitrate + nitrite concentrations were,, o< better thgn 0.6 %a (= 5). While this method allows for
determined by vanadium chloride reduction and subsequené simultaneous determination of oxygen isotopes in nitrite

NOx anally IS'S (NQ anallyzer ;nOdEI- 42“;iATh;rm% Env:] (standard deviation was below 0.5 %o in our analyses), nitrite
ronmental Instruments, Inc., ranxiin, ), hased on 1 eoxygen exchanges with ambient water within days to weeks
mthod by Braman and He_ndrlx (1989). N'tfate CONCEN- casciotti et al., 2007; Bhlke et al., 2007) and thus offers
tration was calculated by difference. Ammonium CONCen-p, ¢, ither information on biogeochemical processes in the
trations were measured manually in a flow-through SySte”bxperiment. Nevertheles&%BONoz values are indispensable:

where ammonium concentration was detected via changes ifs ey are needed for correction of nitrate isotope data (see
conductivity, following the method of Hall and Aller (1992). above)

2.3 Nitrate isotope analysis

. . . . 3 Results
815N and §180 of nitrate were determined with the deni-

trifier method (Sigman et al., 2001; Casciotti et al., 2002).3 1 \water column properties
In brief, water samples were injected into a suspension
of Pseudomonas aureofacie(®T CC#13985) for combined DIN and O concentrations in the water column were mea-
analysis of $*°N and 6!80. Nitrate and nitrite in water sured as part of the continuous monitoring at Boknis Eck, and
samples are quantitatively converted tgQNgas, which is  results have been published elsewhere (Bange et al., 2011).
stripped from the vials by purging with helium, concen- Here, they are only mentioned briefly where they relate to
trated and purified on a GasBench Il and analyzed on ahis investigation.
Delta V mass spectrometer (Thermo Finnigan). We per- At the time of sampling, the entire water column was oxy-
formed replicate measurements, and two international stangenated, with minimum [g] of 232.9 uM in 25 m depth. DIN
dards (IAEA-N3,815N =4.7 %o, 180 = 25.6 %) and USGS  concentrations increased with water depth (Fig. 2), with am-
34 (1N =—1.8%o, §180=-27.9 %, Bhlke et al., 2003) monium and nitrate concentration rising above 1 uM below
were measured with each batch of samples. To correct fon5m water depth. Nitrate and nitrite concentrations in bot-
exchange with oxygen atoms from water, we applied a bracktom water were 2.2 and 0.17 uM, respectively, where f{H
eting correction (Sigman et al., 2009). For further quality as-reached 3.5 uM.
surance of the results, we used an internal potassium nitrate \We measured nitrate isotopes in bottom water (25 m depth)
standard that was measured with each batch of samples. and found isotope values of 7.7 %, and 13.5 % #iNno,
81°N values showed reproducibility within the standard and §'80yo,, respectively (data not shown in plots); lower
deviation of measurements. The standard deviation for innitrate concentrations from surface water yielded unaccept-
ternational and in-house standards was 0.2 %t8N and able standard deviations.
0.5 %o for§180 (n = 5); deviations for replicate samples were
in the same range or better. 3.2 DIN concentrations and isotopes in sediment
Furthermore, the oxygen and nitrogen isotope values were  incubations
corrected for the contribution of nitrite according to the fol-

lowing formula: Over the course of the incubations, nitrate concentrations de-
creased at a rate of 87 nmolcnr3h~1 (Fig. 3a), slowing
SNO; = Spulk X (cNO3 +¢NO,) — 8No, X CN027 1) slightly towards the end of the inc_ubation. T_he parallel as-
CNO; says were very well comparable with ammonium concentra-

tions initially at 75 uM (average of the two incubations), in-
creasing steadily to 89.5 uM after 90 min. This corresponds
to an ammonium release of 11 nmol N cnm3h~1. Nitrite

whered§ andc are isotope values and concentration of the
individual components, respectively.

2.4 Nitrite isotope analysis concentrations remained stable at 2.1 uM throughout the
entire experiment.
615NN02 was analyzed according tooBlke et al. (2007). Both nitrite and nitrate isotope signatures increased over

In brief, nitrite is selectively reduced to J® by time as nitrate turnover proceeded (Fig. 3b). Initial nitrate
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0, (UM) concentration over the course of the incubation, the isotope
50 100 150 200 250 300 350 400 effect of n|tr|t§ isotope vaIues_ was calculated bas_ed on the
I T T I T I T q decrease of nitrate concentrations. The computed isotope ef-
] 7 fect is comparable to that of nitrogen in nitrate, 1&.0.4 %o
/ ——0, (Fig. 4). The offset between nitrate and nitrite isotope values
5 —®—NO; ! is nearly constant at 14 %o throughout most of the experi-
—O—NH/ ment, with almost identical nitrate and nitrite isotope values
\\ —O—NO; only at the very beginning of one incubation assay.
10 @@ )

\ 4 Discussion
4.1 Nitrate consumption in sediment incubations
[ ]
The nitrate concentration in the anoxic incubations decreased
rapidly, by an average of 140 uM over 90 min with no accu-
mulation of nitrite. Potential processes for nitrate and nitrite

]
20 -\. o Qe . e L )
reduction are anammox, denitrification and dissimilatory ni-
\ \ /\ trate reduction to ammonium (DNRA). Anammox was likely
not of any importance. We did not detect any anaerobic ox-
® idation after addition of nitrate antPN-labeled ammonium
to homogenized sediment samples from this site in October
2009 (unpublished results), consistent with observations that
this process typically contributes less than 10 % topxb-
duction or 5 % of nitrite reduction in organic-rich coastal sed-
Fig. 2. Nutrient and @ concentration in the water column in April iments (Thamdrup and D_alsgard, _2_002; Thamdr_up, 2012).
2010. Data were raised as part of the routine monitoring at Boknish urthermore, the rate of nitrate + nitrite consumption was 5-
Eck (Bange et al., 2011). fold higher than the highest rate of anammox so far reported
from marine sediments (Trimmer and Engstr, 2011).

The low ratio of ammonium accumulation to nitrate reduc-
isotope signatures in the incubations were close to that of théion also constrains DNRA to a minor potential role. Assum-
added substrate, with average values of 0.9 %0 and 25.3 %ing an adsorption coefficient of 1.3 for ammonium as in other
for 81°N and 5180 in nitrate, respectively. Within 90 min, coastal marine sediments (Berner, 1980; Mackin and Aller,
81°NNo, increased on average by49 %o to final values of ~ 1984), the accumulation of 14.5uM ammonium in the pore
52.1 and 47.8 % in the parallel incubations, @#0No, in- water corresponds to the release of (3415+ 1.3]=) 33 uM
creased by~ 41 %o to 70.0 and 62.1 %o. ammonium in total, or 24 % of the nitrate reduction, as a

Nitrite isotope data are not as consistent between the paralmaximum contribution of DNRA. Ammonium also accumu-
lel incubations, with initial values (i.e., 3 to 4 min after sub- lates due to mineralization, and the mineralization of detritus
strate addition) varying between14.7 % and—0.9% for  of Redfieldian composition coupled to the denitrification of
815N. After 8 min (1), $'°Nno, values in the incubations 140 uM nitrate would release (148C/4N- 16/106 =) 26 uM
were again comparable at an average-GR.7 %o, increas- ammonium. Thus, most of the ammonium accumulation was
ing steadily with time to 35.4 %o, (mean of both incubations) likely sourced by mineralization. We thus conclude that ni-
at the end of the experiment. Over(:l&ﬂ,5N|\|o2 closely fol-  trate removal in the homogenized sediment from Boknis Eck
lowed §1°Nno, throughout the experiment (Fig. 3b). is strongly dominated by rapid denitrification.

Isotope effects for oxygen and nitrogen in nitrate were de- This nitrate removal via heterotrophic denitrification oc-
rived from the linearization of Rayleigh model plots, accord- curred at a rate of 87 nmolcnt3h~1, which is in the range

15

depth (m)

25

nutrients (uM)

ing to Mariotti et al. (1981): of other shallow coastal sediments (Dalsgaard et al., 2005;
15 15 15 Trimmer and Engstim, 2011 and references therein). For
87N = 6" Ninitial +e(In(f)), (2)  example, Trimmer at al. (2003) found nitrate removal rates

_ o _ ~ between 40 and 110 nmolcrh~1 in sediments from the
where f denotes the fraction of the initial substrate, i.e., ni- 4 ter reach of the nitrate-rich Thames estuary, which agrees

trate, added. well with our data from Eckeriiirde Bay.
We found fractionation factors ef® = 18.9+ 0.9 %o and

¢18 = 158+ 0.7 %o for nitrate nitrogen and oxygen, respec-
tively and saw no indications of a change in the slopes as ni-
trate was depleted (Fig. 4). As there is no net change in nitrite
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Fig. 4. Rayleigh plots of the change in the N isotopic composition
of nitrate $1°N and$180) and nitrite §1°N) as a function of the
natural logarithm of the remaining nitrate fraction.

4.2 The nature and isotope effect of nitrate reduction
Water column denitrification significantly favors light nitro-

gen isotopes over heavier ones, resulting in a fractionatio
of ~ 25 %o for both nitrogen and oxygen atoms in nitrate in

the marine environment (e.g., Brandes et al., 1998; Granger

et al., 2008; Voss et al., 2001). In sediments, the reactio
rate is limited by diffusion, and, accordingly, this fraction-
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nitrite isotopes over time in two parallel sediment incubations (open and filled

ation effect is not visible in the apparent fractionation during

sedimentary denitrification (e.g., Brandes and Devol, 2002).
Recent studies (Lehmann et al., 2007; Alkhatib et al., 2012)
propose that the intrinsic isotope effect of denitrification in

sediments is comparable to that of water column denitrifica-
tion.

Our experiment vyields a fractionation factor of
e1=18.9%, which is on the low end of isotope ef-
fects reported for water column denitrification in the ocean’s
oxygen minimum zones (Voss et al., 2001; Naqvi et al.,
1998), and comparable to that measured in cultures of differ-
ent denitrifying bacteria (Granger et al., 2008). It also agrees
well with the range estimated from modeling of pore water
distributions in deep-sea sediments (11-30 %o; Lehman et
al., 2007), thus supporting that intrinsic fractionation factors
in marine sediments are within this range. We also found
considerable enrichment i&'80No,, with a fractionation
factor of 15.8%.. Both in culture (Granger et al., 2008)
and in nature (e.g., Sigman et al., 2005), denitrification
follows a fractionation of 1:1 foe18/¢15. To date,s180
fractionation during sediment denitrification has received
little attention, mainly due to analytical limitations, but
the general assumption is that the intrinsic isotope effects
for both elements are comparable to that of water column
denitrification, while restricted to the sediment pore water
only (Wankel et al., 2009). In a recent dual nitrate isotope
study on sediment denitrification off the coast of California,
Prokopenko et al. (2011) indeed measureel® <1 ratio
of 1:1 for nitrate removal. The relative enrichment of
$180No, versusst®Nyo, in our experiment is plotted on a

significantly ¢ = 0.05) lower slope of~0.83:1 (Fig. 5).

rbespite its proximity to the coast, Eckebnfle Bay is

Biogeosciences, 10, 30B&-2013
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80 - “the freshwater conundrum?”, but nitrate isotope data alone
cannot help us to solve questions regarding the underlying
70L o 4 mechanisms for this difference between marine and fresh wa-
g ters. The influence of salinity on isotope effects, both in itself
£ 60l ~ @ i and as a proxy of marine conditions, will need to be analyzed
g" y =0.83x + 24.1 P -~ in further detalil, if isotope trends are to be used as proxies of
Z 50| R?=00995 i nitrogen turnover in coastal waters.
% &
“ a0l P = 4.3 Implications for water column nitrate composition
5
3ol & | Our incubation assay, while well-fitted to derive the intrin-
( 1:1 sic isotope effects, does not represent natural conditions be-
20 A ! ! ! cause of the disruption of natural biogeochemical gradients.
0 10 20 30 40 50 60 Consequently, our experimental setup precludes the extrap-
§1¥N-NO, (%) olation of potential flux of enriched nitrate from the sedi-

ment to the water column. Nevertheless, the water column
Fig. 5. Plot of 15Ny, vs. 8180y, from sediment incubations. ~ profile of DIN concentration in April (Fig. 2) shows elevated
1:1 line is shown for reference. DIN concentration near the sediment surface, with relatively

heavy isotope signatures of 7.7 %o and 13.5 %#1ANNo,

and 3180No3, respectively. Two mechanisms for these ele-
governed by marine influences and would thus be expectedated nitrate isotope values in bottom waters shall be ex-
to follow the 1: 1 ratio. plored. One possibility is nitrification of ammonium at the

Different mechanisms could drive the8/¢1° ratio off  very surface of the sediment; the other is an impact of pref-
the expected 1:1 ratio. In freshwater soils, aquifers and waerential use of light nitrate in sedimentary denitrification,
ter bodiesg18/¢1° values were~ 0.6 during denitrification  i.e., an impact of fractionation during sedimentary denitrifi-
(Lehmann et al., 2003). The reason for this difference be-cation. Nitrification in surface sediments would require am-
tween marine and freshwater environments is still under demonium as a substrate, and sediments at Boknis Eck are a
bate. Granger et al. (2008) identified deviatt/s1° values  source of ammonium (Dale et al., 2011), which also shows in
between different enzymes that are involved in nitrate re-bottom water concentrations (Fig. 2). As oxygen is still abun-
duction: activity of the periplasmic nitrate reductase (Nap)dant, this ammonium can potentially be oxidized to nitrite
in Rhodobacter sphaeroidessulted in are8/¢15 value of  and nitrate by nitrifying microorganisms. We did not mea-
~ 0.6, whereas the membrane-bound respiratory nitrate resure ammonium isotope signatures in the water column, but
ductase (Nar) in classical heterotrophic denitrifiers producedassuming that remineralization does not coincide with sig-
¢18/¢15 values of~ 1. The authors conclude that an addi- nificant fractionation (Kendall, 1998; Lehmann et al., 2004),
tional expression of Nap in classical denitrifiers can lead tothe isotope value of surface sediments should be transferred
deviations ine18/¢15 from the 1: 1 ratio. to ammonium. Sediments in the Kattegat region has*h

Although Nap is not part of respiratory nitrate reduction of ~7 %o (Moss et al., 2005). Assuming this value for dis-
during denitrification, these findings illustrate that different solved ammonium, nitrification should produce isotopically
nitrate reductase enzymes can lead to variation in isotopdighter nitrate, as the fractionation factor for ammonium ox-
fractionation of oxygen and nitrogen during denitrification. idation ranges between 14 and 35 %o (Casciotti et al., 2003).
Accordingly, variations in enzyme equipment between dif- Thus, this appears like an unlikely explanation of the rela-
ferent strains of denitrifiers, in marine and freshwater com-tively heavy isotope values, as it would also require the sedi-
munities (Wunderlich et al., 2012), still seem a likely expla- ments to be a net nitrate source, which is improbable in Bok-
nation of the variant18/¢1° ratio. nis Eck sediments (cf. Dale et al., 2011).

Eckernbrde Bay, while representative of the situation in  If this water column nitrate on the other hand is influenced
the western Baltic Sea, is less saline 14-24, Treude et by the fractionation occurring during sedimentary denitrifi-
al., 2005) than the open ocean, so we hypothesize that theation, the water should be relatively enrichedS?ﬁNNoa.
¢18/£15 value in Eckernfrde Bay may be a legacy of its Bottom water nitrate in April has &°Nno, of 7.7 %o, and
intermediate status between these different environments. Mvhile this is derived from a single measurement and thus
this hypothesis holds, similar relationships betw&&iNyo, is a tentative result, it points towards a contribution of en-
and(SlsoNo3 should be generated during water column deni- riched nitrate to the total pool, elevatidg®Nno, both above
trification in enclosed seas like the Baltic or Black Sea, but tothe marine background of 5%. and depleted isotope values
the best of our knowledge, there are no published studies ad« 7 %0 as we might expect them from nitrification of am-
dressing this issue. Our data accordingly add more evidencenonium. The highSlSONo3 value (13.5 %o in bottom water)
to the occurrence of what Granger et al. (2008) referred to aglso suggests that a fractionating process impacted bottom

Biogeosciences, 10, 3073688 2013 www.biogeosciences.net/10/3079/2013/
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water nitrate. Such enrichment cannot be explained by nitri+eduction in denitrifiers might lower the observed isotope ef-
fication, because during nitrification, five out of six, if not fect. However, classical denitrifiers generally seem to rely
more, oxygen atoms in freshly produced nitrate stem fromon nitrate reduction by Nar, with little contribution of Nap
ambient water (Casciotti et al., 2002). This water has a rel-during anaerobic growth (Moreno-Vam et al., 1999; Shap-
atively low 580 value of, depending on the influence of leigh, 2006).

freshwater, 0 %o or less (Harwood et al., 2008). One oxy- We will accordingly explore two hypotheses for the in-
gen atom can derive from dissolved,Qvhich has a5180 triguing difference between the Rayleigh fractionation factor
of 23.5%o (Kroopnick and Craig, 1972). The weighted av- of nitrate and §*°Nno,-61°Nno,): (1) reversibility of nitrate
erage of these sources yields an isotope value far below theeduction on the enzyme level and (2) further fractionation
observed 13.5 %o f0880N0,. Hence, it is implausible that ~ during nitrite processing.

this relatively enriched oxygen value of nitrate can be derived

directly from nitrification. 4.4.1 Reversibility of nitrate reduction

4.4  Coupling of nitrite and nitrate isotope effects Within the cytoplasm, nitrate is reduced to nitrite, and the
difference in isotope values of intracellular nitrate and nitrite
Throughout our experiment, the nitrite concentration re-should correspond to the enzyme-level isotope effect of Nar,
mained constant, and there was no intermediate nitritsfor example, 19 %o.. During re-oxidation of nitrite, inverse
accumulation (Fig. 3a). Despite these static concentraisotope fractionation occurs (Casciotti, 2009), so nitrate, the
tions, §1°Nno, changed rapidly and followe#f°Nno, very  substrate of Nar, would become more enriched as the reac-
closely. This proves that nitrite is an active intermediate intion proceeds, producing less depleted nitrite than without re-
dissimilation, and that we did not measure a refractory ni-oxidation. While studies addressing this fractionator during
trite pool that was below the threshold for bacterial uptake.re-oxidation refer to natural environments, the same mecha-
It is evident that nitrate and subsequent nitrite reduction arenisms might apply for reverse reactions on the enzyme level.
closely coupled, as isotope values of nitrite closely follow Such intracellular re-oxidation of nitrite would lower the off-

that of nitrate throughout the incubation. set between nitrite and extracellular nitrate, so it would, from
The calculated!® values for nitrite and nitrate are almost a mathematical point of view, explain our data nicely.
identical, which is also influenced by calculatistyNO, on Unfortunately, there is no evidence of reversibility of

the basis of the remaining nitrate concentration. Neverthenitrate reduction denitrification on a cellular level. Nitrite
less, if there were no fractionation apart from that coupled toexchanges oxygen atoms with ambient water, so any re-
nitrate reduction involved between extracellular nitrate andoxidation should be visible in oxygen atoms in nitrite. Dif-
nitrite, the difference betweeft®Nno, ands*®Nyo, should  ferent recent studies (Kfler et al., 2011; Wunderlich et
equal the inferred value @f15NN03. Surprisingly, thisis not  al., 2012) closely investigated the potential for nitrite re-
the cases®Nyo, — 81°Nno, is consistently lower than the oxidation, and concur that there is no re-oxidation of nitrite
nitrate fractionation factor derived from the Rayleigh plot during dissimilatory nitrate reduction within bacterial cells
(Fig. 4), 14.2+ 1.3 %0 compared ta®Nno, =18.9%0 (av-  under anoxic conditions.
erage of both incubations), leaving a difference of 4-5 %o.

Reasons for this discrepancy may lie in the molecular ba4.4.2 Fractionation during nitrite processing?
sis of denitrification in the denitrifying cells. Denitrifiers are
a polyphyletic group (e.g., Zumft, 1997; Thamdrup and Dals- Another explanation of the unexpected offset between nitrite
gaard, 2008), but mostly belonging to the Gram-negativeand nitrate isotope values is that further fractionation occurs
Proteobacteria. For simplicity, we will thus restrict the dis- during denitrification, i.e., that nitrite is subject to another in-
cussion on the impact of intracellular transport and turnoverdependent fractionation factor within the cell. We will eval-
to this group (see Fig. 6). During denitrification, the first step uate this option based on individual process rates within the
is the uptake of nitrate across the cell wall into the cyto- cell.
plasm, because the respiratory nitrate reductase Nar, which At the beginning of the reaction, nitrate is actively trans-
catalyzes the first step of denitrification, is an integral mem-ported into the cellX; in Fig. 6), and the loss rate of nitrate
brane protein with its active site directed towards the cyto-back out of the cell is assumed to be much lower (ke3>
plasm. After reduction, nitrite has to be transported out ofk_1, cf. Granger et al., 2008; Wunderlich et al., 2012). Within
the cell into the periplasm, where the nitrite reductase (Nir)the cytoplasm, nitrate is reduced by Nar at raieassum-
is located (Wunderlich et al., 2012; Zumft, 1997). Addition- ingly with an isotope effect of- 19 %.. Accordingly, the ini-
ally, denitrifiers can also possess a second nitrate reducingally produced intracellular nitrite should have an isotope
enzyme, the periplasmic Nap, but this enzyme is not involvedvalue that is 19 %. below that of nitrate. For further reduc-
in energy conservation, as it does not translocate protongon, nitrite will now be actively transported to the periplasm,
across the inner membrane. As discussed previously, Grangavhere it is reduced to NO by Nir. Both processes, export to
et al. (2008) speculated that an involvement of Nap in nitratethe periplasm and nitrite reduction rate, are controlled via
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at a much higher rate than the turnover of nitritg ¥ k4),

we conclude that the offset is most likely due to a delayed
response of the extracellular nitrite pool: the import/export
does not keep track with the much faster internal process-
ing of nitrate and nitrite. This scenario explains both the ni-
trate and the nitrite isotope data in our incubation, and needs
to be kept in mind in further investigations that aim to ad-
dress the specific isotope effect of individual reduction steps.
Hopefully, further analytical advances will permit a more de-
tailed analysis of these intermediates and isotope fractiona-
tion during individual steps of denitrification, adding further

further
denitrification

c2-4%07?

NO; evidence to our data.
5 Conclusions
This study of isotope changes during denitrification con-
firmed that isotope fractionation during nitrate reduction co-
NOS‘ < incides with a comparable fractionation as water column den-

itrification, and that this is not merely characteristic of deep-
sea sites with relatively low reactivity, but also of coastal sites
that receive significant amounts of organic matter, which can
fuel denitrification. Concomitant analysis of nitrate isotope
values in bottom water showed that nitrate is enriched over
the marine background value. This cannot be explained by
nitrate production via nitrification alone, because ammonium
is abundant and the associated fractionation should lower ni-
trate isotope values. These data provide first evidence that the
current view of sedimentary denitrification having little to no
Flg 6. lllustration of nitrate and nitrite reduction enzymes and their impact on water column nitrate isotope values m|ght need to
orientation across the bacterial membrane. For the sake of claritybe re-evaluated, which is an exciting area for future studies.
nitrate ad- and desorption to e_md from the outer membrane are not Apart from these tentative first data, our experiment al-
shown (see Sect. 4.4, for details). lowed some conclusions on intracellular processing during
denitrification. We measured isotope values of both substrate
and first intermediate of denitrification, nitrate and nitrite,
and find an offset between the respective isotope values. We

e : . attribute this to a delayed response of the extracellular nitrite
equilibrium between both reactions (i.e., the ratgandks) pool due to rapid turnover within the cell, which has previ-

could theoretically explain the constant isotope offset: if the R
X o : ously been overlooked due to analytical limitations.
fraction of exported vs. reduced nitrite remains constant, the

same holds for the fraction of substrate versus the original

concentration resulting in a constant value forfn(This  acknowledgementsThe authors thank Niko Finke for technical ad-
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