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Abstract. We present new data for the stable isotope ratio of(Gruber, 2008). Although most chemical forms of nitrogen
inorganic nitrogen species from the contrasting oxygen min-in the ocean are bio-available (i.e. fixed nitrogen or “fixed-
imum zones (OMZs) of the Eastern Tropical North Atlantic, N”) the most abundant form, Ns generally not. The sources
south of Cape Verde, and the Eastern Tropical South Pacifiof fixed-N include river inputs, atmospheric deposition and
off Peru. Differences in minimum oxygen concentration andN; fixation (Duce et al., 2008; Gruber, 2008). Sinks of
corresponding N-cycle processes for the two OMZs are refixed-N, producing N, include microbial denitrification and
flected in strongly contrasting}°N distributions. Pacific sur- anammox processes, both requiring very low (i.e. suboxic)
face waters are marked by strongly positive valuess 8N- [O2] (Devol, 2008). Hence suboxic Oxygen Minimum Zones
NO;3) reflecting fractionation associated with subsurface N-(OMZs) are the oceanic regions especially associated with
loss and partial NQ utilization. This contrasts with nega- denitrification (Cline and Richards, 1972; Codispoti et al.,
tive values in N@ depleted surface waters of the Atlantic 2001; Ward et al., 2009) and anammox (Lam et al., 2009;
which are lower than can be exp]ained by N Supp|y VB N Thamdrup et al., 2006; Hamer5|ey et al., 2007; Galan et al.,
fixation. We suggest the negative values reflect inputs of ni2009) and play a particularly important role in the global ni-
trate, possibly transient, associated with deposition of Sahalrogen cycle as sites of N sinks from the ocean. They are lo-
ran dust. Strong signals of N-loss processes in the subsurfaceted typically in areas of upwelling with high productivity
Pacific OMZ are evident in the isotope ang@data, both of ~ Which exhibit complex cycling of nutrients (Helly and Levin,
which are compatible with a contribution of canonical deni- 2004).
trification to overall N-loss. However the apparent N isotope ~ The relative importance of heterotrophic denitrification (a
fractionation factor observed is relatively lowgE11.4%0)  Stepwise reduction process involving a number of interme-
suggesting an effect of influence from denitrification in sedi- diates, NQ — NO; — NO— N2O— Ny), compared to
ments. Identical positive correlation ob® vs. AOU forwa-  autotrophic anammox (a chemosynthetic process, NO
ters with oxygen concentrations (fP< 5 umol 1) in both NH;{ — N2) has been debated (Moss and Montoya, 2009;
regions reflect a nitrification source. Sharp decrease;@d N Koeve and Khler, 2010).
concentrations is observed in the Pacific OMZ due to denitri-  Absence of ammonium in suboxic OMZs that should have
fication under oxygen concentrations ©5 pmol 1. accumulated from organic matter breakdown could be in-
dicative of anammox, while the consumption op@ re-
quires the denitrification process (Naqvi et al., 2010).
1 Introduction Although OMZs are found in all major ocean basins,
their associated nitrogen cycle processes can vary dra-
Nitrogen is a key limiting element for biological produc- matically due to contrasting minimum oxygen levels.
tivity and occupies a central role in ocean biogeochemistryin the Eastern Tropical South Pacific (ETSP), suboxic
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([02] <5 pmol 1) conditions are found, whereas in East-
ern Tropical North Atlantic (ETNA), more relaxed condi-
tions exist ([Q] > 40 umol I'1) (Karstensen et al., 2008). In
addition, fixed-N inputs associated with atmospheric deposi-
tion and, possibly, BHixation, vary between the two regions
(Chavez and Messie, 2009).

Cruises carried out during the collaborative research B2
project SFB-754ww.sfb754.d¢ of the German Research ’
Foundation and the BMBF supported project SOPRAN (Sur-  |=
face Ocean Processes in the Anthropocewaiw.sopran.  2o-sha
pangaea.dgeprovided unigue opportunities to sample nitro-
gen species in these two contrasting regions. Here we prese
a comparison of BO concentration and stable nitrogen iso- 100w 8OW.
tope distributions, which were measured in both OMZs to
highlight the similarities and differences in nitrogen cycling Fig. 1. Oxygen distribution at 200 m (Schlitzer, R., Ocean Data
between the two regions. View, World Ocean Atlas 2005http://odv.awi.de/en/data/ocean/

world_oceanatlas2005) with CTD station locations in the Pacific
(a) and Atlantic(b) study regions referred to in the text. White
2 Sampling and analytical methods circles indicate station 84 (a) and station 5 (b).

In the Pacific OMZ, samples were collected onboard the R/V ] . ] .

Meteor (M77 Legs 3 and 4) in December 2008 and JanuaryWas converted on-line to Nfor isotopic analysis. The de-
2009 (Fig. 1). In the Atlantic OMZ, samples were collected tection limit at IFM-GEOMAR was 0.2 pmoft of nitrate
on the R/VL'Atalante (cruise leg ATA03) during February ©F nitrite with the precision of thé1°N measurements being
2008 from Dakar to Cape Verde Islands and on the Ria# 0.2 %. The d_etection limit at S_MAST was slightly higher,
teor (M80) in December 2009 covering the region south to 0-5 kmol %, with the same precision 6PN measurements.
Cape Verde Islands. At each station, water samples were 1he analyses of the Pacific deep water sample500 m)
collected using 121 Niskin bottles on a CTD rosette systemffom both labs gave near identical values 6°N-
equipped with temperature, pressure, conductivity and oxy{[NOz ]*[NO3]) of 5.69+ 0.7 %o (IFM-GEOMAR; n = 31)
gen sensors. Nutrients and oxygen were determined onboar@d 5-62£ 0.4 %o (SMAST;n = 8) respectively. The Fisher
according to Grasshoff et al. (1999). Triplicate water sam-{€st showed that we can merge the two data sets with a
ples were taken from the CTD/rosette casts and were angconfidence level>95 %.  The resuling mean value of
lyzed for dissolved MO onboard using a static equilibration 9-644 0.7 %o (2 = 39) lies between previously published val-

method. For details concerning the® method, see Walter €S 0f 6.5%. Voss (2001) and 4.5%. Sigman (1997) for
et al. (2006). the deep North Pacific Ocean. Deep waters of the At-

Water samples fo825N nitrate and nitrite analysis were lantic showed very similar values as those of the Pa_cific
collected in 125 ml HDPE bottles and kept frozen prior to (5:3 %0+ 0.5 for > 2000m, see Supplementary material,
analysis. For logistical reasons, samples from the M777able 1).
cruise that contained low to negligible levels of nitrite
(INO;]1<0.1 pumol 1) were aC|d|f|.ed gnd_ §tored at room g Hydrographic setting of the two study regions
temperature, whereas samples with significant Jil@ere
kept frozen prior to theSl5N—N05 analysis. Aliquots of In the North Equatorial Atlantic region, the eastward flow
these samples were treated in the laboratory with sufficientf the North Equatorial Counter Current (NECC) and North
sulfanilic acid to remove [NQ] prior to 815N-NO§ analysis  Equatorial Under Current (NEUC) supplies oxygen rich wa-
with any remaining sample stored at room temperature. ters to the Atlantic OMZ (Glessmer et al., 2009). The water

The isotopic composition of dissolved nitraté*{N- mass distribution in this Atlantic OMZ study region (Fig. 1b)
NO3) and nitrite 615N-NO§ ) was measured using the Cd- is affected by the Cape Verde Frontal Zone, which marks
reduction/azide method (Mcllvin and Altabet, 2005) with ad- the boundary between North and South Atlantic Central Wa-
dition of NaCl as described by Ryabenko et al. (2009). All ters (NACW, SACW). This separates well-ventilated waters
the samples from the Atlantic study region and 50 % of theof the subtropical gyre in the north from less-ventilated wa-
Pacific samples were analyzed at the IFM-GEOMAR in Ger-ters to the south. Our CTD data (Fig. 2) show water mass
many, while c. 50 % of the Pacific samples were analyzed aproperties<500 m intermediate between those of NACW
SMAST in the USA, using the same method. The only dif- and SACW. Antarctic Intermediate Water (AAIW: 326,
ference was that at SMASTJ produced by this method S = 34.5) is found at~1000m with North Atlantic Deep
was analyzed isotopically, whereas at IFM-GEOMARON  Water (NADW) filling the depth range betweeril000 and
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Table 1. Predicted surface watéf>N-NO3 under different scenarios.idral = Faust* Fmixing —Fassimilation The end members far'>N
surface water calculation wer&®N-dust =—7 %o, 1°N-mixing =5 %o ands1°N-assimilation =—5 %o.

scenario 515N'No§ surface  RusfFiotah % Fmixing/Fotal: % FassimilatiodFtotal, %

water
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Fig. 2. T-S diagrams with @ color coded for the Pacifita) and
the Atlantic(b) study regions from CTD data collected during the
M77, M80 andL’Atalantecruises.

Fig. 3. Oxygen distribution in the Pacifi¢a) and the Atlantic

(b) study regions, as measured on the cruises M77, M80 and
L'Atalante The red lines show the water-column profiles for M77
station 84 in the Pacific and M80 station 5 in the Atlantic

4000 m (Fig. 2b). A summary of the water masses properties

found_ln both study regions is presented in Supplementarymore intense as compared to the Atlantic (Karstensen et al.,
material, Table 1.

2008). The resulting very low oxygen concentrations favor
In the South Pacific, the Equatorial Undercurrent (EUC), metabolic pathways that convert nitrogen from biologically

Southern Subsurface Counter Currents (SCCs), and thgeactive “fixed” forms (for example nitrate, nitrite or ammo-

Southern Intermediate Counter Currents (SICC) supplynjum) to N, via denitrification and/or anammox.

13°C Equatorial Water (13CW, 2580y < 26.6) to the east-

ern Pacific OMZ (Stramma et al., 2010). The westward flow-

ing South Equatorial Current (SEC) may recirculate some

13 water from the OMZ by returning eastward as the South

Subsurface Counter Current at 3-S5 (Schott et al., 2004). 4 Results and discussion

The origin of 13CW is remote from the equator (Qu et al.,

2009) mostly as Subantarctic Mode Water (SAMW, (T09- 4.1 vertical distribution of nitrogen species and isotopes

gweiler et al., 1991)) and transports very oxygen depleted

waters to the OMZ, due to its relative old age. The South Pa-

cific Subtropical Underwater (STUW) is a likely,Gource ~ 4-1.1 General

from the south which is centered on thg= 25.0 isopycnal

and is well-ventilated across nearly the full width of the sub- pjissolved G varies considerably in its depth distribution
tropical gyre (O'Connor et al., 2002). The low-salinity water petween the Atlantic and Pacific study regions as shown in
(S<34.5) found between c. 500 and 1000 m southward offig. 3. Figure 4 presents typical water column profiles for
10° S iS AntarCtiC |ntermediate Water (AA'W) South PaCiﬁC Oxygen and Several nitrogen re'ated properties from both
Deep Water (1.2-2C) is found between c. 1500-3000 m and stydy regions (outside of the upwelling zones). Stations 5
is underlain by Lower Circumpolar Water (LCPW) (Fiedler (atlantic, M80) and 84 (Pacific, M77) were chosen due to
and Talley, 2006) (Fig. 2a). synoptic availability of NO, 81N and [NG,] data. The

Because of the differences in hydrography and signif-geographic positions of the stations are indicated on Fig. 1
icantly lower oxygen supply, the Pacific OMZ is much by white circles.
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Fig. 4. Typical water column profiles from the SE Pacific OMZ
(st. 84, 82 W/14° S) from the M77 cruise (upper panels) and the
NE Atlantic OMZ (st. 5, 20.83W/12.3 N) from the M80 cruise
(lower panels). Black lines in the Pacific indic@t@N-NOg and
815N-NO; , and the red line indicate>N-DIN (calculated as the
concentration weighed average of the N@nd NG, 815N val-
ues). Note the different of scales f8¥°N: —20 to +20 %o in the
Pacific and-5 to +20 %o in the Atlantic.

4.1.2 Pacific study region

In the Pacific study region, the OMZ contains mostly
13CW, with oxygen concentratiors2 umol I-1 at depths as
shallow as~50 m and as deep as550 m. The Pacific station

(Fig. 4, upper panels) is also characterized by a broad oxyge

minimum with [O] <2 umol 1 (170-400m). We divide

the Pacific profile into layers (a) and (b) to focus the discus-
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81°N-NO; is generally much lower tha#'°N-NO; and
the difference between the two increases from layer a to
layer b. Relativé®®N depletion in nitrite can be explained by
isotopic fractionation during nitrate reduction to nitrite. A
smaller difference betweest®N-NO; and §1°N-NO, ob-
served in the oxycline is likely due to nitrification as the
fractionation effect of the process is significantly smaller
(~13 %o) (Casciotti, 2009; Casciotti and Mcllvin, 2007) then
the one expected for denitrification 25 %o0) (Barford, 1999;
Granger, 2006). Thus there is evidence for a clear switch
from nitrification to denitrification with depth.

Layer b (120m to 400m). & concentrations in this
layer drop below 5 pmoH?! and there is a strong increase in
[NO; ] towards a “secondary” maximum at the core of OMZ.
N2O concentrations drop sharply within the OMZ core to
~10nmol 1 and increase again only towards the lower bor-
der of the layer. Denitrification is the only N-removal pro-
cess which is known to consume®, hence it is likely that
both the increase in [N{J and the increase and decrease in
[N2O] within this layer can be attributed to different stages
of canonical denitrification (NQ — NO, — N2O — N2)
(Bange, 2008). The vertical profiles, especially the minimum
in N2O within the OMZ’s core, provide strong evidence that
all stages of canonical denitrification influence nitrogen spe-
ciation in this layer. The observed increaseSFﬁN-NOg
and decrease i8115N-NOg at the base of the layer B are also
ﬁonsistent with denitrification, which leaves [§Pdepleted
in 15N. Interestingly, the difference betweét’N-NO; and
§15N-NO; values are higher¢30 %.) than fractionation fac-

sion of nitrogen transformations at the upper OMZ boundary!©r calculated for N-loss process within OMZ11.4 %, see

and its core.
Layer a (0—120 m) includes-&70 m deep mixed layer and

the 50 m deep euphotic zone (Chavez and Messie, 2009

and contains water with the highest oxygen concentration ) " o9 S T A
o ciotti, 2009). Nitrite oxidation can appear in nitrification-

as well as a very sharp oxycline at 80—120 m in which][
drops from~150 to 20 pmolt!. The primary nitrite max-

imum lies close to the base of the euphotic zone and ca

be a consequence of two processes (Lomas and Lipschul
2006): light-limited, incomplete assimilatory reduction of ni-

trate by phytoplankton and microbial ammonium oxidation

to nitrite (i.e. the first step of nitrification). Near-surface

below) but close to the expected value for pure culture stud-

ies (28.6 %o) (i.e. Barford et al., 1999). The reason for this
ould be the nitrite oxidation, which has an inverse isotopic
ractionation effect, leaving'>N-NO, depleted irt°N (Cas-

denitrification coupled systems or in anammox as a side-

ieaction (i.e. Straus 1998, van de Graaf 1996). The deep

NO; ] maximum can support anammox, which has been ob-

served in several previous studies of this region (Galan et al.,
2009; Hamersley et al., 2007; Lam et al., 2009).

4.1.3 Atlantic study region

is close to saturation and increases within the oxycline from

~12 to~45 nmol 1. The observed increase in nitrous oxide

In the Atlantic study region, the oxygen profile has two min-

within the oxycline can be associated with ammonia oxida-jma at~70 m and~400 m (Fig. 3b). The shallow minimum

tion (Codispoti, 2010), which leads to an efflux of® from

is strongest between Senegal and the Cape Verde Islands and

the mixed layer to the atmosphere via gas exchange. Thes probably caused by enhanced subsurface remineralization

concentrations of [NQ] and [NQ, ] above 80 m in layer a
at this station were below our detection limit #°N mea-
surement (0.2 umott). Higher near-surface DIN concen-
trations were observed at other stations along thé&/8@&an-
sect and the correspondir&é5N-NO§ values were as high
as 20 %o. High surfacé!>N-NOj is likely the result of in-

associated with high biological productivity and a shallow
mixed layer (Karstensen et al., 2008). The deeper minimum
is more prominent south of Cape Verde and is associated with
the water mass boundary between Central Water and AAIW
(Stramma et al., 2005). The double oxygen minimum (Fig.
3) is therefore caused by the mixing of two water masses

complete nutrient utilization and fractionation during nitrate from the North and South (NACW and SACW) of the At-

assimilation (Granger et al., 2004).

Biogeosciences, 9, 20245 2012
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Apparent exceptions are found at stations 87 al¥%mnd
67 at 30 W (marked with white and purple crosses in Fig. 5)
where lows'°N of —4 and—3 %. are observed at 50 and 40 m
respectively. Corresponding nitrate concentrations are 0.25
\ ’ NUNT] | C—— and 0.20 umolt?, respectively, and nitrite concentration is
’:W s s s below the detection limit. While these values appear to be too
et e deep to be influenced by atmospheric input, in fact the mixed
Fig. 5. Shallow vertical profiles of M80 stations south to Cape layer is indeed deep_er at these stations: 49—50m instead of
Verde islands in the Atlantic. Stations: 1 (TENATSO) and 5, 67, 20m. Thus, we believe, that the lo#°N signal at these
76, 81 and 87 located between”I@and 9 N. stations could also originate from atmospheric deposition. To
be conservative, we only considered the upper 20m water
column for our calculations of nitrogen fluxes in the Table 1
The profiles from the Atlantic station (Fig. 4, lower pan- (see Sect. 4.2.5).
els) are considerably simpler, with fewer subsurface features. At station 1 (TENATSO, marked with black cross in
Once again, two layers have been distinguished based oRig. 5) between 40—-60 m isotope signature lay §°N<5
oxygen concentration and its influence on dominant nitrogerwith nitrate concentrations increasing up to 6 uméland
cycle processes. nitrite up to 0.55 umolt!. Elevated nitrate and nitrite con-
Layer a (0-50 m) includes the surface mixed layer whichcentrations having a'°N signature of only few per mil is
extends to c. 30m. This layer includes the steepest part ofiere likely due to N-fixation, which was observed in this re-
the oxycline, a strong increase in® with depth, and a pri-  gion during other studies (i.e. Bourbonnais 2009).
mary nitrite maximum which lies at the base of this layer. | ayer b (below 50 m) includes the core of the Atlantic
Thes™®N of DIN increases steadily throughout this layer and OMz. In contrast to the Pacific OMZ, the Atlantic profiles
reaches a maximum at a depth close to the primary nitritthad no secondary nitrite maximum, aétN values and
maximum. These features can be attributed to a combinan,O concentrations remained relatively constant with depth.
tion of remineralization of organic matter, nitrite excretion The N,O profiles show no evidence for consumption as was
by phytoplankton after nitrate reduction and nitrification. In seen in the Pacific. This is a clear indication for the absence
contrast to the Pacific study region, the surface layer hass significant denitrification in this region. A slight increase
minimum values of*>N in DIN, with some values being in N,O with depth below 50 m can be explained by nitrifica-

strongly negative (e.g-5.6 %o at 20 m). tion (Walter et al., 2006).
Examination of near-surface profiles from the Atlantic

(Fig. 5) reveals negative values ®°N in DIN within the 4.2 Property-property distributions

surface mixed layer at stations located South of Cape Verde

and at the TENATSO station. There is a tendency for the4.2.1 Nitrate to Phosphate

values to be most negative at the shallowest depths (20 m)

with extremely lows!°N values almost always observed in Figure 6 presents the NOto PO, relationship (with dis-
this depth range. Generally below 20 m, bothg\l&'}5N and  solved oxygen concentrations as the color code) for the At-
concentration increase with depth. We argue that the sourclntic and Pacific study regions. According to Redfield
of nitrate at the very surface of stations with I6%N NOj3 is stoichiometry, the average ocean ratio of N:P is 16:1. De-
from atmospheric deposition (see below, Sect. 4.2.5). Nitriteviations from this ratio can be an indicator for which nutri-
concentration was below the detection limit of 0.02 umé||  ent sink/source processes are dominating in the ocean region
while [NO3] concentrations in the region are about 0.1- of interest. Waters in the Pacific study region are highly N-
0.5umol L. Thus contamination via nitrite cannot be the deficient (N:R<16), with the highest deficits found in oxygen
reason for lows1°N values. In regions more influenced by minimum waters (purple coloring, Fig. 6a) and associated
upwelled waters, the near-surface values were higher in thavith the N-removal processes denitrification and/or anam-
range +4 — +7 %o and more consistent with an isotopic sig-MoX (Deutsch et al., 2001). Data from the Atlantic study re-
nal from upwelled NQ. Even though these concentration gion show strong positive deviations from the 16:1 Redfield
levels lie close to our detection limit f6£5N measurements ~ Stoichiometry, which can be a result opfixation (Hansell
(0.2 umol 1), all surface water samples were measured 58t al., 2004; Michaels et al., 1996; Gruber and Sarmiento,
times and gave reliable values with95 % reliability and ~ 1997) and/or nutrient uptake and/or remineralization with
+0.3%o standard deviation. Further, laboratory tests withnon-Redfield stoichiometry (Monteiro and Follows, 2006).
dilutions of $15N standards showed no suggestion of any Positive deviations from Redfield stoichiometry can also, po-

systematic change of measudN values with decreasing tentially, be caused by atmospheric deposition of nitrogen
[NO3] concentrations. (Duce et al., 2008). Note that our treatment of deviations

in [NOg]:[POi_] does not include the nitrite (ND) pro-
duced under low oxygen. Including NOn the calculation,

/
20| L

B ~\. r/‘yv /// \ ‘

\W| -
80| \ ft y pd

Depth [m]
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O, [umol/l] 250

O, lpmolt] time distribution (TTD) approach, where CFC-12 and; SF
data are used to calculate a mean-age of a water parcel. Al-
ternatively, a “layer” method (Walter et al., 2004) uses differ-
ent equilibrium NO concentrations for mixed layer and deep
10 waters. For the sake of simplicity we used here the “contem-
L porary” approach, where the fJeq in the upper 500 m is
* calculated based on the contemporary atmospheric dry mole
. fraction of NbO (N>O of 322x 102 for Pacific data and
l 323x 1079 for Atlantic data, http://agage.eas.gatech.edu/
L (Nevison et al., 2003; Yoshinari, 1976). Although the con-
temporary method may lead to underestimationdf,O
vs. AOU slopes of up to 17 % (Freing et al., 2009), it does

Fig. 6. [NO3]:[POg] relationships in the Pacifi@) and the Atlantic o 0 ot the qualitative comparison of the Atlantic and Pa-
(b) study regions. The data are color-coded by oxygen concentra- q P

tion. Note that the average [N@[PO] relationship in the Pacific  Ciic Study regions given below. An overall linear relation-
was calculated for [§]>50 pmol I-L. ship of AN2O to AOU (Fig. 7) was observed previously in

both regions (Oudot et al., 1990; Elkins et al., 1978; Nevison
etal., 2003).

@
3

a 2. & b
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g
{3t 200 3 200

Redfield 16N:1P
« il

»
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8

20

: 2 2 3
! Phosphate [umglll] Phosphate [umol/l]

0, [umol/] 0, [umol/]
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However, the Pacific relationship has two different slopes

50 Séféé’“u*‘,‘,ﬁ, w P 200 for oxygen concentrations below and above 50 pumbl|
s° . ,.,"" S (which corresponds here to an AOU of c. 208 umd)!
R " For 5<[0] <50 pmol I'% the slope of theAN,O to AOU
TEET LT e 57 w  relation is 0.3G£0.050 which is significantly higher than

L Clle »  that for [O] >50pumol! (0.104+0.009). This is sug-

) (ositan gestive of a higher yield of pO per mole NQ pro-

0 300

100 200
AOU [umoll]

100 200
AOU [umoln]

duced by nitrification at low oxygen levels (Goreau et al.,

1980; Stein and Yung, 2003). In Pacific waters with

Fig. 7. AN2O vs. AOU at upper oxycline (350 m in the Pacific [0,] <5 umol ! (AOU of c. 248 umol 1), AN,O concen-
(a) and 500m the Atlanti¢b) study areas) with oxygen concen- trations decrease again to near-zero values, indicative of the
tration as color code. Black dashed Iin_es_show the correlation_ bet:onsumption of MO at very low oxygen levels mentioned
tween AN>O anld AOU, empty circles indicate the samples with above. Corresponding changes in slope are not visible in
[O2] <5 pmol =, the Atlantic data, likely because there are so few data with
[02] <50pmol L. The slopes of theAN,O vs. AOU re-
lationships for [@] > 50 umol I are remarkably similar in
%oth regions: 0.18-0.009 and 0.1% 0.003 in the Pacific
and Atlantic, respectively. These values lie close to the
value of 0.107 reported for the tropical Atlantic by Wal-
ter et al. (2006) but lower than the value of 0.211 reported
by Oudot (2002). The values from the Oudot (2002) pa-
per, however, should be taken with particular care as the
Property-property plots okN,O to apparent oxygen utiliza- mean atmospheric mixing ratio of @ presented in their
tion (AOU) (with [O2] as the color code) are presented in paper (316< 10~°) seems to be unrealistically high in com-
Fig. 7, where AOU is the difference between the measurecparison to the mean atmospheric background dry mole frac-
dissolved oxygen concentration and its equilibrium concen-tion of N,O at the time of their measurements (30802,
tration in water with the same physical and chemical proper-http://agage.eas.gatech.edu/
ties. This higher yield of NO under reduced concentrations

AN>O is the excess nitrous oxide and is defined as the dif-of oxygen was observed earlier (Goreau et al., 1980) and
ference between the measuregNand the equilibrium BO was attributed to increasing,® yield when ammonia ox-
concentration at the time when a water parcel had its lastdizing microbes become £stressed. This view was chal-
contact with the atmosphere. Because the atmosphefic N lenged by Frame and Casciotti (2010), who showed that
mixing ratios have been increasing since 1800, the calculaammonia-oxidizing bacteria do not have increase®Nield
tion of excess MO has to take into account the age of the wa- under low G conditions under environmentally relevant cul-
ter parcel at the time of the measurement. Freing et al. (2009%ure conditions. The most recent findings from both the
showed that the difference in the slopesAdfi,O vs. AOU Atlantic and Pacific oceans indicate however that archaeal
associated with different ways of calculating exceg®Ndan  ammonia-oxidizers (AOA) rather than bacteria may be key
be as much as 17 %. The methods used include the transirganisms for the production of oceanic nitrous oxide and

however, does not change the ratios significantly (averag
DIN:[PO3"] = 15.04 in the Pacific and 16.92 in the Atlantic
regions).

4.2.2 NOvs. AOU
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can exhibit higher production rates under low oxygen condi- o,mom 0, ymoin o,mon

250

tions (Loscher et al., 2011). [ o s| Il
Regarding the Pacific observations at very log, Q>0 F s 7 e,

removal provides strong evidence for the occurrence off« '\ ¢
denitrification given its specificity for this process (Bange * s
et al., 2005). However, the amount of,® removed ° [ ¢ *
(c. 50 nmol 1) is an order of magnitude lower than the ob- | N |
served amount of ND removal. Hence it gives no indica- ot ot
tion of the quantitative significance of this process for overall - 15 _ ) . ) _
fixed nitrogen removal (e.g. compared to anammox). 1. 8. 57°N-NO5 vs. A NZ%'” the Pac!ﬂ((.a) a_nd '_n the Atlar?t_'c
Additional insight into N-loss processes is gained here(b) study areas an¢t) the >N vs. N’ distribution in the Pacific.

. . BAINO— . . . .. The data are color-coded by oxygen concentration. The nitrogen
g\(l),r)ndr;;[;ogen Isatopes(*N NOg) and fixed nitrogen deficit deficit in the figure 8c was calculated as N’ = [§D+ [NO, | -

16x [PO;]). 815N vs. N' data reveal two clear trends in the Pa-
423 615N-NO§ vs. NbO and N’ cific study region.

3

5“N-NO; [%]
S

8

40 30 20 ED)
N [umol/]

Figure 8 showsAN20O vs. $°N-NO3 (with color coding be represented as eithes= SRAR or & = (1) x 1000,

|nd_|cat|ng oxygen concentration) in the two study regIons, yherel®R andl“R are the rates of denitrification fé?NOg
which helps to reveal processes responsible for the producélnd LNO= respectivelv. An effective or “apparent” value
tion or consumption of nitrous oxide. In the Atlantic, the pro- 3> P Y. bp

. . for the fractionation factor for nitrate reductios Y can be
files and property-property plots show no evidence gON o .

X . . calculated through application of the Rayleigh model to the
consumption and the nitrogen isotope values stay close t

the oceanic average of 5%, which is also consistent with%e'Fj data or“diffu;ive" model of Brandes (1998), where dif'
a lack of denitrification. As (;Iiscussed above, the dominan fusive transportlsilncll.,lded. Modgl Of Bra}ndes (1998) require
process affecting pO in the Atlantic study re'gion is pro- tknowledge or estimations of denitrification rates and coeffi-
ducti . = cient of eddy diffusivity for fractionation factor calculation.
uction due to nitrification. For Pacific oxygeqated .wgters For the Peruvian OMZ neither of those two parameters are
([O2] > 5 umol I"%) the AN20 VS'815N_N05 relationship is known however, thus we calculatiarf with the Rayleigh

similar to that found in the Atlantic. The reason for some .
15 _ : : .. model. This model assumes removal from a closed pool of
very low §°N-NOj values in Atlantic surface water is dis- . . . ) : .
nitrate with constant isotopic fractionation. Hence:

cussed below. A trend towards hi@F?N-NOg values in the
Pacific study region (Fig. 8a) can be associated with denitrifi-s1°N — NOg ;) = SN — NO3 ;) — " x In(f), Q)
cation at lower @ concentrations ([g] <5 umol I, purple
coloring) or with nitrate assimilation in near surface waterswhere f is the fraction of consumed NO [ =
([O2] > 200 umol i1, red coloring). These two processes [NOg]/(16x[Poi‘]), the ¢* is an “apparent” fractiona-
cannot be distinguished in figure 8a as thdl,O is close tion factor, in this case for a nitrogen removal process.
to zero both for waters with [§) <5pumol ! (due to deni-  Least squares fitting of all data from the Pacific OMZ
trification), and for waters with [g] > 200 pmol ! (dueto  (i.e. [02] <50pumolt?t) is shown in Fig. 10a, with the
N20 equilibration with the atmosphere). In order to differ- “apparent” isotopic enrichment factog*() estimated to be
entiate between these two processes the correlation betweetril.4 %o (standard error of the fit is 0.7, Fig. 10). The
515N—NO§ and the N-deficit was calculated (Fig. 8c). data are scattered between relationships defined*by5

In the core of the OMZ, the5N of DIN is inversely  and 25 % (assuming a common initial value 88PNinjtia) Of
correlated with N’ (mainly negative values) and hence with 5.2 %o). This value of* of +11.5%o is significantly lower
N-removal, whereas in high-oxygen, near-surface watersthan values estimated from data from the Eastern Tropi-
815N-NOjz increases independent of N', reflecting fraction- cal North Pacific (22.5-30 %.) and Arabian Sea (22—25 %o)

photic zone (Granger et al., 2004). and from denitrifier cultures (28.6 %o) (Barford et al., 1999).
However the value lies close to a values determined 30 years
4.2.4 |sotope fractionation and N-loss in the Pacific ago for 2 stations off southern Peru using much less sensitive
oMZ analytical techniques (13.8 %o) (Liu, 1979).

Separating data for shelf and offshore stations (Fig. 9b) re-
The reduction of nitrate to nitrite is the first step of the den- sults in fits with significantly different values ef of 7.6 %o
itrification process and is also an essential source of NO and 16.0 %o, respectively. Similar observations of leyv
for fuelling anammox (Lam et al., 2009). We will next ex- have been made in Santa Barbara Basin as compared to the
amine the isotope fractionation signal associated with thisopen ETNP (Sigman et al., 2003). This was attributed to
reduction step. The kinetic isotope fractionation factor cana larger contribution from sedimentary denitrification input

www.biogeosciences.net/9/203/2012/ Biogeosciences, 9, 2032012



210

y=-1601x+3.73
y=-26x+52

S
b4

+shelf

=-1140x+ 4820
Yacoss moff-shore

[°%]-"ON-N&:@

R 4 15

]

y=-5x+52¢ ¢ O {5
25 2 45 4

In(f) = In([NO, }/16P)

05 0

In(f) = In([NO, J/16P)

Fig. 9. (a) Application of Rayleigh model to assess fractionation
in the Pacific OMZ for all waters with [§] < 50 pmol 1. Dashed
lines indicate relationships calculated #g= 5 and 25 %.. The av-
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are likely associated with partial phytoplankton uptake of up-

welled NG; (Altabet, 2001; Altabet and Francois, 1994).

Decreasing values of'°N of DIN towards the surface
have been reported previously for Monterey Bay (Wankel et
al., 2007), and for near-surface samples collected close to
the Azores Front (30—39N) (Bourbonnais et al., 2009) and
at Bermuda (Knapp et al., 2010). The lowest values pub-
lished from this general region (Bourbonnais et al., 2009)

were ~3.5%o at a depth of 100m. Our data indicate very

similar values at this depth. The relatively low values of

erage calculated or “apparent” fractionation factor for the entire re-3 5%, were attributed by Bourbonnais et al. (2009) to the

gion is 11.4%o..(b) Apparent fractionation factors calculated sep- effects of nitrogen fixation, which can result in remineralised

arately for shelf (stations shallower then 200m) and offshore (sta-DlN with typical values of—1 %o (—2 %o to +2 %o) (Carpen-

tions deeper then 200 m) stations. The shelf stations show a lowe, . .
apparent fractionation factor of 7.6 %o, while the value for off-shore fer et al., 1997; Montoya et al., 2002). The strongly negative

Stations is 16.0 %e. 815N values measured .in surface waters south of Cape Verde
(e.g. down to—5.5 %o, Fig. 5) have not been observed before
in oceanic surface waters and cannot be explained by am-
monification and nitrification of organic nitrogen produced
by nitrogen fixers. On the other hand, very low values of
815N (~ —7%o) of aerosol nitrate have been measured in
samples of atmospheric dust from this region (Baker et al.,
2007; Morin et al., 2009). Similarly low, negative values
have been measured in samples of atmospheric dust orig-
inating in the Sahara that were collected from the eastern
Mediterranean (Wankel et al., 2010). Recent work (Knapp
et al., 2010) shows that the wet deposition flux of fixed-N
at Bermuda can be comparable to estimates of biologigal N
fixation rates in surface waters. Thé’SN—NOg in wet de-
position at Bermuda was significantly lower4.5 %.) then
815N added by oceanic Nfixation (—2 to 0%o) (Hastings

et al., 2003; Knapp et al., 2010). For our study region, dry
deposition of dust from the Sahara is likely to dominate the
N-flux (Duarte et al., 2006).

into the water column in the Basin, which has a signiﬁcantlyI The tl:—flux (;iue t';)tldla}[pycggldml\llxglgo \7\; I\rl]pfrtc))m be-
smaller fractionation effect of 0—5 %o due to control of overall .0 !N th€ eastern Atlantic ( ’ ) has been es-

NOj removal rate by transport through the sediments (Bran-t'mated to be 140 umol/day and was statistically indis-

tinguishable from the integrated rate of nitrate assimila-
Devol, 2002, Leh ., 2007). ) ) o . .
des and Devol, 2002, Lehmann et al., 2007) tion (Lewis et al., 1986). Later studies in the oligotrophic

north Atlantic and at Cape Verde region come to values of
about 7mgNm2d-1 (or ~500 pmol/n¥/day) (Klein and
Siedler, 1995) and at region close to Mauretania to almost

In marked contrast to the Pacific study region, mpjén-  double value of about 1037 pmol?v‘_day, calculated from
NO; values from the Atlantic (Fig. 8b) stay close to the the cruises data durmg high upwelling season (Schafstall et
ocean average value of 5.2 %o (Supplementary material, Ta&l» 2010). According to Baker et al. (2007) the dry de-
ble 1 (Sigman et al., 2009)). In part this can be explainedpos't'or_‘ N flux of soluble aerosql at 20V in thg_ Atlgnuc

by the absence of significant fixed-N removal in this re- °c€an is 80-120 umolArday, while wet deposition is 50—

gion (N’ values remain positive, data not shown (Gruber and’0 umol/nt/day. Duarte (2008), for example, estimated a

Sarmiento, 1997)). Notable also was the complete absenc@’y deposition N flux of 28@&- 70 umol/nf/day in tropical

of any trend towards higher values associated with partial niAtlantic region, which is significant in comparison to the di-
trate utilization in fully-oxygenated, near-surface waters on@Pycnal flux. This deposition flux is sufficient to supply the

the M80 samples (stations south to Cape Verde). Signifi-oPseérved DINinventory of the top 20 m (0.2 umot) within

cant increases af*5N (up to 12 %) in surface waters were WO Weeks.

only observed at shallow stations very close to the African The most negativé'°N values in surface water were ob-
coast (data front’Atalante cruise in 2008, not shown) that served at stations south of the Cape Verde Islands, which

Fig. 10. Satellite images of Aerosol Optical Depth at different time
periods of 2009.:(a) 25 Oct—2 Dec;(b) 3 Dec-10 Dec;(c) 11
Dec—18 Dec(d) 19 Dec—26 DecH{tp://ladsweb.nascom.nasa.gov/
browseimages/I3browser.html

4.2.5 Dust deposition signal in the surface waters south
of Cape Verde
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is also the region with the highest Saharan dust depositionvaters. The same AAIW water mass, for instance, has in the
(Schepanski et al., 2009; Tanaka and Chiba, 2006). A fewPacifics1°N-DIN average value of 6.F 0.8 %o and in the At-
days before our samples were collected on M80, an intensivéantic of 5.5+ 0.6 %o (Supplementary material, Table 1). Ac-
dust event took place, and this may have influencedtp¢ cording to a Student t-test, the difference is highly significant
values observed. Satellite imagery from November and De{p < 0.01). This difference can be due to N-loss in the Pa-
cember 2009 are shown in Fig. 10 and indicate a significantific, increasingg®N signal of the water mass, and/or nitro-
dust event in the region over the period immediately prior togen fixation in the Atlantic, driving°N signal in the oppo-
our samples being collected (between 26 November and 18ite direction. Strongest differencesdt*N-DIN in the two
December 2009). study regions are located in depth 100-500 m in the OMZs.

Under these conditions, the nitrogen loading to the surfacdn the Pacifics>N values tend towards strongly positive val-
layer cannot be considered to be in a steady state. We theretes as a result of N-loss processes within the OMZ and par-
fore examined extreme scenarios with dry deposition N fluxtial NO3 utilization in surface waters, while in the Atlantic
dominating and for balance with diapycnal mixing and as-the values stay close t©5.4 %o on average.
similation (Table 1). Total N flux (fta) is the sum of two Co-located measurements op® and stable N-isotopes
sources from atmospheric depositiony(& initial value of in waters with [@] <~5umol ! reveal a clear signal of
815N-dust =—7 %o) and diapycnal mixing (fiy, initial value  canonical denitrification, although its quantitative signifi-
of §1°N-mixing = 5%o) and one nitrogen sink from assimi- cance for overall N-loss, relative to anammox, cannot be as-
lation (Fassimilation- The fractionation factor for assimilation sessed. The correlations 0b® with §1°N-NO; and AOU
can vary with environmental conditions and dominant phyto-for waters with [Q] > 50 umol "% are similar in both OMZs,
plankton species. In oligotrophic waters, however, observedeflecting similar NO yields during nitrification. However,
isotope fractionation will be close to zero due to completewaters with 5< [O,] < 50 umol I"1 in the Pacific exhibit cor-
NOj utilization. Assuming that utilized NDhas an ocean- relations that are suggestive of a 300 % higher relatiy® N
average value of°N = 5%o and fractionation factor close yield.
to zero, the assimilation will decrease nitrate concentration Wherea§15N-NO§ values in surface waters of the Pacific
but increasé™®N of it in ambient waters by 5 %o, thus->N- OMZ region are strongly positive, being controlled by partial
assimilation =5 %o. nutrient utilization and &°N-enriched NQ@ supply affected

In the first scenario, 90 % of total nitrogen derives from by subsurface denitrification, the oligotrophic surface waters
dust deposition and only 10 % is from diapycnal mixing. south of Cape Verde in the Atlantic exhibit negative values
This scenario results in &N value of —5.8 %o, very close  of §1°N (=5 to +2 %.). The negative values are too low to
to observations. The second scenario assumes equal contkie explained by N-fixation and we show that they are most

bution from those two nitrogen sources resulting isaN likely the result of a transient input of NDassociated with
of —1 %o, while the third includes assimilation as a nitrogen atmospheric deposition of Saharan dust. This implies that
sink and result i 15N of +1 %o (Table 1). atmospheric dust input as well as nitrogen fixation should be

These scenarios do not take into consideration an isotopi€onsidered in budgets and explanations of upper ocean stable
signal from N fixation. They do show, however, that under N isotope data, especially in the Atlantic region.
non-steady state conditions, such as shortly after dust deposi- Within the Pacific OMZ, correlation of'°N with mea-
tion events, thé1°N for NOj3 in surface waters can decrease sures of N-loss gives a calculated apparent fractionation fac-
to —5.8 %.. Thus, atmospheric dust N deposition should betor for §15N-NO3 (e;= 11.4= 0.3 %o) which is low compared
taken into account, together with the oceanicfiXation, in to canonical values, but close to a value estimated by the
explaining the lows'N NO3 pool observed in subtropical ~only prior study in this region (Liu, 1979). Sub-division of
thermoclines (Brandes et al., 1998; Karl et al., 2002; Knappthe data into shelf and offshore stations resulted in improved

et al., 2005; Wannicke et al., 2010). correlations and very different apparent fractionation factors
for the two depth-regimes{_ofishore = 16+ 0.5 %o; £4—shelf
5 Summary and conclusions = 7.64 0.6 %0). Whereas the offshore value lies close to the

~20 %o fractionation factor of denitrification (Brandes et al.,
In this paper we have presented an extensive amount 0f998; Granger et al., 2008), the much lower apparent frac-
new data for nitrogen isotope and key nitrogen speciestionation factor for shelf waters likely reflects a larger con-
such as NO, collected from OMZ regions in the east- tribution from sedimentary denitrification (fractionation fac-
ern tropical North Atlantic and eastern tropical South Pa-tor of 1.5 %o; (Brandes and Devol, 2002). We note that the
cific. These regions have strongly contrasting @ncen-  fractionation effect from the complete set of station$=(
trations and N cycling processes. Measurements with neat1.44 0.3 %o) lies reasonably close to an apparent global
identical techniques in both oceans, reveal that whereagactionation factor for OMZ denitrification of 12 %. which
deep waters3 2000 m) share near-identical valuess$?N-  was calculated for a steady state 50:50 balance between water
DIN (5.3+ 0.4 %o), there are significant to major differences column and sedimentary denitrification (Altabet, 2007).
between the two OMZs in both surface and intermediate
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