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A number of interlinking microbial pathways contribute
to N-loss in OMZs and control the corresponding production
of biogenic N. Whereas heterotrophic denitrification (HDN;
NO; - Nz via NO,) was canonically viewed as domi-
nant, important roles are now ascribed to the chemosynthetic
anammox process (ANM; ND+ NHZ — Np; Kuypers et
al., 2003) as well as dissimilatory nitrate reduction to ammo-
nia (DONRA; NO; — NHj via NO,; Lam et al., 2009). Re-
cent studies disagree as to whether HDN or ANM is the dom-
inant process for producing biogenie lWard et al., 2009;
Bulow et al., 2010; Hamersley et al., 2007) and it remains un-
clear if these differences are the result of regional contrasts,
time space?! heterogeneity, or methodology (Voss and Mon-
toya, 2009). Coupling these pathways can result in variable
stoichiometry between NDremoval and N production pro-
vided there is an allochthonous supply of LSIJ-However,
recent comparison between [§Qleficits and biogenic N
in several OMZs are consistent with traditional stoichiome-
tries (e.g. Chang et al., 2010), providing no evidence for al-
lochthonous ammonium supporting the N-loss processes in
the open ocean OMZs. These microbial processes do vary in
their environmental sensitivities, such as threshojdc@n-
centration (Kalvelage et al., 2011), so that knowledge of vari-
ability in their presence and activity is required for modeling
and prediction of response to future global change.

Stable N isotope distributions in the ocean are also greatly
influenced by N-loss processes (variation&’N/1*N are ex-
pressed in thé1°N notation as %. difference from the ratio
for atmospheric B). Dissimilatory NG, reduction to NQ
is known to produce both strong N as well as O isotopic
fractionation (Granger et al., 2008) leaving residual seawa-
ter NO; enriched and the product NOdepleted in'°N
and 80 (Casciotti and Mcllvin, 2007; fractionation factor,
¢ [28%o). Presumably becaudeN-depleted N
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High precision N/Ar for detection of biogenic N and
81°N-N, were determined on septum sealed samples using
on-line gas extraction system coupled to a multicollector
IRMS (Bristow et al., 2015E1). These data were produced
by removing Q in the samples prior to introduction into the
mass spectrometer to avoid artifacts associated with vary-
ing N2/O, (Devol et al., 2006). In terms of calculated bio-
genic N, certainty is on the order af 1 pmol kg *. §1°N-

N> data were acquired during the same analytical sessions
with a certainty of £0.05 %o. Publicly available satellite data
for sea surface chlorophyll (SSC) are from the NASA Gio-
vanni website lfttp://gdatal.sci.gsfc.nasa.g@nd sea level
anomaly (SLA) are from the AVISO websitét{p://www.
aviso.oceanobs.com

3 Results
3.1 Properties maps of Peru OMZs

For context, relevant biogeochemical properties are mapped
along a constant density (isopycnal) surface to high-
light the effects of non-conservative, N-cycling processes
(Fig. 1). The chosen isopycnal density corresponding to
o9 = 26.3kg m 3 varied between 100 and 170 m depth and
was located vertically near the top of the minimum [@yer

of the water column. South of 7 to 18, O, concentra-
tions on this isopycnal surface were generally low enough to
enable N-loss processes 8 pmolkg!; Fig. 1a) consistent
with prior observations (Codispoti and Christensen, 1985).
Southward intensification of the OMZs along its northern
boundary is associated with the poleward flow of the Peru
Undercurrent (PUC) partly sourced in the lower equatorial
undercurrent (Strub et al., 1987), comprising both the OMZs
core and the primary source of upwelled waters in this re-
gion. Onset of dissimilatory ND reduction in the OMZs

is marked by the pronounced appearance of, N®hich is
both an intermediate for HDN and DNRA, as well as a sub-
strate for ANM (Fig. 1b). For most of the open ocean portion
of the Peru OMZs, maximal [NQ) is <5 umol kgl Net
N-loss as a consequence of N@onversion to M gas has
been previously estimated using N-deficit calculations based
on anomalies in the oxidized forms of N relative to the Red-
field proportionality with PQ3 (Devol et al., 2006):

— — —3
NENO; +NO, —16% PO, 1)

The N-deficit, N is similar to the N* formulation (Gruber
and Sarmiento, 1997) but without the latter's constant off-
set (Appendix A). Nlj” is not included as its concentration
has been observed to be very low to non-detectable through-
out much of our study area, particularly seaward of the shelf.
South of 7 to 10S, N'decreases from-


http://gdata1.sci.gsfc.nasa.gov
http://www.aviso.oceanobs.com
http://www.aviso.oceanobs.com

M. A. Altabet et al.: An eddy-stimulated hotspot for fixed nitrogen-loss

Fig. 3. Property distribution section off the Peru cogst) O, con-
centration (umol kgl; color shading) andy (contour lines) sec-
tions at 12 and 14S latitude (see station positions in Fig. 1). Sta-
tion 7 is part of the 12S section and its position is marked.

Fig. 2. Depth profiles for N-loss indicators at Station 7 show-
ing extreme values as compared to nearby, shoreward Station 9.
OMZs (O, <5pumolkg™?) indicated as a shaded depth interval
(see also Fig. 3)A) NO, and N-deficit (N concentration pro-
files (Lmolkg™1). (B) Profiles fors1SNOj (% relative atmospheric
N2). (C) Crossplot of thes’80 vs. thes1®N of NO3 . (D) Rayleigh

plot of 81°NO3 vs. the In of the residual ND fraction assum-

ing the NG concentration prior to removal is approximated as
16><[POZ3]. The inverse slope estimates the fractionation effect (

at [T %eo.

and 2). The highest measured valuesstiN and §180 for
OMZs NQG; that we are aware of, are also observed at this
station reaching 40 and 34 %o (Fig. 2b). In contrast, ocean-
wide $1°NO3 averages are near 5 and 2 %o, respectively (Sig-
man et al., 2009). At our other Peru OMZs stations, maxi-
mal 1°NOj3 is typically [I3 %o and values as high as 24 %o
have been reported from other OMZs (Altabet et al., 1999).
Although the extrema are relatively shallow (100 m), these
N-loss indicators at Station 7 extend broadly over the wa-
ter column down to 400 m depth, corresponding to the layer
of lowest G concentration (Figs. 2, 3). Sections foFahd
[NO, ] on a E-W transect at IZ also confirm Station 7 to
be distinct as compared to neighboring stations, particularly
with respect to the greater vertical extent of maxima. In con-
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3.3 Biogenic N

The amount of biogenic Nproduction resulting from N-loss
processes (HDN or ANM) can be estimated from high preci-
sion Np/Ar determinations (Chang et al., 2010). Biogenigc N
production increases the measuredM ratio over the value
predicted from equilibration with the atmosphere at in situ
temperature and salinity. Deviations from equilibriunyAr
ratios are also known to arise from physical processes such
as bubble injection in water mass formation regions. Our
data are adjusted as previously described to account for this
(Chang et al., 2010), allowing estimation of an “excess” N
concentration due to biological processes. Biogenicbdh-
centrations below the oceanic mixed layer can also be pre-
dicted using Richards stoichiometry (Richards, 1965) which
takes into account nitrogen originating from the breakdown
of OM that does not appear as ISIHind is assumed to be
also converted to N(Appendix A):

1 (| ]
N2 biogenic @S pmolkg‘l N2 = NsDource Water?NgMZs x 0.52)

Measured biogenic Nconcentrations throughout the OMZs
at Station 7 (70 to 400 m) closely follows concentrations pre-
dicted from the N'data (Fig. 4a) suggesting that NQe-
moval is well balanced by biogenicoNproduction even for
these relatively high OMZs values. However, measured bio-
genic N concentrations in the oxycline of Station 7, above
the core of the OMZs (50 to 70 m), are twice as high as the
values predicted from Nand > 20 times our analytical un-
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eration of any synoptic mesoscale variability. As observed
from satellite images, both anticyclonic and cyclonic eddies
are important and persistent features of the circulation of this
coastal upwelling system, as well as of the eastern tropi-
cal South Pacific as a whole (Chaigneau et al., 2008). Off
Peru, coherent eddies are typically formed along the coast
and propagate westward at 3 to 6 kmdand have a mean
eddy lifetime of (I month. Their mean radius is 80 km, in-
creasing equatorward due to the increasing Rossby Radius of
Deformation. Eddies are most frequently observed off Chim-
bote (9 S) and south of San Juan (15), north and south

.. An eddy-stimulated hotspot for fixed nitrogen-loss
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averages1°N for biogenic N within the OMZs at Station 7

is =1 %o and thus only 6 %o less than the oceanic average
81°NO3 . When applied to global N isotope budgets, the re-
sulting lower effective fractionation effect for OMZs N-loss
also implies that OMZs account for a larger portion of over-
all oceanic N-loss than previously thought (Altabet, 2007) as
well as an oceanic fixed-N budget closer to balance.

The impact of coastal mesoscale eddies on OMZs N-loss
processes reported here is unlikely to be restricted to the
waters off Peru, especially as the number of eddies can be
greater in the other large OMZs, off Mexico and in the Ara-
bian Sea (Chelton et al., 2011). However, OMZs also ex-
tend geographically far beyond the region of direct influ-
ence of coastal eddies, especially the one off Mexico (Codis-
poti and Richards, 1976). In oligotrophic open ocean re-
gions, mesoscale eddies in particular are recognized as en-
hancing the vertical flux of nutrients and primary produc-
tivity (McGillicuddy and Robinson, 1997; McGillicuddy et
al., 1998). Since most mesoscale eddies have recently been
characterized as “non-linear” and capable of advecting wa-
ter parcels, they have even greater potential for biogeochem-
ical impact on the subsurface ocean (Chelton et al., 2011).
Open-ocean eddies may thus produce similar “hotspots” for
microbially mediated N-loss even in portions of OMZs that
are distant from productive coastal waters.

Appendix A

Al Use of N to estimate NGy
removal and production of biogenic N

Outside of OMZs, NQ generally varies in stoichiometric
proportion with Pq3 and G as originally observed by Red-
field (Redfield, 1958). Negative deviations in [NDfrom
values expected from these proportions has been termed the
NOj deficit and is used to estimate net removal and pro-
duction of biogenic N in OMZs (Devol et al., 2006). The
commonly used N*£ [NO;1—16% [PO; *] +2.9; Gruber
and Sarmiento, 1997) assumes N@&s the only form of dis-
solved inorganic N, uses the Redfield N:P ratio, and ap-
plies an offset of 2.9 that allows for global average N*
to be 0. We have used a modification of N* %N\Iog +

NO, —16 < PO, ), which takes into account N which
can be found at significant concentrations in OMZs, and for-
goes the global offset as not being relevant regionally. N
slightly overestimates actual NOremoval (a more negative
NY because of P93 release from organic matter breakdown
by about 16 % (Devol et al., 2006). Accordingly, biogenic
N2 (N2 biogenig @assuming equivalence with NOremoval as
well as Richards’ stoichiometry (1.71 NO 1 Np; Richards,

.. An eddy-stimulated hotspot for fixed nitrogen-loss
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