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Abstract. Excess nitrogen gas ) was measured in sam- 1 Introduction

ples collected at six locations in the eastern and western

sub-basins of the Cariaco Basin, Venezuela, in Septem-_ i o e ]
ber 2008 (non-upwelling conditions) and March 2009 (up- Dissolved inorganic nitrogen (DIN or “fixed” nitrogen), in-
welling conditions). During both sampling periods XN cludes nitrate, nitrite, and ammonium. This nutrient of-

concentrations were below detection in surface waters, inf€n limits primary production in marine systems (Codis-
creasing to~22umolNkg?! at the oxic—anoxic inter- poti, 1989; Smith, 1984) and thus plays a role in the mod-
face ([Q] <~ 4umolkgl, ~250 m). Below the oxic— ulation of climate (Altabet et al., 2002; Falkowski, 1997;

anoxic interface (300-400 m), the average concentratiorPan€shram et al., 2000; Gruber, 2004). In the ocee}rn, new
of NX® was 24.7+ 1.9 umol N kg'! in September 2008 and DIN is primarily derived from nitrogen fixation (N— NH)

27.542.0umolN kgt in March 2009, ie., K concen- by microbial diazotrophs. The microbial processes that re-

trations within this deoth interval were 3 umol N ka-L sult in the conversion of DIN back to dinitrogen gas

. P . H g (N-loss) are the primary oceanic sinks for fixed nitrogen
higher (p < 0.001) during the upwelling season compared ) ; . .

: : (Chang et al., 2010; Codispoti, 2007; Devol et al., 2006).

to the non-upwelling period. These results suggest that N-

loss in the Cariaco Basin mav vary seasonallv in res OnsThese include water column and sedimentary denitrifica-
X may vary - y 1N responsg ., (NO; — NO; — N20— Ny), and anammox (anaero-
to changes in the flux of sinking particulate organic matter.

) . L n ]
We attribute the increase injNconcentrations, or N-loss, bic ammonium oxidation; N+ NH; — No). Large-scale

observed during upwelling to: (1) higher availability of fixed v;/]ater col_umn N-Iqss in the glopa}l ocean occurs mtaml); n t.hel
nitrogen derived from suspended and sinking particles at th ree major oceanic 0xygen minimum zones (astern tropica

oxic—anoxic interface and/or (2) enhanced ventilation at the ort.h Pac_|f|c, eastern tI’OprZa| South Pacific, a_nd the Arabian
oxic—anoxic interface during upwelling. Sea; Codispoti et al., 2001; Gruber and Sarmiento, 1997).

Several studies suggest that today’s rate of ocean N-loss
exceeds the rate of nitrogen fixation by over 200 Tg per year
(Brandes and Devol, 2002; Codispoti, 2007). This estimate is
based in part on the accumulation of nitrate deficit (with re-
spect to the Redfield N : P ratio fiy Gruber and Sarmiento,
1997) as a function of the residence time of oxygen-depleted
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268 E. Montes et al.: Biogenic nitrogen gas production at the oxic—anoxic interface

water masses (Gruber, 2004; Gruber and Sarmiento, 1994co Basin and the Caribbean Sea/Atlantic Ocean is limited.
2002). Whether this imbalance in the nitrogen inventory is Cariaco waters- 150 m deep are poorly ventilated; waters at
due to an underestimation of nitrogen fixation or an overesthe oxic—anoxic interface~{ 250 m) have residence times of
timation of N-loss is a topic of current debate (Capone andmonths to years, while bottom waters have residence times
Knapp, 2007; Codispoti, 2007; Deutsch et al., 2007; Dals-of years to decades (HoBn and Rooth, 1990; Zhang and
gaard et al., 2012; DeVries et al., 2012). More recently, theMillero, 1993). The basin is subject to seasonal changes
removal of fixed nitrogen has been estimated by measurin the wind intensity along the coast related to the merid-
ing excess N (N%5, with respect atmospheric equilibrium), ional migration of the Intertropical Convergence Zone, which
such as in the Arabian and Baltic Seas and the eastern trogrives alternating upwelling (January—May) and thermally
ical South Pacific (Chang et al., 2010; Devol et al., 2006; stratified conditions (August—November) (Astor et al., 2003).
Loffler et al., 2011), in order to reduce uncertainties associ- During upwelling, primary production (PP) and par-
ated with regional variations in N : P ratios and the complex-ticulate organic matter (POM) vertical fluxes are high;
ities of DIN conversion pathways. DeVries et al. (2012) usedthe 14-yr PP and sediment trap particulate organic car-
N3*> measurements coupled with a global circulation modelbon (POC) flux (225m) averages are 187394 and
to estimate oceanic water-column N-loss rates. In anoxic wa80+20mg C nT2d~1, respectively (Muller-Karger et al.,
ters of the Black Sea, interannual variations #? Were at- 2001, 2010). During the non-upwelling period, primary pro-
tributed to changes in the downward flux of organic matterduction and settling POC flux averages are significantly
from phytoplankton blooms (Fuchsman et al., 2008). Despitdower, 8744+ 136 mgCnr2d -1 and 60+ 20mgCnr2d1,
these efforts many questions remain regarding the role of orrespectively.
ganic matter flux for fueling water column N-loss (Brettar The decomposition of the sinking POC contributes to
and Rheinheimer, 1992; Liu and Kaplan, 1984; Ward et al.,present-day anoxic and sulfidic conditions belew250 m
2008). (Scranton et al., 2001; Zhang and Millero, 1993).

The Cariaco Basin offers an opportunity to examine
the linkage between surface productivity and the loss of
fixed nitrogen at depth. This basin exhibits water column3 Methods
N-loss, high seasonal phytoplankton productien70Q0 to
2300 mg C m2d~1) and high vertical flux of particulate or-

ganic matter ¢ 40 to 100mg Cm?d~*; Muller-Karger et Samples were collected from the RNermano Giresdur-

al., 2001; Scranton et al., 2006; Thunell et al., 2007; Zhangn two cruises to Cariaco Basin (1-6 September 2008 and
and Millero, 1993). One of the first measurements of ma-g_13 March 2009). A total of 36 stations were occupied
rine N;* was conducted in the anoxic waters of the Cariacog,, general oceanographic observations during each cruise,
Basin by Richards and Benson (1961) using/Ar ratiom- e dissolved N samples were collected at six stations:
etry. In this manuscript we build on Richards and Benson’sthree in the eastern sub-basin (stations 10, 11 and 13) and

work, and report new estimates of biogenig §&s produc- 66 in the western sub-basin (stations 21, 29 and 32) (Ta-
tion at several locations within the Cariaco Basin during up-a 1 Fig. 1). These six stations all have water depths ex-

welling and non-upwelling seasons. We tested the hypothegeeding 300 m and included the oxic—anoxic interface. Hy-

sis that biogenic production of Nvaries both spatially and drographic data were obtained using a seabir8BE-25

temporally within the anoxic waters of the basin in response L . . . .
to changes in the flux of organic matter. We also comparedp onductivity-temperature-depth (CTD) device equipped with

DIN deficits in the water column with ;8 measurements to an Eco chlorophyll fluorometer (Wetlabs), an SBE43 dis-
§ . . solved oxygen sensor, and a rosette with 12 Teflon-coated
understand whether the removal of fixed nitrogen by deni-

trification was balanced by the biogenic production ef N 8L Niskin bottles.
We assumed that heterotrophic (canonical water column den: Stations 10 and 21 featured the deepesl300m) pro-

itrification) and chemoautotrophic (anammox) consum t'onf”es of anoxic waters. Station 10 is the location of the CARI-
itrification) u P .( : X) UMPUONACH Ocean Time Series Station (1008, 64.6 W), sam-
of DIN were the only sources of biogenioNChang et al.,

) pled monthly since November 1995. Combined with stations
2010; Devol et al., 2006). 11 and 13, these three sites were chosen to help assess spa-
tial changes in the eastern Cariaco Basin. Station 29 was
sampled to investigate possible riverine influences on local
hydrographic conditions, as it was closer to the mouth of
. o . . the Tuy River, the largest river discharging into the Cariaco
ZQSreCsiri?nC%nB;Semcésn t?n;sfgl) ?hg?i‘;?’\/teicetgzggllé/sgﬁﬂgzﬂBasin. Finally, station 32 was selected to evaluate the effect

- ; of the influx of Caribbean waters through Centinela Channel
1982; Fig. 1). Its sill ¢ 100m) has two deeper channels, (Fig. 1)

La Tortuga (135m) and Centinela (145 m; Lidz et al., 1969; e
Richards, 1975). The exchange of water between the Cari-

3.1 Sample collection

2 Study area

Biogeosciences, 10, 262%9, 2013 www.biogeosciences.net/10/267/2013/
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Table 1. Location, profile depth, and chlorophyllconcentration at the depth of chlorophyll maximum (DCM) at stations sampled’gﬁ')r N
during September 2008 and March 2009 in the Cariaco Basin.

September 2008 March 2009
Station# Latitude Longitude Profile [Ch] DCM [Chla] DCM
(°N) W) depth (m) (ugt?h)  (m) (gl (m)
10 10.5 64.7 1300 0.31 50 0.60 20
11 10.7 64.7 400 0.61 57 0.60 33
13 10.5 65.0 400 0.63 61 0.54 42
21 10.7 65.7 1300 0.42 50 1.25 43
29 10.7 65.9 400 0.42 65 1.15 38
32 10.8 65.7 400 0.52 50 2.10 50
o - : x Atlantic Ocean |
181 e TN -
18} v

Caribbean Sea "
&
[ .
_ Cariaco Basin

N P

80 -78 76 74 72 120 A ®

Latitude

10 T T . T T T . T . .
-66.2 -66 -65.8 -65.6 -65.4 -65.2 -65 -64.8 -64.6 -64.4 -64.2 -64
Longitude

Fig. 1. Location of the Cariaco Basin and stations sampled fgff(ldircles) in September 2008 and March 2009. Station 10 corresponds
to the CARIACO Ocean Time Series Station (10N 64.7 W). Broken lines trace the bathymetry of the basin. The black star shows the
location of the Tuy River mouth.

Chlorophylla and nutrient samples were collected at the Time Series Station (station 10 in Fig. 1) collected during
36 stations during each cruise, from the surface to 100September 2008 and March 2009 were used in this study
m (1, 20, 30, 50, 100 m); below this depth chlorophyll as well (data available at the CARIACO Ocean Time Series
concentrations are typically below the detection limit of website:http://www.imars.usf.edu/CAR/Nutrient determi-
0.01 ug L%, Chlorophylla determinations were carried out nations were conducted at the University of South Florida
using methanol extractions (see Muller-Karger et al., 2001)following the protocols of Gordon et al. (2000) and Strick-
and a Turner Designs model 10 fluorometer as described bland and Parsons (1972). We usegSHmeasurements from
Falkowski and Kiefer (1985) and Holm-Hansen et al. (1965).samples collected on separate cruises at the CARIACO Sta-

DIN and soluble reactive phosphorus (SRP) samples werdéion between 2007 and 2009 (April and November 2007,
collected at 1, 20, 50 and 100 m at stations 10, 11, 13 and/lay 2008, and January and May 2009) since sulfide determi-
29, and at the surface at stations 21 and 32. Additional ni-hations were not conducted during our cruises. These sulfide
trate and ammonium samples were collected at 200, 250data are presented in Li et al. (2008, 2010).

300 and 400 m. Nutrient data from the CARIACO Ocean

www.biogeosciences.net/10/267/2013/ Biogeosciences, 10,28¥2013
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Water for the dissolved Nanalyses was collected using anomalies can arise locally by in situ heating when there is
Niskin bottles at 1, 50, 100, 200, 275, 300, and 400 m atdiminished exchange with the atmosphere.
the six stations selected for this study. At stations 10 and 21, Background (or abiotic) B/ Ar ratios in the Cariaco Basin
additional samples were collected at 500, 750, and 1300 mwere estimated based on data collected at the Bermuda At-
Samples were collected using 60 mL biological oxygen de-lantic Time Series Station (BATS) (Nicholson et al., 2010;
mand (BOD) bottles using the filling procedure for Winkler M. Altabet, unpublished data, 2012). Normalizeg/Mr ra-
O; determinations. A 100 uL aliquot of saturated Hg@hs  tios at BATS are near atmospheric equilibrium in surface wa-
added to each sample for preservation. Bottles were sealers (~ 27°C) and~ 1.5 % supersaturated at 1000 mg°C
with glass stoppers, and standing seawater was left aroundaters). Background N Ar ratios in the Cariaco Basin were
the exterior of the glass stopper at the mouth of the bottle tahen derived from the linear regression equation for the cor-
inhibit gas exchange with the atmosphere. The mouth of theelation between salinity-normalized temperature and mea-
BOD bottles, including the stopper and standing water, weresured N / Ar ratios at BATS § = —0.0232 +1.0176;R% =
sealed with a plastic cap to avoid spilling of the standing sea0.88). Our background H Ar ratio estimates in Cariaco
water, and samples were kept in a cooler or refrigerator atare based upon the assumption that Subtropical Underwa-
~ 4°C until analyzed. ter (SUW), the major source water to the basin, has a sim-
ilar vertical distribution of N/ Ar supersaturation to that ob-
served at BATS since SUW is formed in the eastern subtrop-
3.2 Gasanalyses ical North Atlantic.
High-precision estimates of nitrogen gas were conducted at
the School of Marine Science and Technology, University4
of Massachusetts Dartmouth, using isotope ratio mass spec;

trometry (IRMS). Dissolved gases were extracted from eachA"1 Hydrographic data

sample by pumping an aliquot at 10mLmithrough a  pyofiles of dissolved oxygen ) concentration and den-
chambered microfiber-microporous gas extractor coupled t%ity (04) were measured at the six stations sampled for gas

a continuous flow of He carrier gas. The extracted gas Wa$nalyses during September 2008 and March 2009 (Fig. 2).
then passed through water, @&nd G traps before transfer-  £qr hoth seasons, oxygen concentrations decreased from
ring to a GV IsoPrime IRMS for simultaneous measurements_ 1g54 12 umolkg® at the surface to below detection

of N2 (mass 28) and Ar (mass 40). A liquid nitrogen col_d trap at 300m. There was higher jDat the ~ 25-26 isopyc-

was also used to removexH from samples collected within nal surface £ 0-120m) in March 2009 likely as a result
the sulfidic portion of the water column. Gas ratios from sam- ¢ i creased vertical mixing and ventilation; the JJCat

ples were compared against calibrated references of artificiajg isopycnal was~ 35pumolkg? higher in March 2009

compressed gas mixtures o Bind Ar covering the expected han in September 2008. Sulfide was detected immedi-

dissolved gas ratios. Further calibration also included COM-4tely below the depth at which oxygen was below detec-

paring gas measurements in distilled water equilibrated with,, ([H2S]> 1 umol kg™t at 270 m) between 2007 and 2009
air at controlled temperatures of 10 and°@(0.01°C) 414 increased with depth to a mean maximum value of
to theoretical determinations based on the solubility of thesgyg | 5 umol kg1 at 1300 m.

gases. The analytical precision of NAr measurements was
better than 0.3 %o, and thus the limit of detection of Mas

Results

A plot of salinity (S) versus potential temperaturg) (for
1 the six stations selected for excessiNeasurements during
~O.;°>Sumol kg™ - the two cruises indicates that water masses belalb0 m

',\IZ was calc'lJ.Iat.ed from deviations of the sgmpl@/lﬂlr in the Cariaco Basin during the two sampling periods were
ratio from equilibrium values expected from in situ mea- gimijar (Fig. 3). During September 2008, stations in the west-
surements of potential temperature and salinity (Hamme and, -, 5,n_hasin (stations 21, 29 and 32) showed lower salinities
Emerson, 2004). This largely eliminates artifacts related t0,q4r the surface than those in the eastern sub-basin (stations
changes in gas concentration caused by physical effects ofly 17 and 13). This surface water is derived from the west-
the dissolution of M due to variations in temperature and gy, yropjcal North Atlantic and the Caribbean Sea. The salin-
salinity. Np/ Ar ratios were, in turn, normalized to ratios at ity maximum, which is associated with SUW, shows a slight

atmospheric equilibrium (M- Arsampie/ N2 : Aratm. equilibrium  warming during the upwelling season when this water mass
to detect departures of Nconcentrations from expected g cjoser to the surface and therefore exposed to sunlight.
equilibrium values due to biogenicoNoroduction. N° can

also arise from physical processes in the near-surface regios.2  Nutrients and chlorophyll a

influencing air-sea gas exchange. Positig i produced

by air injection due to bubble collapse that can occur in re-Nutrient concentrations at the surface were nearly unde-
mote water mass formation regions (Hamme and Emersortectable during both seasons due to biological uptake. They
2002; Hamme and Severinghaus, 2007), whereas negatiwgere slightly higher in the upper 50m at the six stations

Biogeosciences, 10, 262%9, 2013 www.biogeosciences.net/10/267/2013/
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Fig. 2. Profiles of mean [@)], [H2S] and water column temperature versus depth in the upper 400m of the Cariaco Basin. Oxygen and
temperature profiles are constructed from data collected at all six stations sampled during September 2008 and March?mlﬁém N
minations. Average [KS] was calculated from data collected on separate cruises at the CARIACO Station between 2007 and 2009 (see
Sect. 3.1). Mean oxygen concentrations are also plotted against dep3ity (

sampled for gas determinations (Table 2) in March 2009 as dhe CARIACO Ocean Time Series showed higher concentra-
result of upwelling, compared to September 2008. Nitrite andtions in March 2009 (upwelling conditions) than in Septem-
SRP concentrations in the top 100 m were below 1 pmofkg ber 2008 (non-upwelling conditions). Nitrite showed a large

in both seasons. A peak in [NQ of 10-12 pmol kgl was  peak at 100 m in September 2008, but a secondary peak near
observed around 200m, and [§Pwas below detection the oxic—anoxic interface was not detected during this time,
at 300m. Ammonium concentrations were low but vari- possibly due to wide sample spacing. In March 2009, how-
able near the surface<Q.5 pmol kg'2), with slightly higher ~ ever, a sharp secondary nitrite maximum (0.86 pmofg
values in the upper 50 m during March 2009 compared towas measured at 270 m. Nitrate, SRP and ammonium con-
September 2008. Ammonium concentrations showed a mincentrations below 100 m showed similar vertical profiles dur-
imum at 200 m in both seasons. From 250 m to the bottomjng both periods.

[NH} ] increased at a rate of 0.04 pmol kg* m~* reaching A deep chlorophyll maximum (DCM) was observed at 50—
values as high as 23 umol kg at 1300 m (stations 10 and 65 M in September 2008 (0.480.12 ug L'*; Table 1), and at
21: data not shown). 20-50 m in March 2009 (1.04 0.60 ug L=1). This shoaling

Samples collected at selected stations fgf Measure-  Of the DCM is characteristic of the upwelling season (As-
ments showed nutrient concentrations similar to those fronfor et al., 2003). Chlorophyli concentrations at the DCM
the CARIACO Ocean Time Series during correspondingin the eastern sub-basin were on the order of 0.60HgL
months (September 2008 and March 2009; Fig. 4). As exWhile in the western sub-basin concentrations ranged 1.15-
pected, all nutrient measurements in the upper 100 m fron?-10 ug .

www.biogeosciences.net/10/267/2013/ Biogeosciences, 10,28¥2013
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Table 2. Average nutrient concentrations from stations sampled f?rdéterminations during September 2008 and March 2009 in the
Cariaco Basin. Values near the oxic—anoxic interface are shown in bold captions.

1-6 September 2008

9-13 March 2009

Depth [NG;] SD [NO,] SD [NHf] SD [PC; ] SD [NOj] SD [NO,] SD [NHj] SD [PO; ] SD
(m) (umol (umol (umol (umol (umol (umol (umol (umol
kg™ kg™ kg™ kg™ kg™ kg™ kg™ kg™
1 016 017 003 002 025 0.11 0.01 0.01 031 046 005 003 038 037 0.01 0.01
20 021 020 001 001 020 0.07 0.01 0.01 1.78 140 010 011 079 0.6 0.04 0.01
50 035 025 002 002 034 017 0.02 0.00 459 202 032 006 064 064 0.47 0.35
100 466 069 015 0.07 0.17 0.06 0.25 0.04 8.09 0.72 0.13 005 030 0.33 0.43 0.03
200 1037 2.10 0.03 0.04 10.38  0.90 0.13
250 428 3.98 1.08 051 371 2.02 1.32  0.44
300 039 0.16 3.66 1.8 039 0.23 291 151
400  0.00 0.00 8.10 1.05 0.00 0.00 7.81 248
March 2009. Corresponding background§iNin the upper
319 Sta 10 Sep 100 m showed negative values in September 2008 and pos-
. 210 Mar itive values in March 2009+ 2 umol N kgt Fig. 5b). Es-
e Sta 11 Sep timated background i Ar ratios peaked at 200 m~(0.6 %
281 T > Sta 1 Mar supersaturation) with backgroundfjat ~ 6 umol N kgt
Sta 13 Sep during both periods and remaining constant below this depth
5 o Sta 13 Mar (Fig. 5a, b).
2 % : Sta 21 Sep In March 2009, observed’Rin surface waters was closer
g  Sta 21 Mar to equilibrium with the atmosphere. In September 2008, wa-
k5 Sta 29 Sep ters in the upper 100m had observelf Negative anoma-
T 1 % Sta29 M . . .
g = S: . S:’; lies as high as~8 pmol N kg2, presumably in response to
s  Sta.32 Mar stratification and warming by 4C as compared to March
« Average 150 m 2009. Waters> 200 m were supersaturated with dissolved
19 A . . .
» Average 200 m N2 at all stations during both cruises. Below the upper
« Average 250 m 150 m, observed [i¥] rapidly increased to peak concentra-
o tions near the oxic—anoxic interface (250-300 m). In March

36.2 36.6 37.0

Salinity

Fig. 3. Salinity versus potential temperatugg (n the Cariaco Basin

2009, [N§¥] decreased by 3 umol N kg! from these maxi-
mal values at depths below 400 m. In addition, samples col-
lected between 300-400m at four stations during the up-
welling period (March 2009) had significantly higher’fij

at stations sampled forR measurements during September 2008 (2 7_6.1 pmol Nkg?, p < 0.001) than those at the same sta-

and March 2009. Black symbols represent the average potenti
temperature and salinity from all six stations and sampling period

at 150 (diamond), 200 (square) and 250 (circle) meters.

4.3 Np/Arratios and N%°

Average vertical distributions of normalized, NAr ratios

ions during the relaxation period (September 2008) (Fig. 6).
SThis was not observed at stations 10 (inthe center of the east-
ern basin) and 29 (in the western basin near the Tuy River).
However, we did not detect a clear spatial pattern along sam-
pled stations which would have suggested an influence from
riverine discharge or Caribbean waters entering into the basin
through the Centinela and Tortuga channels (Fig. 1) §h N

distributions.

during both cruises are shown in Fig. 5a. Average normalized
N2/ Ar ratios measured in the upper 100 m were undersatu-

rated by~ 0.5% in September 2008 and0.2 % in March
2009. The mean NN Ar ratio near the oxic—anoxic inter-

5 Discussion

face (250-300 m) was 1.026-@.6 % supersaturated) during 5.1 N/Ar ratios and N%°

both periods. Below this depth ,MAr ratios remained fairly
constant. Estimates of background Mr ratios (calculated

Surface waters of the Cariaco Basin showed negat#fe N

based on regressions of the ratio versus temperature reporteshomalies during both periods (Fig. 5a and 5b). The mag-
at BATS) in surface waters were close to atmospheric equinitude of Ni° negative anomalies was lower in March 2009
librium in September 2008 and 0.3% supersaturated in than in September 2008, when sea surface temperatures

Biogeosciences, 10, 26249, 2013
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Fig. 4. Nutrient profiles from the CARIACO Time Series Station during September 2008 and March 2009.
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Fig. 5. Profiles of normalized N/ Ar ratios and [lgs] in the Cariaco Basin during September 2008 and March 2009. Background (abiotic)
N>/ Ar ratios and [I‘ﬁs] were estimated using data collected at BATS (see Sect. 3.2).
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i i ati 1
o September 2008 ter remineralization would have producedl6 pmol kg

30 « March 2009 of DIN available for N-loss (AOU:N=-270:16) for an
expected total of- 23 umol N kgt of NX° produced. Oxy-

28 gen consumption by organic matter remineralization would
have released ammoniuny (L6 umol kg 1) that would have

% subsequently been either directly consumed by anammox or

transformed into N@ available for denitrification. The entire
process is likely very dynamic and the observeft N the
Cariaco Basin is the result of multiple pulses of Caribbean
Sea intermediate waters flowing over the sill into the sub-
oxic and anoxic portions of the basin. Evidence of such in-
trusion events have been reported by Astor et al. (2003) and
20 ‘ ‘ Scranton et al. (2006). Nitrate from intrusions into the oxic—
Sta 10 Sta 11 Sta 13 Sta 21 Sta 29 Sta 32 .. v g . .
anoxic interface would be consumed by denitrification while
Fig. 6. Mean [N}°] between 300 and 400 m in the Cariaco Basin that injected into the sulfidic portion of the water column
from all six stations sampled during September 2008 and Marchwould be consumed by autotrophic denitrification, a biolog-
2009. ical process that uses sulfur species as reductant to convert
nitrate into N (Fuchsman et al., 2012; Jensen et al., 2009).
o ) o Though an overlap between sulfide and nitrate has not been
(SST) were significantly higher>29°C). Hence, in situ  getected in the basin (M. Scranton, personal communication,
near—s.urface water heating W|th_out gas re—eqwhbratlop is the2012) and incubations have not shown any stimulation of
most likely cause for the negative values df°Nincreasing  gark carbon fixation by nitrate, previous work has reported
SST reduces the equmb.num concentration oftdalesser nigh rates of dark dissolved inorganic carbon (DIC) fixation
degree than Ar, thereby increasing equilibrium/Mr. Ifac- (chemoautotrophy) occurring at the oxic—anoxic interface in
tual Nz and Ar concentrations have little to no change due t0ine cariaco Basin (Taylor et al., 2001, 2006; Wakeham et al.,
low air-sea gas exchange, then the observedAX is less 2012).
than _the equilibrium value and a negatlv%ﬂ\results. Cal- Our profiles of Nb/ Ar ratios and [NF] are similar in shape
culations (not shown) show that the magnitude of observedq the earlier profiles measured by Richards and Benson
negative [N°] is consistent with the seasonal temperature i”'(1961) in the Cariaco Basin. They found an averag¥][N
crease assuming in situ heating with minimal gas exchange.Of 20.7+ 2.1 umol kg ! at ~400-1200 m, or- 25 % lower
[N3°] values were relatively constant with depth in the up- -+ i average [§] of 25.0+ 1.8 imol N, kgL in the same
per 100m during both sampling periods but increased beyeni range in the eastern sub-basin (stations 10, 11 and
low 200m, as d|ssoilved Oxygen decreased'and N'I,OSS beIB). It is unlikely that such difference in [ results from
gan. The [NQ] profile shows the consumption of nitrate o0 qojogical discrepancies. Richards and Bensols N
by denitrification between~200 and 300m (F'g'l4)' IN" measurements were carried out following the methods de-
most stations, the highest }§ (~12-30 umolNkg™; av- scribed in Benson and Parker (1961). Differences between
erage =23.8&4.3umolN kg*) was measured at 250-300M  {hejr methodology and ours included sample storage in spe-
(Fig. 5). The mean [Kf] between the oxic—anoxic inter- ja|ly made piston sealed bottles and dissolved gas extraction
face (250m) and 1300m depth was 2R2umolNkg?,  on avacuum line prior to transfer to a mass spectrometer us-
which is equivalent within uncertainty to the increase ¥ N ing a Toepler pump. They also removed @ing hot copper
expected from the N deficit~(23 umolNkg?). Our pri-  prior to N»/ Ar analysis. While the method used by Richards
mary assumption is that the basin is filled with sill-depth and Benson (1961) is more time-consuming than ours, there
(~150 m) Caribbean Sea intermediate waters that were oncg no reason to suspect a systematic bias between our ap-
fully oxygenated, as previously proposed by Richard andproaches as they also determined that they achieved quan-
Benson (1961). In the Cariaco Basin nitrogen derives fromtitative gas extraction. In fact, Richards and Benson (1961)
two sources: incoming nitrate and N from remineralized or- also observed slight negative i of 1 to 3pmolNkg! as
ganic matter. Unpublished data show that nitrate and oxywe do. Such agreement would be unlikely if either of our
gen concentrations in Caribbean intermediate waters enteimethods has significant bias. To our knowledge, these are
ing the basin are 6-8 and 140 umol kg, respectively (L. the only two studies of kP that have been conducted in the
Lorenzoni unpublished data, 2004). Subsequent lack of ven€ariaco Basin. The difference suggests th§tihs been ac-
tilation induces today’s anoxic conditions and thus denitrifi- cumulating in the basin at a rate ©f0.08 pmol N kgt yr—1
cation leading to an N deficit and buildup ofNabove pre-  (from 1957 to 2009) within this depth intervat@00—
existing background levels. The consumption of nitrate by1200m). We see a concurrent increase in SRP, ammo-

denitrification would thus have generated? umolNkg™?  njum and silicate concentrations (0.035-0.037, 0.28-0.62
of NZ°, while the consumption of oxygen by organic mat-

24 4

Mean [N*] (umol N kg-') at 300-400 m

22 4
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and 0.85-1.3 pmol kgt yr—1, respectively; Scranton et al., Mean PON Flux (mg m? o)

2006; Zhang and Millero, 1993) The increase in SRP better 0 10 15 20
matches Redfield stoichiometry (15-16:1 N:P) when both 0 ‘ ‘

the accumulation rate of ¥ (0.08 umolNkgtyr~1) and

ammonium (0.45 pmol N kgt yr—1; average based on values 200 | =

reported above) are accounted for. The DIN/SRP ratio of the
accumulation is 14.7 ([0.08 + 0.45] : 0.036) ifNs included
and 12.5 when it is not. 400 -

5.2 Biogenic N production and upwelling 600 |
The [N5°] measured immediately below the oxic—anoxic in-
terface at 300-400 m in March 2009 (upwelling) is higher 800 .
than that measured in September 20$8<(0.001) (non-
upwelling; Fig. 6), suggesting that N-loss and thus pro-

duction of biogenic M are stimulated during upwelling in 1000 1
the Cariaco Basin. The upwelling period usually is associ-
ated with higher fluxes of settling particulate organic matter

Depth (m)

—— September

. 1200 - --#-- March
(Montes et al., 2012; Thunell et al., 2007). Enhanced vertical /
transport of particulate organic matter can be an important -
mode of supply of fixed nitrogen to the oxic—anoxic inter- 1400

face, where degradation of the flux releases ammonium anlqi 7. Mean vertical PON flux during September (non-upwelling)
o.rgamc C.arb.on Fhat can be utilized by mlcrObeS'.Thls 1S Con_angd March (upwelling) months fromgthepCARIACO Ocepan Tirr?e
sistent with findings by Fuchsman et al. (2008) in the BIackSeries between 1997 and 2010,
Sea, who observed higher production of biogenidri\years
that had large phytoplankton blooms compared to those in
which phytoplankton abundances were lower. Nutrient and
suspended organic particle measurements from the CARIface in Cariaco. They found that anammox bacteria and lad-
ACO Ocean Time Series program show that DIN, POC andderane lipids, an anammox bacterial biomarker, were abun-
particulate organic nitrogen (PON) at the oxic—anoxic inter- dant at~ 250 m. Furthermore, maxima in chemoautotrophic
face ¢~ 250 m) were higher in March 2009 than in September production rates (dark DIC assimilation) have also been mea-
2008 (5.18 vs. 1.02 umol NKkd, 65.12 vs. 46.04 ug C kgt sured at this depth, likely as a result of the presence of the
and 11.16 vs. 8.05ugNKd, respectively). Furthermore, anammox metabolism and perhaps autotrophic denitrifica-
particulate settling flux records from CARIACO show that tion (or thiodenitrification) within this layer (Taylor et al.,
mean PON fluxes (1997-2010)-at400 m tend to be higher 2001, 2006; Wakeham et al., 2012).
in March than in September months (Fig. 7); mean PON From the observations reported in this study, however, we
fluxes for CARIACO were used since settling flux data were cannot determine which specific pathways (denitrification or
not available for 2009 because of a mooring malfunction.anammox) dominate the conversion of DIN to biogenic N
These observations suggest that more inorganic and organigithin Cariaco’s sub-oxic layer. Nonetheless, from a general
forms of dissolved nitrogen are available during upwelling perspective our results shed light on the microbially medi-
compared to non-upwelling periods, stimulating N-loss pro-ated biogeochemical processes that impact the production of
cesses during upwelling. biogenic N in the basin on a seasonal basis. Here we pro-
Ammonium produced by the decay of sinking organic pose a model explaining the response of the N-loss to the
matter, in particular, is likely an important DIN source for N- upwelling cycle of Cariaco. The rain of organic matter is
loss. It can be incorporated into non-canonical nitrogen pathan important source of carbon and nitrogen for autotrophs
ways such as coupled nitrification—denitrification in which and heterotrophs at the oxic—anoxic interface. Previous work
nitrifiers exploit the newly generated ammonium at the oxic—has shown that seasonal changes in bacterial respiration rates
anoxic interface, producing nitrite and nitrate that can, inwithin this layer can be associated with changes in the up-
turn, be utilized by heterotrophic denitrifiers. Another plau- welling conditions in the basin (Taylor et al., 2006, 2009).
sible utilization pathway of Nlj,j is anammox. Historical nu-  Our hypothesis is that enhanced settling flux of organic mat-
trient records from the CARIACO Time Series program indi- ter during the upwelling period stimulates both heterotrophic
cate that N@ is occasionally present at the interface in high and autotrophic metabolism at the oxic—anoxic interface.
enough concentrations to fuel the anammox reaction (Scranfhough in a different setting, Lomas et al. (2010) found that
ton et al., 2006). Wakeham et al. (2012) also shows extensiv&argasso Sea’s mesopelagic export production (300 m) has
evidence for anammox taking place at the oxic—anoxic inter+emained constant since the late 90’s, while epipelagic export
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(~ 150 m) has increased. They suggested that the decreasewhile SRP concentrations are in the micromolar range. The
the POC transfer efficiency (POC flux at 300 m: POC flux atexpected DIN abundance is typically obtained by plotting
150 m) is the result of enhanced microbial respiration ratesDIN versus SRP concentrations measured in waters with dis-
In other words, heterotrophy responds proportionally to thesolved G > 65 pmol kg * (Devol et al., 2006). For our work
increase in the POC flux below the euphotic zone. Enhanceave used nutrient data collected at the CARIACO Station and
microbial metabolism, such as denitrification and anammoxBATS during 2008 and 2009 using the same criteria as De-
within the oxic—anoxic layer in Cariaco would thus result in vol et al. (Fig. 8). Data from the BATS program was used
higher biogenic N production during the upwelling period. in this analysis since waters entering into the Cariaco Basin
During the relaxation period, however, when the flux of or- originate in the subtropical North Atlantic.eby, is then cal-
ganic matter escaping the base of the euphotic zone is lowesulated by linear regression:

(Montes et al., 2012), a decrease of the microbial activity

can be expected, which would lead to lower production of Nexp= 14.5(Pops) — 0.7, 1)

biogenic N. where Rps corresponds to in situ SRP concentrations. The

i \,,Avn talrti:natlviit?xpila:atl(:ri\niorrﬂe d'in(t:regset'hn b;g %enicﬁ Ninnegative Y-intercept indicates a DIN deficit when the SRP
S walermass intrusions at intermediate depins. EpISOCIC INg o oo niration is zero. The slope and intercept of 14.5 and
trusions of oxygen and nutrient-rich water masses from th

9.7 respectively, are the result of averaging the correspond-
Caribbean Sea deepen the oxic—anoxic interface in the Carii-' ' ¥ . -

. . L I f he DIN: SRP rel hips f he CARI-
aco Basin (Astor et al., 2003). These alter the vertical distri ng values from the SRP relationships from the C

" “ACO Time Series (13.8, 0.5) and BATS (15.1, 0.9). These

iron and manganese oxides, and ammonium, among otheerN : P relationships are similar to those reported from the east-
(Percy et al., 2008: Scranton et al., 2001, 2006). Dissolvecfm tropical South Pacific (15.8) and the Arabian Sea (14.9)

oxygen concentrations were higher between th#5 and Chang et al., 2010, and Codispoti et al., 2001, respectively).

. ) The DIN deficit is th
~ 26 isopycnal surfaces in March 2009 compared to Septem- € deficitis then

ber 20_08 (Fig. 2). The increase in dissolved d]uring the ~ Ngef= (Nexp— Nobs). 2
upwelling season must result from enhanced vertical mix-

ing and ventilation of cold+ 21-22°C) subsurface waters. We based MNet estimates on monthly observations at the
Higher [O] in the upper~120m in March 2009 suggests CARIACO Station (station 10 in this study) for 2008-2009
that an intrusion of water from the Caribbean Sea could havesince no nitrite or SRP measurements were made at depths
occurred during the upwelling period. The supply of oxygen below 100 m during our cruises. We believe that these are
to the redoxcline would stimulate nitrification, and enhancerepresentative for the basin because the vertical nutrient pro-
the abundance of NQavailable for denitrifiers. Though an files within each season were similar among all stations dur-
increase in oxygen concentrations at this depth after an intruing the regional cruises at the oxic—anoxic interface (Table 2).
sion would inhibit denitrification, previous work has shown  DIN deficits in September 2008 and March 2009 were cal-
that oxygen is quickly consumed and that low oxygen con-culated by averaging theqd for the CARIACO observations
ditions are restored within weeks at this depth (Scrantonbetween August and October 2008, and between February
et al., 2006). The intrusion of nitrate-rich waters from the and April 2009, respectively. Combinedy¥ in the upper
Caribbean would also stimulate denitrification at the oxic—~ 120 m were below detection during both seasons, as ex-

anoxic interface. pected, but increased in waters with low oxygen?Q0 m).
Measurements of [I¥] were similar to Nief (least squares
5.3 DIN deficit and N3® linear correlation,R? = 0.95, p < 0.001; Fig. 9), showing

that biogenic N production reflects the amount of fixed ni-
We estimate the DIN deficit (fds) in the basin as the amount trogen removed by the N-loss process in Cariaco. Biogenic
of fixed nitrogen that has been removed by the N-loss (ChangN3®] tended to be slightly lower thand¥ estimates (Fig. 9),
et al., 2010; Devol et al., 2006). Thegdd is calculated by likely due to the accumulation of SRP within the anoxic
subtracting the observed DIN {j) from the total expected layer, which artificially amplifies s values.
fixed nitrogen (I\lxp:[NOg]+[NO§]+[NHj]) based on in These observations support the conclusion of Chang et
situ SRP concentrations and Redfield stoichiometry. DINal. (2010) that measurements ofNbrovide a useful means
deficits within the anoxic portion of the water column in for estimating N-loss rates in oxygen minimum zones, and
Cariaco are not likely affected by reduced metals adsorpthat Nj° concentrations can be used to validate N-loss rates
tion. Unpublished data show that despite labile and oxide-in marine systems (see DeVries et al., 2012) where DIN
associated particulate P peak at Cariaco’s oxic—anoxic indeficits or N* estimates are affected by non-Redfield N: P
terface, indicating SRP scavenging by reduced metals, SRRatios. Some potential problems of using DIN deficits calcu-
concentrations at this depth appear to be minimally impactedated from SRP include variable N : P ratios, the scavenging
by such reactions (C. Benitez-Nelson, personal communi-of SRP by redox species such as iron and manganese ox-
cation, 2012). Particulate P has nanomolar concentrationgles, or (specifically for Cariaco) the accumulation of SRP
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Fig. 8. Phosphate (SRP) versus DIN concentrations in waters with g

dissolved @ concentrations above 65 umol kg1 from the CARI-
ACO Time Series and BATS during 2008 and 2009.

. . L -10 E) 1‘0 2‘0 30 40
and ammonium below the oxic—anoxic interface (Scranton

et al., 2006; Zhang and Millero, 1993). The excellent agree-
ment between [BF] and Nyer supports our assertion thabN Fig. 9. Average DIN deficits (DINgf) versus [N®] (measured mi-

in the Cariaco Basin is mainly of biological origin. nus background ) in the Cariaco Basin. The dashed line shows
the theoretical 1: 1 relationship.

DINge; (Mmol N Kg-')

6 Conclusions

Our observations show that measuringsl‘ils a robust

. . .
In th's study we eva_luated changes ”3. .Nh the Can_aco method for quantifying the sink of fixed nitrogen in Cariaco
Basin under contrasting seasonal conditions (upwelling ver-__" . - .

. : and in low oxygen environments in general. We conclude that
sus non-upwelling). [KF] were below detection at the sur-

! 1 biogenic N determinations are a useful tool for complement-
face, gnd mcrga;ed to a mean value-d2 umolN kg + at ing information provided by the Nparameter, and should be
the_oxm—anoxw interface (250-300 m) and deeper. OGN considered in future studies addressing questions regarding
estimates are-25% Iarger than those _from Richards and the state of the contemporary global nitrogen cycle.

Benson (1961), suggesting that biogenig iMis been accu-
mulating in the basin at a rate 6f0.08 pmol Nkgtyr—1.
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