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ABSTRACT

The zonal ¢a. 15°-40°W along 26-29°N) and meridioned.(30°N-30°S along 28°-29°W)
variability of 5'°N of suspended particles and zooplankton (>40 pag) studied to assess the
influence of nitrogen fixation in the isotopic budgf the tropical and subtropical Atlantic ocean.
Two cruises were conducted in October-November 20@7April-May 2008 comprising a zonal
and meridional transect each. In the region betvd@8r15°N, the concurrently measured nitrogen
fixation was insufficient to explain the consistpatch of suspended particles WitfiN < 2%o and
points to a significant contribution of atmospheteposition of light nitrogen to the isotopic
budget. The equatorial region (15°N-10°S) is suligemtense nitrogen fixation, which, according
to a two-end-member mixing model, may explain 40668f the observedN in suspended
particles and 3-30% in zooplankton. In the Southar between 10°S-30°S, low values (<4%o)
were measured in suspended particles and zooptadisting 2008. The values 8PN of
suspended particles suggest that nitrogen fixatitwch is usually low (<10 pmol N thd %), may
represent 50-60% of phytoplankton nitrogen in thgion. Hence, diazotrophy in the South

Atlantic may be more important than previously thiot
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INTRODUCTION

In many marine ecosystems, primary productiommstéd by the availability of nitrogen (Vitousek
and Howarth, 1991; Karl et al., 1992; Moore et2013). Reactive nitrogen is supplied to the
euphotic zone by different physical, chemical aiwddgical processes such as advective diffusion,
atmospheric deposition and biological nitrogentitxa The latter is mediated by organisms and, in
the oligotrophic regions of the oceans, is a ralegaurce of new nitrogen (Paerl and Zehr, 2000).
The ratio of stable isotopes in phytoplanktGiN(**N expressed a&™°N in %o) is variable, due to

the contrasting preferences of the organisms fcin etope. The metabolic pathways usually
discriminate against the heavy isotop®}, a discrimination that is measured by the isiatop
fractionation factor (Montoya, 2008). Besides, difeerent forms of inorganic nitrogen have
distinct signatures df*°N. Deep-nitrate typically ranges between 3-6%. (\yat 2008),
atmospheric dinitrogen is, by definition, 0%o., arekd-ammonium lies between 6-8%. (Miyake and
Wada, 1967). Hence, a very differéhiN of organic matter is expected, according to the'ee of
nitrogen, if this is completely consumed. The ipatcsignature of phytoplankton will depend then
on the signature of the source of nitrogen andldgree of fractionation during uptake. Yet, the
interpretation 06N is not so straightforward. In the case of aninfiaés upper trophic levels), a
trophic effect is also observed whereby the tissifi¢se consumer are usually 2-4%. heavier than
the food, whereas the animal’s excreta, mainlyeform of ammonium, can be 2-4%o lighter than
the food (Montoya, 2008; and references hereinddidition, cultured cyanobacteria growing on
excess nitrate showed a strong fractionation fagtelding5*°N values similar to those produced

by growth on dinitrogen (Bauersachs et al., 2009).

In the Atlantic Ocean, experimental data retriestadng large-scale surveys show that
Trichodesmium, the most well-studied diazotroph, is distribupedferentially between 0-20°N
(Tyrrell et al., 2003; Moore et al, 2009; Fernandeal., 2010; Luo et al., 2012). In addition,
nitrogen fixation, mostly measured with the metlbdbdlontoya et al. (1996), is more significant
between 0°-15°N (Moore et al., 2009; Fernandek,e2G10; Luo et al., 2012). TN of
diazotrophs usually ranges between —1%. and —2%. {M@net al., 2002). However, the measured
isotopic signature of nitrogen in suspended pa&sieind the biogeochemical estimates of excess
nitrogen available in the literature suggest thiibgen fixation is more relevant in a region fuath
north, between 15°-30°N (Gruber and Sarmiento, 19@haffey et al., 2003; Mahaffey et al.,
2004; Reynolds et al., 2007; Hansell et al., 2004 time scales reflected by these measurements
are differentin situ nitrogen fixation rates generally represent instaaous rates over a few hours
to 1 day, while5*>N and excess nitrogen are indicators of the diapbic activity over longer

periods of days to months. However, the determgahthis disagreement remain undefined. Duce
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et al. (2008) argued that the atmospheric depostifaeactive nitrogen in the oceans has increased
due to human activities and is fast approachingrthgne N fixation budget. Other studies have
also shown an increase of the atmospheric deposifi’N-depleted nitrogen in high and

temperate latitudes (Hastings et al., 2009; Mai.e2009; Morin et al., 2009; Holtgrieve et al.,
2011), as a result of the increasing anthropogemduction of reactive nitrogen and/or natural
speciation processes. In addition, Baker et aD72@nd Knapp et al. (2010) reported depositional
fluxes of lowd™N similar to measured Nixation rates in the Atlantic Ocean.

As part of a wider project, we have previously digsd the latitudinal and longitudinal distribution
of measured community nitrogen fixation in the toapand subtropical Atlantic Ocean (Fernandez
et al., 2010; Fernandez et al., 2013) and theivelabntribution of nitrogen fixation and nitrate
eddy diffusion in supplying new nitrogen to the kaofic layer (Mourifio-Carballido et al., 2011).
Here we report on the distribution &N in suspended particles and two size-fractionslarikton,
with the aim of describing the large-scale latinadivariability of nitrogen isotopic signaturestire
Atlantic Ocean and comparing these inferred padtefrdiazotrophy with concurrent, direct

measurements of situ N, fixation rates.

METHODS
Sampling, hydrography and chlorophyll a

Two research cruises were conducted in the tropicdlsubtropical Atlantic Ocean during 17
November-8 December 2007 and 13 April-2 May 200®oard the BIO ‘Hespérides’. The tracks

followed by the vessel comprised a zonal and adiwral transect in each season (Fig. 1).

The vertical distribution of temperature, salinidyssolved oxygen and fluorescence was measured
by a SBE 911plus CTD attached to a rosette equipfidl2-L Niskin bottles which was fired to
300m depth, always before dawn. The vertical peefdf fluorescence and oxygen at each station
were used to choose the sampling depths for tregrdetation of inorganic nutrients concentration,
chlorophylla concentration, communityN, fixation and natural abundance of nitrogen isosdipe

suspended particles.

The concentration of chlorophylwas measured at 6-7 depths distributed througkubéotic
layer. At each depth a 250-mL sample was filteusihg low vacuum pressure, through Q2
pore-size polycarbonate filters. The pigments veatteacted overnight in 90% acetone at -4°C.
Fluorescence was subsequently measured on bodréwiirner Designs 700 fluorometer,

calibrated with pure chlorophydl (Fluka).
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Rates of N fixation by the whole planktonic community in a-Bdur incubation period were
determined in each station at the surface (5mint@nmediate depth (30-80m) and the depth of the
deep chlorophyll maximum (DCM), and are alreadycdbsd in Fernandez et al. (2010) and
Fernandez et al. (2013). Briefly, we incubateditgie samples following the Montoya et al.
(1996) protocol for thé°N,-uptake technique with the modifications of Reeal e€2009). The
equations of Weiss (1970) and Montoya et al. (198&e used to calculate the initiag N
concentration (assuming equilibrium with atmosphared N fixation rates, respectively. The limit

of detection, estimated following Montoya et a9986), was 0.001 pmol N Thd .
Natural abundance of nitrogen isotopes in suspended particles

For the determination @& °N signature in suspended particlé¥Xlsy), 2-L samples were taken at 6
depths through the euphotic layer in each pre-detation and filtered through a 25-mm diameter
GF/F filter (Whatman). All filters were dried at4D during 24 h and then stored until pelletization
in tin capsules. The measurement of particulataraognitrogen (PON) antiN atom% was carried
out with an elemental analyzer combined with a iomatus-flow stable isotope mass-spectrometer
(FlashEA112 + Deltaplus, ThermoFinnigan) and usingcetanilide standard as reference. The

limit of detection of the equipment was 0.20 pg N.

The isotopic signature observed in the suspendeitipa may be affected by the presence of other
types of material in addition to phytoplanktore(bacteria, detritus, zooplankton). The existence of
a relationship between the particulate organiogeén (PON) to chlorophyd (chl-a) ratio and the
8N of suspended particles is an indicator of sutioghic effect (Waser et al., 2000). The Pearson
product-moment correlation coefficient of PON:e#ndd™Ns, was calculated to test this

possibility.

The weighted mean &f°N of suspended particles in the euphotic layer uszsi as an integral of
the signature of phytoplankton in the euphotic zZmnsimplify the comparison with tH°N of the
two size-fractions of zooplankton (40-200 um an@G-Rm). It was calculated, following Landrum
et al. (2011), as:

Yi([PN]; x Az; x §™Ng))

Weighted mean 815Nsp = Y. ([PN]; X Az;)
i i 1

Where [PN]is the concentration (LM) of particulate nitrogéaJﬁNSIO Is the nitrogen isotopic

composition of suspended particl&3N(“N, %o), andAz is the depth interval (m).

The fraction contribution of diazotroph nitrogenthe bulk suspended particles defined by

Montoya et al. (2002) was also calculated as:
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§'°Ng, — 8'°NO3 )

% diazotroph N = 100 X
’ P (815Ndiazotroph - 815NO§

Whered" NaiazotrophiS the nitrogen isotopic composition of diazotreghiN:**N, %0) ands'NOs-is
the nitrogen isotopic composition of deep-nitraf&l(**N, %o). As pointed by these authors, this
two-end-member mixing model is sensitive to theigalof the end members chosé]ﬁl‘qdiazotmph
and5'°NOy"). In order to represent only the nitrate in theemthermocline, and avoid the effect of
recently fixed nitrogen recycled between the uppater column and the thermocline in the
calculations, thé'>NOs;™ used was 4.5%o, which is the global average of dieate (Liu and
Kaplan, 1989; Sigman et al., 1997). Due to the tla&t most of our stations are oligotrophic, no
additional fractionation factor during nitrate uggavas added. As a conservative choice
representing the least contribution of nitrogemfss and considering the fact that little fractioom
occurs during Mfixation (Montoya, 2007), th&"*Ngiazoropnised was —2%. (Montoya et al., 2002).

Natural abundance of nitrogen isotopes in plankton

At each pre-dawn station, zooplankton were coltktigvertical tows of a 40pum net of 30cm in
diameter through the upper 200m of the water colatrmconstant towing speed of 60 m hin
The content of the collector was suspended in 5D@M20 um-filtered seawater. Two 60 mL sub-
samples were preserved, one in Lugol's solutiontla@dther in formaldehyde, for the
determination of abundance Bfichodesmium and other plankton by microscopical examination.
Trichodesmium trichomes were more abundant in the fraction 40420 while colonies were
present in the >200um fraction. The rest of the@amwas separated into two size fractions by
passage through nylon sieves of 40 and 200um. fEaction was then re-suspended in 200 mL of
20pum-filtered seawater and subsequently filtergor@weighted 45-mm diameter GF/F filters by
low vacuum pressure. All filters were dried forl24t 40°C and stored until measurement of

particulate organic nitrogen antN atom% as previously described.

The relative contribution of diazotroph N to zooptton biomass was estimated following Montoya

et al. (2002) two-end-member mixing model for zaoiton:

15 15
% diazotroph N = 100 X < 8 Nplankton -8 Nreference pl >

15 15
Ndiazotroph -8 Nreference pl

WhereSlSNmanktonstands for the nitrogen isotopic composition @f ptankton size-fraction
(*°N:MN, %o), andd™Nreference pis thed™N of reference zooplankton. Again, a conservatiafei® of
~2%o was used 08 *Ngiazoropn Thed™N of the reference plankton was calculated as themof

the 5*°N 0 0r §*°N,go measured in the stations where the lowest abuedaiicichodesmium and

6
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nitrogen fixation were found, i.e., the stationsamen 0-20°S in the latitudinal leg of 2007 cruise,
where no influence of nitrogen fixation in the saesps expected. The values used were: 4.6%o for
the 8" Nreference 40and 5.9%o0 fOB™N reference 200] Nis model is based on the use of reference
plankton to account for the trophic effeict,, the reference plankton serves as a proxy in both
terms of the calculation; therefore, no additidnattionation term for the trophic effect was
needed. The assumptions that are implied areei$itte distribution of grazers in the sample and
the reference plankton are similar, ii) the tropinéctionation in the sample and the reference is
similar, and iii) in both locations the isotopicnoposition of the nitrate supporting the food web is

the same (J. P. Montoya, Atlanta, personal comnatioic).

RESULTS
Hydrography and fluorescence

In the latitudinal transects, the Equatorial upimgliwas clearly defined by the rising of the isekn
of temperature (T) and salinity (S) in both cruigég. 2a, b, c, d). In order to simplify the arsy

of data, we use the changes in the depth of the i8therm, above and below 150m, to identify
the area affected by the Equatorial upwelling delimit three main regions along the transects,
i.e.,, North gyre (29°-15°N), equatorial region (15°Ng)0and South gyre (10°-33°S).

The hydrographic settings found in these regiongwenilar in both legs. Surface waters in the
equatorial region were always warmer (> 24°C) asd kaline (< 35 psu) than in the gyres in both
seasons. In turn, the stability of the water columthe gyres was weaker than that found in the
equatorial region, where the average Brunt-VaiBaiguency in the upper 125m was higher
(Fernandez et al., 2010). The fluorescence prodiesved a well-defined deep chlorophyll
maximum (DCM) associated with the thermocline ithbimansects (Fig. 2e, f). This DCM was
shallower and better defined in the equatorialaeghan in the gyres. By contrast, in the
longitudinal sections, waters were warmer and iyghore saline in autumn 2007 than in spring
2008 (Fig. 2e), leading to a stronger stabilityhaf water column, as indicated by the higher Brunt-
Véisala frequency measured in this cruise (Fernéetlal., 2013). The DCM was locatectat

100m in both zonal legs and no apparent trend [mhdeas observed (Fig. 2e, f).

Stable nitrogen isotopes in suspended particles (5"°Ng,) and particulate organic nitrogen (PON)

The Pearson product-moment correlation coefficdON:chla ands™Ns, showed no significant
relationship, neither positive nor negative, in two cruises (Fig. 3). The PON:calratio

represents the contribution of other componenti@food web than phytoplankton. If any

v
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relationship between PON:chlratio and815NSp is found, this will suggest a significant effeft o
detrital matter and/or other non-phytoplanktonigasisms on the observed signal of suspended
particles. Thus, we can assume thatdtfi of suspended particles in our data mainly refi¢ice

composition of phytoplankton (Waser et al., 2000).

The zonal distribution of PON showed no apparemidrand the measured concentrations were
similar in magnitude in both cruises (Fig. 4b,wlithout any significant differences between cruises
(t-test, n=60). The mean PON concentrations fozthel transects were 0.22+0.12 uM in 2007
and 0.24+0.06 uM in 2008. In the latitudinal setsiothe measured concentrations in the South
gyre were similar in both cruises, showing similalues and vertical variability (Fig. 4a, c). Ireth
North gyre and equatorial regions, measured PORrdd significantly between cruises (t-test, p <
0.01, n=54 and p < 0.05, n=84, respectively). mNlorth gyre region, the concentrations of PON

in 2007 cruise were higher than that of 2008 cruis¢he equatorial region, PON depicted a

decreasing pattern in 2007 cruise, but no lineardmwas observed in 2008.

In the zonal transect of 2007 cruise, 8N, increased sharply by 4-6%. from 80-100m to the base
of the euphotic layer, probably reflecting the ulgihce of the African upwelling in the easternmost
stations (Fig. 5a). However, tlﬁé5Nspdistributed uniformly in the euphotic layer in BEruise

(Fig. 5b). In the latitudinal transects, t&léNsp was lower in 2007 than in 2008, both in the North
gyre (Fig 5c¢, d) and equatorial region (Fig 5eBfy.contrast, in the South gyre region, the veltica
distribution of615Nspdiffered between stations in each cruises (Fighdgwith a wide range of

values between -4 and 4%.. The difference betwegisas were significant in the zonal transect,

the North gyre and the equatorial region (t-test,p01, n=72), but not in the South gyre region.

The correlations o§*°N of suspended particles with ammonium concentnatitd with nitrate
concentration are shown in Table 1. Consideringhalistations in each cruise;Ns, correlated
with ammonium concentration in 2007 (p < 0.05, r8)1&nd with nitrate in 2008 (p < 0.05,
n=119).

Nitrogen isotopic signature in the euphotic layer

In order to compare thi#°N of suspended particles and plankton net tows;aleulated the
weighted mean o§*°N of suspended patrticles to obtain an integraﬁi‘@Nsp signature for the whole
euphotic layer. The patterns described bystil of the planktonic 40-200 pnd'N.g) and >200
um GNaog) size-fractions were very similar in all stationsth a few exceptions in the equatorial
region and the zonal legs, and closely matcheddfrfdistp (Fig. 6). The average differences

betweerE‘>15NSIO and the two plankton size fractions were in thegeapreviously described
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(Minagawa and Wada, 1984): between&h#\s, and thes'*N,othat difference was 3.2%. in 2007
and 2.6%o in 2008; between theNs, and thed™Ngo was 4.3%. in 2007 and 1.9%. in 2008.

In the autumn 2007 meridional transect, the isatsmnature of suspended particles showed two
minima (<-2%o) in the North gyre and South gyre regions. i ¢quatorial regiors N,

oscillated around 0%. (Fig. 6). TI6&N.o andd™*Nago roughly followed these patterns. By contrast,
the distributions were dome-shaped in spring 20€8;hing peak values in the equatorial region. In
both cruises, the gyres presented 8N values in most of the stations. Besides, a p@siti
statistical correlation betwe@™N in the three fractions suggests a regular imp&light nitrogen

across trophic levels (Table 2).

A two-way factorial ANOVA indicated significant dérences between regions and cruises, and for
8N, andd™Nago, @ significant interaction region-cruise, whicthances the difference (Table 3).
The differences between regions appeared to béisagnt only for the North gyre-equatorial

region (post-hoc Tukey HSD test), as can be alsn sefigure 6.

We tried to estimate ifrichodesmium could be the major influence on the patterns olesebut no
significant correlation (Pearson’s r) was foundimtn the measured filament abundance
(Fernandez et al., 2010; Fernandez et al., 201Bjrad >N of suspended particles (p=n.s., n=42),
the 40-200 um (p=n.s., n=41) or the >200 um plamkire-fractions (p=n.s., n=42).

Nitrogen fixation rates (Fig. 6) were previouslpogted in Fernandez et al. (2010) and Fernandez
et al. (2013). Briefly, in the longitudinal trans®no apparent trend was depicted in 2007, while a
clear increasing pattern to the East appeared08 2Big. 6b, d). In the spring 2008 zonal leg, the
average vertically integrated:Mixation was 7-fold higher than that of autumn 2F8.3+3.3 pmol
Nm2d!vs. 1.240.5 umol N if d%). In both meridional transects, the highest iraeep ratesd.
250 and 150 pmol N thd™* in 2007 and 2008, respectively) were measurethtioss located
within the equatorial region (Fig. 6a, c). Besidég, North gyre showed higher diazotrophic
activities than the South gyre. But, whilg fikation south of the Equator was almost undetdeta
during the 2007 cruise, substantial rates were amedsn the Southern Hemisphere in 2008 (Fig.
6a, C).

Diazotroph nitrogen contribution to 6N in the euphotic layer

The contribution of diazotrophs to the obserd&M of suspended particles, 40-200um and >200
pum plankton size-fractions, estimated by the twd-srember mixing models, decreased to the
South in 2007 cruise (Table 4). In 2008, the mimmuias observed in the equatorial region (Table
4). The importance of this contribution is highe2007, except in the South gyre, where the

9



266 contribution of diazotroph nitrogen was higher lins&ze-fractions. In both cruises, diazotrophy
267 explains, on average, 61% of the obse®elsy;, 27% 0f3™°Nao, and 30% 06 *N2go

268
269 DISCUSSION

270 Our data contributes to the existing studies inAtiantic Ocean (Waser et al., 2000; Mino et al.,
271 2002; Montoya et al., 2002; Mahaffey et al., 200&haffey et al., 2004; Reynolds et al., 2007,
272 Landrum et al., 2011; Mompean et al., 2013) pragdiasin-scale distribution 6f°N in

273 suspended particles and two plankton size-fractitumgg two contrasting seasons. We found a
274  consistent®N-depleted signal (<4%o) in suspended particié3N,) in the euphotic layer in most
275 of the stations (Fig. 5; Fig. 6). This implies tn&togen fixation and/or atmospheric deposition
276 were supplying an important fraction of new nitroge most of the tropical and subtropical

277  Atlantic Ocean in our cruises. The trends indh&! of the two plankton size-fractions closely
278 matched that of suspended particles, indicatingnaible impact of light nitrogen even in upper

279 trophic levels, at leat for some regions (Fig. &ble 2).

280 In the meridional transect of 2008, %8N signal in the >200pum size-fractiod {Nogg) was lower
281 than that in the 40-200 pm size-fractiéR.g) in most of the stations (Fig. 6), contrary to the
282 usual observed enrichment’N of upper trophic levels (Montoya, 2008). One flnssreason is
283 the longer turnover times of mesozooplankton redattd phytoplankton and microplankton that
284  could result in the uncoupling of different sizadtions, producing this inversion of the expected
285 increasing pattern (Landrum et al., 2011; Mompddl.£2013). Other possible explanation could
286 be the presence dfichodesmium colonies, whicht were large enough to be retaindtis size

287 fraction, and would have lowered the isotopic stgrexof zooplankton.
288
289  Zonal and meridional variationsin ¢*°N in the North gyre

290 Inthe North gyre, the difference &llstp between stations was higher in autumn 2007 than in

291  spring 2008 (6%. and 2%o, respectively). However, wegical change i"°Ns, at each station was
292  small in both cruises (Fig. 5), and the measurédegof5'°Ns, were always <2%.. Our data are in
293 agreement with previous reports in the subtropizath Atlantic which show a range of variation
294  between-2 and 4%o in the signature of suspended particles (Montoya et al., 2002; Mahaffey et al.,

295 2003; Reynolds et al., 2007; Landrum et al., 20Thgse authors described a consistently depleted
296 signal between 7° and 32°N, which is also confirtmgedeochemical tracers (Gruber and

297 Sarmiento, 1997; Hansell et al., 2004) that paird persistent excess nitrate relative to phosphate

298 in this area, indicative of intense nitrogen fixati These light nitrogen signatures have been

10
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associated with a large impact of diazotrophicogién in the isotopic budget of this area,
discarding the influence of other sources of nghtlhitrogen because of their weak strength or
unlikely occurrence (Reynolds et al., 2007; Landetral., 2011). However, later studies provided
new insights that suggest a more relevant influeri@ternative sources such as the atmospheric
deposition of°N-depleted nitrogen (Baker et al., 2007; Hastirtgs.e 2009; Morin et al., 2009;
Mara et al., 2009; Knapp et al., 2010; Holtgrievale 2011; Mourifio-Carballido et al., 2011)

Thed™N of deep-water nitrate typically ranges betweed%3-with a global average of 4.8%o
(Montoya, 2008). In the presence of excess nitthtejsotopic fractionation, due to the incomplete
exhaustion of the nitrate pool by phytoplanktorujdaesult in values oiflsNSp lower than 3%o
(Montoya, 2008). A recent study showed that cyant#sa, especiallyrichodesmium, growing on
nitrate could express a nitrogen isotopic sigmailar to that of nitrogen fixation depending on the
isotopic composition of the nitrogen source, thgrde of fractionation, and the species of
cyanobacterium (Bauersachs et al., 2009). Howexeexcess dissolved inorganic nitrogen was
found in surface waters in our zonal or merididegk, where the concentration of nitrate in the
euphotic layer was always lower than 130 nM (Moow@arballido et al., 2011; Fernandez et al.,
2010; Fernandez et al., 2013). We also recordedumale but low abundancesTaichodesmium
(<60 trichomes [Y) in the euphotic layer (Fernandez et al., 2010n&iedez et al., 2013), which is
also an indication of potential diazotrophy in #rea. But, no significant correlation appeared
betweenTrichodesmium abundances and tIﬁ@eSNSp (Pearson’s r). Hence, we would not expect that
a strong isotopic fractionation associated withnojfzcteria or other phytoplankters was

responsible for the observéHSNSIO during our cruises.

The lack of data on atmospheric deposition of ggroduring our study limits any direct
comparison with the measured nitrogen fixation greddistribution of thé*°N signature, but we

can attempt to use an indirect analysis instead.tWb-end-member model proposed by Montoya
et al. (2002) yields a contribution ot fixation toéSlSNSp in the range 81-85% in 2007 and 59-61%
in 2008 (Table 4), which is close to the previossneation of 74% by Reynolds et al. (2007).
However, experimental measurements of communitpgun fixation in this region indicate
modest rates of diazotrophy (<60 pmol N°mi %) throughout the year (Fig. 6; Moore et al., 2009;
Benavides et al., 2011). During the spring 2008ser,uMourifio-Carballido et al. (2011) calculated
the relative importance of nitrate eddy diffusiordaneasured rates of nitrogen fixation as sources
of new nitrogen to the euphotic layer in the Nagyine. They estimated that the average
contribution of nitrogen fixation in this cruise svanly 2% over daily time-scales. We acknowledge
that the comparison of these two fluxes is diffiad they represent different time-scales, the

815Nsp represents time-scales of days to weeks, whilendg@sured nitrogen fixation time-scale is
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one day. But the difference between the fluxes 3@afold in 2008. This suggests that other sources
than diazotrophy may be contributing to our obseB/&s, and that the low values are not only a
consequence of intense nitrogen fixation. The ingyme of the atmospheric deposition of BN
nitrogen, natural or anthropogenic, is increasingigh and temperate latitudes (Hastings et al.,
2009; Morin et al., 2009; Mara et al., 2009; Hakge et al., 2011). According to the model of
Duce et al. (2008), the atmospheric supply of ambgenic reactive nitrogen in the central North
Atlantic is usually higher in the latitudinal rangetween 5° and 25°N. TG&N of this

anthropogenic N depends on its origin and is exttgmariable (Fang et al., 2011). For instance,
the 5N of fuel NQ, produced by power plants ranges between 5 and (E8%ton, 1990; Kiga et
al., 2000), but that of thermal N@roduced by vehicle exhausts ranges between -d.3 2o
(Heaton, 1990). Besides, in the Atlantic Ocean betw45°N-45°S, Morin et al. (2009) found a
8N of atmospheric nitrate that ranged between —7-8n6%. and was mainly representing natural
sources. In the Mediterranean Sea (Crete IslandjaMt al. (2009) described a consistent source of
low 8™N nitrate throughout the year with a potential irtpan the isotopic budget of intermediate
and deep waters, which could lead to an overesbmaf N, fixation if atmospheric nitrate is
neglected. In spite of that, previous studies ddma the effect of this process in the analysithef
nitrogen isotopic budget, based on the assumphiaintthe flux is small compared to nitrogen
fixation (Landrum et al., 2011) or to the expoulof nitrogen out of the euphotic layer (Reynolds
et al., 2007). By contrast, Baker et al. (2007) Endpp et al. (2010) measured atmospheric
depositional fluxes oPN-depleted nitrogen similar to those of fikation in the North Atlantic
Ocean. Considering this information, we suggestttttmobservedlstp in the North gyre region
during our cruises could be the result of the sppplight nitrogen through both nitrogen fixation
and atmospheric deposition. Therefore, discardiegetfect of this atmospheric supply in the

analysis oBlSNSIO would result in the overestimation of nitrogenaficon.

The signature of light nitrogen found in suspensiead over the food web. Firstly, #féN
distributions of the two zooplankton size-fracti@ml the suspended particles are significantly
correlated (Fig. 6, Table 2). Secondly, the obsgdiéference between plankton and particles at
each station (2-4%o) is in agreement with previduslies reporting that zooplankton nitrogen is
typically 3%o. heavier than phytoplankton (Minagawel &Vada, 1984) due to the enrichment of
zooplankton tissues by the isotopic fractionatissogiated with metabolic and excretory processes
(Montoya, 2008). Thirdly, both plankton size-fraets showed relatively low values &fN
throughout the transects (<4%o). Again, the dataidex by the two-end-member model proposed
by Montoya et al. (2002) point out that the conitibn of nitrogen fixation to upper trophic levels
in 2007 represents 48-52% in the 40-200um sizaibraand 41-43% in the >200 pm size-fraction
(Table 4). In 2008, it represented roughly 16-21f%he 40-200 um fraction signal and the 31-36%
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of the >200 um size-fraction (Table 4). However,wald expect an overestimation of this
contribution due to the combined effect of atmosisheeposition of°N-depleted nitrogen and
nitrogen fixation in the isotopic budget of thigien.

Thes™N measured in suspended particles and zooplankiggests a consistent supply of light
nitrogen in this region of the Atlantic Ocean thgbout the year, which coincides with previous
studies (Montoya et al., 2002; Mahaffey et al.,20eynolds et al., 2007; Landrum et al., 2011).
However, we did not measure the isotopic compasitiothe depositional fluxes, which could be
compared with measured community nitrogen fixatroour cruises to determine the actual
contribution of each flux (Baker et al., 2007; Kpagt al., 2010). Further studies, characterizimy th
strength, frequency arid®N of the atmospheric sources of nitrogen relativiea situ measured
nitrogen fixation, will help to unequivocally astan the relative importance of each process in

determining thé'°N signatures in the North Atlantic.

Meridional variationsin 6N in the equatorial region

In the equatorial region (15°N-10°S), the merididrends of thés*>N of suspended particles
coincided with those previously described by Magya#t al. (2004). However, our absolute values
are lower than theirs, in the range —2 to 4%., doder to those measured by Reynolds et al. (2007)
in the water column and by Mino et al. (2002) inface waters. The upwelling in this region allows
a persistent diffusion of deep nitrate to surfaegens, which was reflected in the increase of tatra
concentration during our cruises (Fernandez e2@l.0; Mourifio-Carballido et al., 2011;

Fernandez et al., 2013), and is likely to suppa@tlastantial fraction of primary production.
Therefore, heavy deep-nitrate is probably detemgimiart of thes>N of suspended particles in the

equatorial region.

In autumn 2007, the difference betweendh®l of 40-200 pm and >200 um plankton size-
fractions (2%o) suggests either a different timdesgathe integration of the signal or a low
efficiency in the transference of nitrogen to uppephic levels. The latter could be attributedie
loss of isotopically light ammonium through excigtprocesses, which was suggested as a major
source of light nitrogen in oligotrophic regionsh@kley and Miller, 1989; Montoya, 2008).
However, the positive correlation betweemN of suspended particles and ammonium
concentration in our cruises (Table 1) suggeststhi@aincrease in ammonium is increasing the

5"Nspand may not be related to the excretion of plamkto

The cyanobacteriuirichodesmium exudates up to 50% of recent fixegd & dissolved organic

nitrogen, which can be easily assimilated by opifeitoplankters and/or bacteria (Glibert and
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Bronk, 1994). Furthermore, both nitrogen fixatiing( 6) andTrichodesmium abundances typically
reach high values in this region (Tyrrell et aD03; Moore et al., 2009; Fernandez et al., 2010).
Thus, the supply of light ammonium linked to diamphs is probably determining an important
fraction of the nitrogen isotopic budget in the &guial region. The two-end-member mixing
model (Montoya et al., 2002) yields an averagerdmution of this diazotroph nitrogen %SNSp of
62+27% in autumn 2007 and 39+8% in spring 2008 @4k On the other hand, Mourifio-
Carballido et al. (2011) estimated that the dadgtdbution of N fixation to total (N fixation +
vertical diffusion of nitrate) input of new nitrogaevas 22% in the 2008 cruise. Again, these fluxes
represent different time scales, but both sugdedtrtitrogen fixation account for a relevant fraoti
of the supply of nitrogen to the euphotic layethis region, and are consistent with previous

experimental measurements.

The diazotroph nitrogen was inefficiently transéerto upper trophic levels, as it accounted for
25+18% in the 40-200 um size-fraction and 11+3%han>200 pum size-fraction in 2007 cruise,
and for 3+2% in the 40-200um size-fraction and Z841n the >200 pm size-fraction in 2008
cruise (Table 4)Trichodesmium, the dominant diazotroph in this region, is taxienany species of
zooplankton (Hawser et al., 1992) and only a femugs of copepods are known to graze it (O’Neil
and Roman, 1994). Besides, these groups seemretexcmajor fraction of the ingested nitrogen
(O'Neil et al., 1996, Wannicke et al., 2010). Thdisizotroph nitrogen is preferentially transferred
through dissolved pools whé&michodesmium dominates the community (Mulholland, 2007).

Meridional variationsin 6*°N in the South gyre region

The distribution 06™°N of suspended particled'{Ns,) and zooplankton in the South gyre region
depicted contrasting trends in 2007 and 2008 @igeven though the vertical distribution of

"N, varied within a range of 6%., data were <4%o instditions (Fig. 5) suggesting that’hl-
depleted source of nitrogen is significantly cdmiting to the signals. In autumn 2007, the general
meridional pattern largely coincided with that désed by Mino et al. (2002) in surface waters, but
not with those given by Mahaffey et al. (2004) &wl/nolds et al. (2007), who found a general
increasing trend to the South with values >2%.. ligi@ patch 0f815NSIO in the range —2 to 0%o,
which was found between 20°-30°S in the 2007 crlige 6), seems to be a persistent feature also
described by Mino et al. (2002) with values clase 1%, and Reynolds et al. (2007) with values
close to 0%o. By contrast, this is the first timatth decreasing trend &N such as the one

depicted in spring 2008 is described in this region

The flux of atmospheric deposition of nutrientghe South Atlantic Ocean is extremely weak (Gao

et al., 2001; Duce et al., 2008), thus we may ddstize effect of light atmospheric nitrogen in the
14
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isotopic budget. The small difference in #&\N of both zooplankton size-fractions suggests & hig
coupling between trophic levels, with low isotofiactionation in the loss of nitrogen by excretion
(Checkley and Miller, 1989). The uptake of dissdlweganic nitrogen and their inorganic
degradation products, originated by the nitroggar8 and processed by microbes, may explain
such coupling, as isotopic fractionation in micadldood webs is generally low (Rau et al., 1990).
Mahaffey et al. (2004) suggested that the relatiimportant dissolved organic nitrogen pool of the
South Atlantic could account for the higl'N measured in their study. On the contrary, Knapp e
al. (2011) found that a long-lived and poorly reseDON pool in other regions of the Atlantic and
Pacific Oceans which could be a source of light amom through deamination. However, we
propose that the supply of diazotroph nitrogengsiicantly determining the observéﬂiSNsp. The
few experimental measurements performed to dateeiiBouth Atlantic show that nitrogen fixation
is persistent in this region with rates in the mgo 50 pmol N it d™* (Moore et al., 2009;
Fernandez et al., 2010; Grosskopf et al., 2012jchvare similar to those reported in the equatorial
and North gyre region (Fig. 6). This suggests thiabgen fixation could be responsible of the
persistent light patch @°Nsp in the South gyre between 10°-30°S. The contobui nitrogen
fixation to thes™®N of suspended particles was 49+12% in 2007 and &%n 2008, according to

a two-end-member model based on nitrate and digioyr(Montoya et al., 2002). Besides, the
daily contribution of nitrogen fixation to the to{&, fixation + nitrate diffusive flux) input of
nitrogen to the euphotic layer was 44% during gretnatification conditions in April 2008
(Mourifio-Carballido et al., 2011).

This diazotroph nitrogen is transferred to uppepliic levels with relatively high efficiency in
2008 and it represented 36+16% of the 40-200umfsapéion and 40+17% of the >200um size-
fraction (Table 4). Hence, both experimental mearm@nts and estimations seem to agree in that
nitrogen fixation could be supporting an importaattion of primary production in the South gyre,

despite the fact that the absolute rates of baibgsses are low.

Conclusions

A persistent and consistent signature of 8WN of suspended particle&lstp) is found in the

North gyre region (30°-15°N) in both zonal and mhienal transects, which is usually associated
with a relevant input of nitrogen fixed by diazqihs (Mahaffey et al., 2003; Reynolds et al., 2007,
Landrum et al., 2011). However, the experimentasneements of nitrogen fixation show modest
rates in comparison with other regions of the Atta®cean and do not seem to support this
argument. The atmospheric deposition of light gigm, which is increasing in the last years, is

likely to complete the required supply that produttés depleted™N signal. However, few studies
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have addressed the depositional and diazotropesltogether (Baker et al., 2007; Knapp et al.,
2011) and further studies are needed to accurdégige the strength, frequency and isotopic
composition of the atmospheric depositional fluaiagt the flux of nitrogen fixation in the North
Atlantic. The equatorial region (15°N-10°S) is sbjto relatively intense nitrogen fixation
throughout the year (Moore et al., 2009; Fernarede#t., 2010; Grosskopf et al., 2012) which may
explain 40 to 60% of the observéjc'i_’NslfJ signal. However, this nitrogen of diazotrophiayami

seems to be inefficiently transferred to upperhiopevels. In the South gyre, the I(&?\?Nsp and

the daily estimated contribution of nitrogen fixatito the supply of new nitrogen (Mourifio-
Carballido et al., 2011) suggest that diazotrogrsaontribute up to half of the nitrogen in
phytoplankton at different time scales (Fig. 4)eBthough the measured nitrogen fixation rates are
low (Moore et al., 2009; Fernandez et al., 201@sSkopf et al., 2012), their impact in the nitrogen
isotopic budget of this region may be large. Helace-evaluation of the importance of diazotrophy
in the South Atlantic Ocean is needed through rtedias that should address the annual variability
in nitrogen fixation rates as well as the distribntand relative importance of the different groups
of diazotrophs.
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Table and figure legends

Table 1. Pearson product-moment correlation caefftdetweers™>N of suspended particles
(615Nsp) and nutrient concentration: ammonium (Nidnd nitrate (NG), in 2007 and 2008 cruises.

Numbers in brackets represent the total numbearmiptes used for the analysis.

Table 2. Pearson product-moment correlation cdefftdetweers™N of suspended particles
(5"°Nsp), 8"°N of 40-200pum plankton size-fractiodr {N4g), andd™N of >200um plankton size-
fraction §*°Nago) in the latitudinal transects of 2007 and 2008s&sL ** p< 0.01, n=17.

Table 3. Two-way factorial ANOVA (region, cruisef) &°N of suspended particle&'{Ns,), 5°N

of 40-200um plankton size-fractiod*{N4g), ands**N of >200pum plankton size-fractiof*tN.oo)

in the 2007 and 2008 cruises. DF, degrees of free&$, sums of squares; MS, mean of squares;
F, F statistic; p, probability.

Table 4. Mean+Standard deviation of the contributi diazotroph nitrogen &N of suspended
particles, 40-200pm plankton size-fractié™l.g) and >200pum plankton size-fractiodtWN2qo)
according to the two-end-member mixing model prepdsy Montoya et al. (2002). The reference
zooplankton used in each fraction correspondellé@verage of the stations sampled in the South
gyre during 2007, whef&richodesmium abundance was < 1 trichome'L5**N4o = 4.6%0,5"Nago =
5.9%0. The values of % of diazotroph N above 100 la&ldw O were discarded in the calculation of

the regions average. Number of samples is indigatpdrentheses.

Figure 1. Sampling stations during the TRYNITROB&i®es on board the BIO ‘Hespérides’. White
circles represent the autumn 2007 cruise (17 Noeem8 December 2007), and grey triangles the
spring 2008 cruise (13 April - 2 May 2008).

Figure 2. Zonal and meridional vertical distributiof temperature (°C), salinity and fluorescence in
autumn 2007 and spring 2008 cruises. Dashed Im#gitemperature panels define the limits of
the three major regions identified by the deptA&fC isotherm: North gyre, equatorial region and

South gyre.

Figure 3. Relationship between #eN of suspended particles"tNsy) and the particulate organic
nitrogen (PON) to chlorophyd (chl-a) ratio during the autumn 2007 (a) and the sprid@82(b)

cruises.

Figure 4. Zonal and meridional distributions oftgarate organic nitrogen of suspended patrticles
(PON) during the autumn 2007 (a, b) and spring 2808) cruises. Dashed lines define the limits
of the three major regions identified by the depith6°C isotherm in the meridional transect: North
gyre, equatorial region and South gyre. In thenegel to z6 represent the sampled depths from
deeper depth, z1 (DCM), to shallower depth, z6 (5m)

20



664
665
666

667
668
669
670
671
672

673

Figure 5. Vertical distribution af*>N of suspended particled'{Ns) in autumn 2007 and spring
2008 cruises grouped by region: a, b) zonal tran4&€-38° W), ¢, d) North gyre region (30°-
15°N), e, f) equatorial region (15°N-10°S), and)gSouth gyre region (10°-30°S).

Figure 6. Zonal and meridional distributions of theighted mean af'**N of suspended particles
(5"°Nsp), thed"™N of 40-200um plankton size-fractiod{N4g), thed™*N of >200um plankton size-
fraction §*°Nago), and concurrent measured fikation (Fernandez et al., 2010; Fernandez et al.
2013) in autumn 2007 (a, b) and spring 2008 (©aghed lines define the limits of the three major
regions identified by the depth of 16°C isothernth@ meridional transect: North gyre, equatorial

region and South gyre.
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Table 1.

2007 cruise 2008 cruise
All North Equatorial South All North Equatorial South
stations gyre? region gyre stations gyre? region gyre
NH 0.22* 0.55* 0.43* ns ns ns 0.47* —-0.38*
4 [128] [54] [38] e e ~ [42] [36]
0.30* 0.21* 0.51*
NO; n.s. [54] n.s. n.s. [120] n.s. n.s. [36]

**p <0.01, * p <0.05, n.s. no significance

#includes the zonal and meridional legs in the Nggtre.
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678 Table 2.

679
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515Nsp 615N40
2007 2008 | 2007 2008

3™Nyo | 0.66 ** 0.82 ** - -
8"Nago [ 0.66 **  0.74 ** [ 0.90 ** 0.78 **




680 Table 3.

681

682

24

515N5p 515N4o 815Nzoo
DF| SS MS F p SS MS F p SS MS F o
region 2| 236 11.8 6.3 0.00426.6 13.3 11.5 0.00p25.7 12.8 154 0.00
cruise 1| 16.0 16.0 8.6 0.0064.8 48 4.2 0.044159 159 19.2 0.00
region
: 2| 60 30 1.6 0.213209 105 9.0 0.00p21.7 109 13.1 0.00
vs.cruise




683 Table 4.

684
| 40-200pm
Suspended particlgs >200um zooplanktor
Region zooplankton
2007 2008 2007 200B 2007 2008
Longitudinal transec 81 59 52 16 43 31
(29) 3) (14) (9) (4) (6)
North gyre region 85 61 48 21 41 36
(14) 100 | (220 (11| (12 (8)
Equatorial region 62 39 25 3 11 29
(27) ® |18 3) (12)
South gyre region 49 58 15 36 13 40
gyreregon | (15 g | 0) (6| @5 (@)
685
686
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Figure 1.
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694 Figure 3.

695

a) 2007PON to chlorophylia ratio

b) 2008PON to chlorophylia ratio
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698 Figure 4.

699
a) 2007 Meridional transect b) 2007 Zonal transect
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Figure 5.
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Figure 6.
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b) 2007 Zonal transect

a) 2007 Meridional transect
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d) 2008 Zonal transect

c) 2008 Meridional transect
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