PUBLICATIONS
Journal of Geophysical Research: Oceans
RESEARCH ARTICLE
10.1002/2014JC010410
Key Points:
 The largest N2 ﬁxation data set for
the Eastern South Paciﬁc is presented
 N2 ﬁxation activity decreases from
coast to open ocean
 N2 ﬁxation is likely to be dominated
by heterotrophic bacterioplankton

Correspondence to:
C. Fernandez,
fernandez@obs-banyuls.fr
Citation:
Fernandez, C., M. L. Gonzalez,
C. Mu~
noz, V. Molina, and L. Farias
(2015), Temporal and spatial variability
of biological nitrogen ﬁxation off the
upwelling system of central Chile (35–
38.58S), J. Geophys. Res. Oceans, 120,
doi:10.1002/2014JC010410.
Received 29 AUG 2014
Accepted 15 APR 2015
Accepted article online 17 APR 2015

Temporal and spatial variability of biological nitrogen fixation
off the upwelling system of central Chile (35–38.58S)
lez3, Claudia Mun
~ oz2, Veronica Molina4, and Laura Farias5
Camila Fernandez1,2, Maria Lorena Gonza
1
Sorbonne Universit
es, UPMC Univ Paris 06, CNRS, Laboratoire d’Oc
eanographie Microbienne (LOMIC), Observatoire
Oc
eanologique, Banyuls-Mer, France, 2Department of Oceanography, COPAS SurAustral Program and Interdisciplinary
Center for Aquaculture Research (INCAR), University of Concepci
on, Concepci
on, Chile, 3Graduate Program in
n, Concepcio
n, Chile, 4Departamento de Biologıa,
Oceanography, Department of Oceanography, University of Concepcio
Facultad de Ciencias Naturales y Exactas, Universidad de Playa Ancha, Valparaıso, Chile, 5Departamento de Oceanografıa,
Universidad de Concepci
on, Center for Climate and Resilience Research, Concepci
on, Chile

Abstract Although N2 ﬁxation could represent a supplementary source of bioavailable nitrogen in
coastal upwelling areas and underlying oxygen minimum zones (OMZs), the limited data available prevent
assessing its variability and biogeochemical signiﬁcance. Here we report the most extensive N2 ﬁxation data
set gathered to date in the upwelling area off central Chile (368S). It covers interannual to high frequency
time scales in an area of about 82,500 km2 in the eastern South Paciﬁc (ESP). Because heterotrophic N2 ﬁxation may be regulated by DOM availability in the ESP, we conducted experiments at different oxygen conditions and included DOM amendments in order to test diazotrophic activity. Rates in the euphotic zone
showed strong temporal variability which resulted in values reaching 0.5 nmol L21 d21 in 2006 (average
0.32 6 0.17 nmol L21 d21) and up to 126.8 nmol L21 d21 (average 24.75 6 37.9 nmol L21 d21) in 2011. N2
ﬁxation in subsurface suboxic conditions (1.5 6 1.16 nmol L21 d21) also occurred mainly during late
summer and autumn while virtually absent in winter. The diversity of diazotrophs was dominated by heterotrophs, with higher richness in surface compared to OMZ waters. Rates in oxygen depleted conditions could
exceed values obtained in the euphotic layer, but rates were not dependent on the availability of dissolved
organic matter. N2 ﬁxation also showed a positive correlation with total chlorophyll and the C:N ratio of phytoplankton, but not to the P excess compared to N. We conclude that the diazotrophic community responds
to the composition of phytoplankton rather than the extent of N deﬁciency and the availability of bulk
DOM in this system.

1. Introduction
Factors and processes providing bioavailable nitrogen to the euphotic layer vary greatly among locations
and basins. In oligotrophic regions (i.e., subtropical gyres), atmospheric nitrogen deposition (wet and dry)
combined with the biological ﬁxation of atmospheric N2 and mesoscale features (such as eddies) can
account for most of the observed annual productivity [Gruber and Sarmiento, 1997; Karl et al., 1997; McGillicuddy et al., 1998]. In eutrophic regions (i.e., coastal upwelling systems), on the other hand, processes providing bioavailable nitrogen include almost exclusively mixing and upwelling of nitrate rich waters into the
euphotic zone[Wilkerson and Dugdale, 2008].
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The study of the nitrogen cycle often requires analyzing the stoichiometric conditions or macronutrient
ratios in seawater. The ratio of dissolved inorganic nitrogen and phosphorous (N:P ratio) [Redﬁeld, 1934], for
instance, gives insight into biogeochemical conditions as key metabolic pathways can change their dominance as a function of nutrient availability. Recent model simulations indicate that the low NO3/PO4 ratio of
upwelled suboxic waters should enhance nitrogen ﬁxation in areas adjacent to oxygen minimum zones
(OMZ) [Deutsch et al., 2007], therefore producing a tight coupling between this process and denitriﬁcation
and anammox (the main N loss pathways in the ocean [Dalsgaard et al., 2003]). Direct measurements
recently conﬁrmed the occurrence of N2 ﬁxation in upwelling systems and underlying OMZs [Fernandez
et al., 2011; Halm et al., 2012; Dekaezemacker et al., 2013; Turk-kubo et al., 2013]. However, instead of supporting the hypothesis of tight spatial coupling of N2 ﬁxation and denitriﬁcation, these results suggest a
more complex scenario where diazotrophy coincide in space and time with anaerobic N loss processes.
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The most studied diazotrophic organism in recent years is the colonial cyanobacterium Trichodesmium,
which is considered responsible for the majority of N inputs in the open oligotrophic ocean [Capone et al.,
2005], followed by Crocosphaera, an unicellular cyanobacteria. Both are considered for global N budgets.
Other known diazotrophs include symbionts in diatoms and sponges and heterotrophic bacterioplankton
which are also capable of high N2 ﬁxation [Halm et al., 2012]. Although N2 ﬁxation has been reported in a
variety of stoichiometric nutrient conditions (hydrothermal seeps [Mehta and Baross, 2006], meromitic lakes
[Halm et al., 2009], and hot spring microbial mats [Steunou et al., 2006]), little is currently known of the variability of bacterial diazotrophy. Part of the uncertainty comes from methodological biases such as the
ampliﬁcation of nitrogenase enzyme genes targets (nifH) in reagents [Zehr et al., 2003], low detection of
potential phylotypes involved [Turk-kubo et al., 2013], and a still limited data base in oxygen deﬁcient and
upwelling areas.
Here we report an extensive study of N2 ﬁxation in an upwelling system off central Chile (35–38.58S). Using
the 15N isotopic technique, we analyzed the temporal variability of N2 ﬁxation during a 12 months survey at
the ﬁxed station of the COPAS time series program (368S; stn 18, April 2007 to October 2008). We also carried out three N2 ﬁxation experiments under variable oxygen conditions and DOM additions (March 2012).
Our results provide insight into the importance of eutrophic systems in the incorporation of new N via N2
ﬁxation and on the mechanisms regulating the variability of this process.

2. Materials and Methods
2.1. Study Area and Oceanographic Context
The study area is located in the seasonal coastal upwelling system off central Chile (35–388S), which shows
a wide continental shelf (>60 nm). The area is modulated by three main factors, the annual wind and solar
radiation cycle, the heat balance of the water column and the intense river discharge from two main rivers
(Bio and Itata) [Sobarzo et al., 2007]. The inﬂuence of these rivers in surface waters is notorious in winter (up
to 2600 m3 s21), when precipitations and haline stratiﬁcation are the highest [Sobarzo et al., 2007]. Surface
waters are mainly occupied by Eastern South Paciﬁc Transition Waters (ESPTW) of subarctic origin, characterized also by low salinity values. In austral spring and summer (November to April), thermal stratiﬁcation
of the water column occurs due to solar radiation and the arrival of cold water to the subsurface layer associated with Equatorial Subsurface Waters (ESSW) transported by the Peru Chile Undercurrent. These waters
enter the continental shelf and are upwelled by wind forcing toward the equator. ESSW are characterized
by salinity (>34.5) and temperature (<11.58C) and by low oxygen (<2 mL L21) and high NO2
3 (>20 mmol
L21). As a result of the fertilization of the surface water column, biological production in this seasonal
upwelling system is intense, with the highest pelagic primary production rates on record [Daneri et al.,
2000]. Organic matter respiration is also intense, therefore enhancing sharp oxygen gradients that result in
almost anoxic waters below the main thermocline and often exposing the euphotic zone to oxygen levels
as low as 2 mL L21.
2.2. Sampling Strategy
Three cruises were carried out in 2006, 2009, and 2011 during the spring-summer off central Chile (FIP2006, FIP-2008, and FIP-2009, R/V Abate Molina, Vidal Gormaz, and Biomar III, respectively). These expeditions were designed to obtain a high frequency coverage of a wide area (82.5 3 103 km2) between 35.58S
and 38.58S. The ﬁrst cruise (FIP-2006) was carried out during October 2006 and covered ﬁve transects going
from the coast to 200 nautical miles (nm) offshore (Figure 1a). A second expedition (FIP-2008) was carried
out during January 2009 in the same area. The cruise covered stations between the coast and 100 nm offshore (Figure 1c). Two years later (January 2011), a third expedition (FIP-2009) was carried out and covered
an area between 368S and 38.58S (Figure 1e). During these cruises, the water column was sampled for core
parameters between the surface and a maximum depth of 500 m at all stations, while the full suite of biological variables was measured at every other station. N2 ﬁxation experiments were performed at least in
one station per transect. Proﬁles included two or three depth levels between the surface and a maximum
depth of 50 m.
N2 ﬁxation experiments were also performed monthly between April 2007 and October 2008 at the COPAS
Time Series station (36830.80 S; 73807.750 W, stn 18 COPAS) on board of R/V Kay Kay II of Universidad de
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Figure 1. Location of sampling stations off the central Chile upwelling system temperature-salinity diagrams for the seasonal cruises: (a
and b) FIP-2006 cruise (October 2006). The location of the Time Series Station 18 followed monthly by the COPAS center coincides with
stn 23 of the FIP-2006 cruise track. Measurements of N2 ﬁxation at that station extended between April 2007 and October 2008, (c and d)
FIP-2008 cruise (January 2009), (e and f) FIP-2009 cruise (January 2011). Black circles represent the oceanographic stations with core
parameters. Stars represent the bio-oceanographic stations where biogeochemical and biological variables were studied (including N2 ﬁxation assays).
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Concepcion. This sampling site is located 18 nm from the coast (92 m bottom depth). Proﬁles of N2 ﬁxation
included 6 depth levels between the surface and 80 m depth.
In March 2012, the MOOMZ4 campaign was carried. The 6 day sampling strategy included daily water collection (R/V Kay Kay II) at COPAS stn 18, covering a vertical gradient of variable oxygen conditions throughout the water column. Three N2 ﬁxation proﬁles were performed and combined with three experiments
(surface, oxycline, and OMZ depth levels) during which we evaluated the response of the diazotrophic community to the availability of phytoplankton-derived DOM.
2.3. Hydrographic Parameters in the Water Column
During the FIP cruises and COPAS Time Series stn 18 survey, seawater samples were collected using Niskin
bottles (10 L) attached to a rosette sampler. Simultaneously, hydrographic data (temperature, salinity, O2,
ﬂuorescence, Photosynthetically Active Radiation, PAR) were obtained from the water column using a CTDO2 probe (Seabird 25). During the MOOMZ4 campaign, all seawater samples and oceanographic variables
were retrieved using a Pumped Proﬁle System (PPS) ensuring minimum manipulation and avoiding oxygen
contamination in OMZ water samples. With this system, water is pumped directly from each depth level
while conductivity, temperature, depth, ﬂuorescence, and PAR parameters are collected via CTD. Dissolved
oxygen was determined through the Winkler method using a semiautomatic system (AULOX) developed at
University of Concepcion (LabPROFC, Universidad de Concepcion) or a Dosymat Metrohom 650 Winkler
oxygen determination system (FIP cruises and Time Series stn 18). During MOOMZ4, dissolved oxygen was
determined in situ using a Switchable Trace Oxygen, STOX [Revsbech et al., 2009], that allows detecting concentrations of O2 at the nanomolar level. TS diagrams were generated in order to evaluate the oceanographic conditions found during the cruises using the Ocean Data View softwareV.
R

For all cruises, samples for nutrient determination were taken in duplicate at all stations and depth levels.
Samples (60 mL) were ﬁltered on board through 0.7 mm ﬁlters (GF/F) and stored frozen (2208C) until labora2
32
tory analysis. Concentrations of dissolved NO2
2 , NO3 , and PO4 were determined using standard colorimet2
ric techniques [Grasshoff, 2007]. The precision of NO3 and NO2
2 , in terms of coefﬁcient variation, was better
than 610% and 6 3%, respectively.
2.4. N2 Fixation Rates
Measurements of N2 ﬁxation were performed using the stable isotope technique of 15N incorporation [Montoya et al., 1996]. Except for the MOOMZ4 campaign, all incubations were done in 1 L polycarbonate bottles,
adapted with a butyl rubber septum cap for gas injection. A gas tight syringe was used to inject 2 mL of
15
N-labeled dinitrogen gas (99% atom %15N, iconisotopes).
During the spring-summer cruises carried out in October 2006, January 2009, and January 2011, proﬁles for
nitrogen ﬁxation were obtained within the euphotic layer (deﬁned as the 1% incident light) and extended
from 5 to 50 m depth for the FIP-2006 cruise and from 5 to 20 m depth for cruises FIP-2008 and FIP-2009.
Samples were incubated on deck for 24 h using six incubators covered with solar ﬁlters (Lee FiltersV) that
simulated light penetration levels between 65% and 4% of incident light. Temperature was controlled by a
continuous ﬂow of sea surface water running through each incubator.
R

During the monthly sampling between April 2007 and October 2008 at the Time Series Station 18, proﬁles
of N2 ﬁxation were obtained using the same protocol detailed above. However, incubations were performed
using an in situ mooring line deployed before dawn and recovered near sunset (incubations therefore
lasted between 8 and 12 h). Samples were attached to the corresponding depth level and incubated at in
situ light and temperature conditions. Poisoned controls were also included at surface and oxygen deﬁcient
depth levels, but only between February and October 2008.
During the MOOMZ4 cruise in March 2012, N2 ﬁxation experiments were carried out at three depths levels
with contrasting dissolved oxygen concentrations: surface, oxycline, and OMZ (5, 35, and 80 m, respectively). Rates were obtained from seawater incubations performed in precombusted 500 mL Duran Schott
bottles (4 h, 4508C) equipped with septum caps. During this campaign, anoxic conditions were expected in
the OMZ core. Consequently, the septum caps were autoclaved and boiled before incubation in order to
remove microbubbles of oxygen [Canﬁeld et al., 2010]. 15N spikes were done by injecting through the septum 1 mL of 15N2 labeled gas using a gas tight chromatographic syringe. Incubations were stopped after 12
and 24 h.
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For all cruises, natural abundance of nitrogen and carbon isotopes in particulate organic matter (d15N) was
determined for all depth levels. For doing so, 1 L samples of seawater were retrieved and ﬁltered through
0.7 mm using precombusted GF/F ﬁlters. Samples were preserved as described above until mass spectrometry analysis. In order to avoid using literature values of 15N natural abundance in N2 ﬁxation rate calculations, the natural 15N abundance data were used as a background enrichment level for the corresponding
N2 ﬁxation measurement. Daily rates of N2 ﬁxation are given as nmol L21 d21.
The response of N2 ﬁxation to DOM availability was evaluated during the MOOMZ4 cruise. DOM additions
were performed in three consecutive N2 ﬁxation experiments covering contrasting oxygen conditions (surface 5 m, oxycline 35 m, OMZ 80 m). Exudates were obtained by ﬁltering Chaetoceros muelleri and Synechococcus sp. cultures through 0.2 mm ﬁlters (cellulose ester; Millipore) and using the ﬁltrate as DOM
amendment (1 mL/sample) in 600 mL 15N2 ﬁxation assays. Cell density of C. muelleri and Synechococcus sp.
cultures were 931.82 3 103 and 34,228 3 103 cell mL21, respectively. The experiments lasted 24 h with an
intermediate sampling time at 12 h. They were terminated by ﬁltration in two size fractions, total and below
10 mm. Bacterioplankton, cyanobacteria, and picoeukaryotes abundance were followed during the incubations by ﬂow cytometry [Marie et al., 2010; Vaulot et al., 1989]. Samples (1350 mL) were ﬁxed using 150 mL of
1% glutaraldehyde. Nutrients were sampled in duplicate and analyzed as previously described. Incubations
were performed in light and temperature-simulated conditions using on deck incubators (calibrated as
45%, 25%, 15% and 5% of incident light radiation, Lee FiltersV) with running seawater or dark conditions in
temperature controlled room.
R

All incubations were terminated by gentle ﬁltration using a vacuum (<100 mm Hg) or peristaltic pump
onto precombusted GF/F ﬁlters (4508C, 6 h). Filters were either dried at 608C and stored in precombusted
glass vials at 408C or stored frozen at 2208C until mass spectrometry analysis (IRMS).
2.5. Primary Production
Carbon uptake experiments were performed during FIP and MOOMZ4 cruises using the stable isotope 13C
technique. Samples (1 L) for three proﬁles (using the same sample for which 15N2 ﬁxation assays was performed) were amended with Na13CO3 and incubated as explained above. Carbon-13 tracer concentration
was 3.6456 mg 13C mL21 (0.5 mmol mL21). To each sample, 1 mL of 13C tracer was added, which roughly
corresponds to 10 at % enrichment. Rates of carbon ﬁxation were determined following the protocol
described in a previous study [Fernandez et al., 2009] and are expressed as daily carbon assimilation rates
(mmol C L21 d21).
2.6. Mass Spectrometry Analyses
We used an isotope ratio mass spectrometer (IRMS, Finnigan Delta Plus) for isotopic enrichment measurements using the same protocol described in a previous study [Fernandez et al., 2011]. The accuracy of the
procedure was veriﬁed every 15–20 samples using internal (acetanilide, atropine, urea, PAC C2, caffeine,
and urea) and international reference material. Calibrations of the isotopic enrichment were done using
IAEA standards (International Atomic Energy Agency) including IAEA N-1, N-2, and NO3 for nitrogen and
IAEA NBS 22, CH6, and NBS 19 for carbon. The reference gas used for N2 was nitrogen UHP. We also veriﬁed
the linearity of 15N atom% as a function of increasing particulate organic nitrogen. Since the study area is
highly productive, we conducted this veriﬁcation in contrasting periods of our Time Series experiments. Linearity was achieved for samples containing up to 60 mg of N, which was representative of most of our Time
Series samples.
2.7. Community Composition of Diazotrophs
The diazotrophic community was characterized only during the MOOMZ4 campaign, using the nifH gene
that encodes for a subunit of the dinitrogenase reductase enzyme, responsible for N2 ﬁxation [Zehr et al.,
2003]. Seawater samples were collected at 5, 30, and 80 m depth (stn 18) in March 2012 (less than 7 days
apart from our experiments). Seawater (3 L) was ﬁltered onto 0.22 mm pore size ﬁlters (cellulose ester;
GSWPO4700; Millipore) and immediately stored in liquid nitrogen until DNA extraction in the laboratory.
The extraction procedure was performed using the PowerSoilTM DNA Isolation Kit (MoBio) following the
manufacturer’s speciﬁcations with two modiﬁcations: (1) each ﬁlter was cut into six or seven strips using a
sterile scissor and tweezers, then strips were placed inside a bead-beating tube; and (2) the sample was
incubated 10 min at 708C after adding solution C1 as an alternative lyses step. DNA concentration and
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quality were measured by spectrophotometry in a nanodrop (BioTek). Genomic DNA extracts were stored at
2208C until further processing. To amplify nifH genes, a nested Polymerase Chain Reaction (nested-PCR)
was performed using reported PCR primers [Zehr and McReynolds, 1989]. The PCR mixture contained Go
TAQ Green Master Mix 23 (Promega), 1 mL of 25 mmol L21 nifH3 (50 -ATR TTR TTN GCN GCR TA-30 ) and nifH4
(50 -TTY TAY GGN AAR GGN GG-30 ), 10–40 ng mL21 of DNA extract and the volume was adjusted with water
to obtain a 25 mL reaction. Thermal cycling for the ﬁrst PCR was performed as follows: 5 min at 958C, 30
cycles of 1 min at 958C, 1 min at 508C, and 1 min at 728C, followed by a ﬁnal extension step of 7 min at
728C. The second PCR was carried out by same reagent mixture as above with internal nifH primers 1 mL of
25 mmol L21 nifH1 (TGYGAYCCNAARGCNGA) and 1 mL of 25 mmol L21 nifH2 (ADNGCCATCATYTCNCC); however, the template volume was reduced by 50%. Second-round reactions were ampliﬁed with one denaturation step of 5 min at 958C, 30 cycles of 958C for 1 min, 578C for 1 min, and 728C for 1 min, and a ﬁnal 7 min
extension cycle at 728C. Several replicates of these reactions (n 5 3) were combined and concentrated using
the E.Z.N.A. Cycle-Pure Kit (Omega BioTek). In both PCRs, negative and positive control using water and Trichodesmiun spp. DNA extract was run together with the samples. The puriﬁed PCR products were cloned
using the pGEM-T Easy vector systems according to the manufacturer’s instructions (Promega). Sequencing
was done by Macrogen Inc. (Korea).
Phylogenetic analyses were performed using 95 valid sequences. The sequences were ﬁrst vector trimmed.
Low quality sequences where removed using SeqMan DNAstar software. Curated sequences were then
aligned in the nucleotide space with MUSCLE [Edgar, 2004] and similarities were computed using Bosque
software [Ramırez-Flandes and Ulloa, 2008]. Seven operational taxonomic units (OTUs) were estimated using
95% of nucleotide similarity. Phylogenetic trees were constructed using a maximum-likelihood algorithm
by Fast Tree [Price et al., 2010] (Bosque software) [Ramırez-Flandes and Ulloa, 2008] using the OTUs retrieved
from the study area together with cultured representatives having nifH and similar environmental sequences retrieved from NCBI Blast. Sequence data were deposited in the GenBank database under accession
numbers KJ494876 to KJ494888.

3. Results
3.1. Distribution of N2 Fixation off Central Chile
The three spring-summer cruises off central Chile (FIP-2006, FIP-2008, and FIP-2009) showed different
oceanographic conditions according to our TS diagrams (Figures 1b, 1d, and 1f). The ﬁrst cruise (FIP-2006)
coincided with upwelling favorable conditions (Figure 1b) and the presence of a salinity maximum (>34.5)
with low oxygen content (<1 mL L21). This feature corresponds to the inﬂuence of Equatorial Subsurface
Waters (ESSW) usually associated with density values of 26.5 kg m23 and active upwelling. Warming of surface waters (158C) by solar radiation is also apparent during upwelling relaxation periods at the beginning
and end of the cruise.
The second and third cruises (FIP-2008 and FIP-2009) coincided with persistent upwelling favorable winds (SSW) and well established upwelling conditions. The ESSW (Figures 1d and 1f) were observed in the entire study
area and particularly close to the coast. Surface waters showed seasonal warming, with temperature values
going from 128C near the coast to above 158C offshore. Interestingly, the FIP-2006 and FIP-2008 cruises corre~o conditions according to the ONI index for the 3–4 El Nin
~o Region con the
spond to weak and moderate El Nin
~a conditions (http://ggweather.com/enso/oni.htm).
contrary, our third cruise FIP-2009 showed weak La Nin
2
We analyzed the surface distribution of P star (deﬁned as P* 5 [PO32
4 ]–[NO3 ]/16 [Deutsch et al., 2007]),
which quantiﬁes the excess of phosphorus compared to nitrogen in seawater and allows detecting N2 ﬁxa2
tion through decreasing P* values as diazotrophs only take PO32
4 and leave other elements such as NO3 .
Values of P* were positive during all cruises and increased in coastal compared to offshore stations. During
the FIP-2006 cruise (Figure 2a), values ranged from 0.6 to 0.3 at coastal and stations located 200 nm from
the coast, respectively. A local decrease in P* was observed in offshore waters (75.58W), with values close to
or below 0.1. The FIP-2008 cruise showed slightly higher P* values compared to FIP-2006. Coastal values
exceeded 0.6 and decreased to 0.4 in offshore waters. During this cruise, a local decrease to 0.1 was also
observed at 50 nm from the coast (Figure 2b). During the FIP-2009 cruise (Figure 2c), P* showed the highest
values at the coastal stations (1.4–2.5) while in open ocean waters P* remained low (0.2). This trend was
also observed in the southernmost stations during 2009.

FERNANDEZ ET AL.

N2 FIXATION OFF CENTRAL CHILE

6

Journal of Geophysical Research: Oceans

10.1002/2014JC010410

Nitrogen ﬁxation was detected in all
cruises, though measurements were
made only in the ﬁrst 20 m depth during FIP-2008 and FIP-2009 and down to
50 m depth during FIP-2006 (Figure 3).
During the FIP-2006 cruise, higher rates
were concentrated in surface waters,
often exceeding 0.5 nmol L21 d21 in
the ﬁrst 20 m (Figure 3a) and decreasing with depth to 0.12 nmol L21 d21 at
50 m. In general, higher rates coincided
with an accumulation of NO2
2 (primary
nitrite maximum, PNM) that could reach
0.3 mmol L21 (data not shown). Rates of
N2 ﬁxation did not show signiﬁcant differences between coastal and open
ocean stations. Maximum rates (close to
0.5 nmol L21 d21 in surface waters and
0.66 nmol L21 d21 at 20 m depth) were
obtained at stn 47 which is located in
open ocean waters. However, coastal
stations showed N2 ﬁxation rates close
to 0.4 nmol L21 d21. During FIP-2008
(Figure 3b), rates of N2 ﬁxation were
higher than values obtained in 2006
(max 2.3 nmol L21 d21 in surface
waters). Rates decreased with depth but
were still higher at 20 m (0.8 nmol L21)
than previously detected. Latitudinal
variations of N2 ﬁxation rates were also
observed, characterized by higher rates
in the south (max 1 nmol L21 d21) compared to the northern transects (max
0.5 nmol L21 d21). Higher values were
observed in coastal compared to open
ocean stations. Coastal stn 20 (located
at 36.58S) showed the highest N2 ﬁxation rates in surface waters (2.3 nmol
L21 d21), and coincided also with the
PNM (0.2 mmol L21). Rates obtained at
stn 35 (100 nm) were close to 0.7 nmol
L21 d21 in surface waters and 0.6 nmol
L21 d21 at 10 m depth and also coincided with the PNM (0.2 mmol L21).
During the FIP-2009 cruise (Figure 3c),
rates of N2 ﬁxation were higher than all
previous cruises, reaching maximum
values of 125 nmol L21 d21 in surface
waters (e.g., stn 14). Subsurface rates were also higher reaching up to 25 nmol L21 d21. However, no signiﬁcant differences were observed between coastal and open ocean stations, or latitudinal trends.

Figure 2. Surface distribution of phosphorous excess estimation based on
nutrient-derived P*[Deutsch et al., 2007] (in mmol L21) for (a) FIP-2006, (b) FIP2008, and (c) FIP-2009.

Rates of N2 ﬁxation were integrated over the ﬁrst 20 m depth and stations were regrouped according to
their location and the Rossby radius of deformation for the area [Chelton et al., 1998]. Integrated N2 ﬁxation
showed higher contributions at stations close to the coast compared to the open ocean. A clear trend also
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appeared of increasing average integrated rates from open ocean stations to
coastal waters (Table 2). Integrated rates
observed near shore during the 2006
cruise reached up to 9.3 mmol m22 d21
(stn 27) while only reaching 1.3 mmol
m22 d21 at 200 nm from the coast (stn
50; Figure 4a). This was also the case during FIP-2008 with coastal rates up to 27
mmol m22 d21 (stn 20) compared to 4.5
mmol m22 d21 at stn 4 (Figure 4b). The
highest integrated rates were obtained
during the FIP-2009 cruise (Figure 4c),
reaching up to 1464.3 mmol m22 d21 for
stn 14, a site located within the inﬂuence
of coastal upwelling conditions. Minimum integrated rates for FIP-2009 were
obtained at stn 37 at the Gulf of Arauco
(51.3 mmol m22 d21) but still exceeded
values obtained in our previous cruises.
Integrated rates were not signiﬁcantly
different in FIP-2006 compared to FIP2008 (p 5 0.181, Mann-Whitney test).
However, both cruises showed signiﬁcant differences with FIP-2009 (p 5 0.002
and p 5 0.001 for FIP-2006 and FIP-2008,
respectively). This was conﬁrmed by a
nonparametrical ANOVA and a BUN’s a
posteriori test (p > 0.05).
3.2. Seasonal Variability of Nitrogen
Fixation
The seasonal oceanographic variability
at the COPAS Time Series Station 18 is
shown in Figure 5. Between 2006 and
2008, the seasonal trend in temperature
in the ﬁrst 20 m depth showed higher
values in spring-summer (>138C) compared to winter (Figure 5a) and oxygen
deﬁciency (<1 mL O2 L21) associated to
the inﬂuence of ESSW at depths as shallow as 20 m while the bottom layer was
characterized by a severe and permanent oxygen deﬁciency (Figure 5b). Most
21 21
Figure 3. N2 ﬁxation rates (nmol L d ) at stations during the (a) FIP-2006
of the sampling period showed signs of
cruise, (b) FIP-2008 cruise, and (c) FIP-2009 cruises. Experiments were carried
out during 8 h of incubation between 0 and 50 m depth.
~a conditions according
moderate La Nin
to the ONI index (http://ggweather.com/
enso/oni.htm). Nitrate and phosphate
also presented a seasonal distribution (Figures 5c and 5d) characterized by lower concentrations (5 and <1
32
mmol L21 for NO2
3 and PO4 , respectively) in surface waters during spring and summer compared to winter21
time (10–20 mmol L and up to 1.5 mmol L21). This trend coincided with potential phytoplankton utilization, since primary production rates were high (up to 33.3 mmol C L21 d21; Table 1). Also during
21
summertime, the ESSW inﬂuence was characterized by NO2
of PO32
3 values exceeding 20 and 2.5 mmol L
4
2
as observed in subsurface layers. However, NO3 concentrations below 20 m depth were generally higher
during 2007 (>25 mmol L21) than concentrations observed during 2006 and 2008. In some cases, nitrate
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concentrations in near-bottom layers were
lower than subsurface average values. The
distribution of the N:P ratio (a commonly
used proxy to N deﬁciency on OMZ areas)
was overall below the Redﬁeld value of
16:1, with a seasonal trend of 7.5 versus
12.5 in summer and wintertime, respectively (Figure 5e). Although winter N:P ratio
values were homogeneously distributed
around 10–12 throughout the water column, the maximum values were close to
15 and were obtained throughout 2007.
Minimum values of N:P were observed
near the bottom in summer 2006 (7).
N2 ﬁxation rates at the Time Series stn 18
were comparable to those obtained during
the FIP cruises 2006 and 2008. They were
also signiﬁcantly lower than rates from the
FIP-2009 cruise (Figure 5f). In the surface
layer, N2 ﬁxation presented higher values
in springtime (December 2007 and September 2008), whereas in the subsurface
layer, N2 ﬁxation rates were higher during
wintertime (e.g., May and August 2007; 2.7
and 3.5 nmol L21 d21 at 30 and 80 m
depth). N2 ﬁxation values remained low
(<1 nmol L21 d21) or undetectable during
active upwelling events (December 2007
to March 2008) in both layers. The highest
rates were obtained during June–October
2008, with N2 ﬁxation reaching maximum
rates of 34.4 nmol L21 d21 in surface
waters (0–20 m depth) and up to 6 nmol
L21 d21 in subsurface waters. The lower
rates were observed near the bottom (65–
80 m) and did not exceed 0.5 nmol L21
d21.

Figure 4. Integrated N2 ﬁxation rates (over 20 m depth expressed as (mmol N
m22 d21) for coastal and open ocean stations plotted against distance from
the coast for FIP cruises (a) 2006, (b) 2008, and (c) 2009. The size of circles
represents increasing values of N2 ﬁxation rates range.

3.3. DOM Addition Experiments
Since the highest rates of this study were
obtained in late summer conditions (i.e.,
high productivity and severe suboxia) and
within the inﬂuence of coastal upwelling
(i.e., FIP-2009 cruise and stn 18), we performed experiments to assess the response
of N2 ﬁxation to the availability of DOM
under variable oxygen conditions. We
assumed that most of this activity was
driven by heterotrophic diazotrophs [Halm
et al., 2012], an assumption conﬁrmed by
our phylogenetic analysis.

During the MOOMZ4 cruise (18–24 March
2012), hydrological conditions showed summertime conditions comparable to those of the Time Series Station 18 survey described above (Figures 6a–6c). N:P values decreased from 10 in surface waters to 6 in near
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21
21
21 21
32
Figure 5. Seasonal survey of (a) temperature (8C), (b) salinity, (c) NO2
d ) for Time Series Station 18 dur3 (mmol L ), (d) PO4 (mmol L ), (e) N:P ratio, and (f) N2 ﬁxation rates (nmol L
ing the study period.

bottom layers while a PNM was observed at 20 m depth (0.7 mmol L21) and increased at 80 m to up to 3
mmol L21.
Proﬁles of N2 ﬁxation were obtained every 2 days (3 proﬁles within 6 days, Figures 6d–6f). Except for surface
values in our second experiment, the rates were always detectable in the entire water column. The ﬁrst proﬁle (17 March 2012) showed N2 ﬁxation rates reaching up to 1.7 nmol L21 d21 in surface waters and ca. 0.6
nmol L21 d21 between 20 and 80 m depth, where oxygen levels were close to detection limit (Figure 6d).
Surface rates coincided with maximum primary production (7.08 mmol C L21 d21). A second proﬁle of N2 ﬁxation was obtained 2 days later (19 March 2012; Figure 6e). Low rates were observed at the surface and
increased at 40 m depth (1 nmol L21 d21) and near bottom waters (0.5 nmol L21 d21). A third proﬁle (22
March 2012; Figure 6f) presented the highest N2 ﬁxation values in surface waters (reaching 2.25 nmol L21
d21) while rates at 30 m depth (at suboxic levels) reached 1.7 nmol L21 d21 and decreased to 0.75 nmol
L21 d21 down to the core of the oxygen minimum zone. During the ﬁrst two proﬁles, primary production
levels were also low (3.3 mmol C L21 d21) in surface waters, whereas in the third proﬁle (22 March 2012) we
observed the highest primary production rates within the ﬁrst 20 m of the water column (up to 11.6 mmol C
L21 d21).
A ﬁrst DOM-amended experiment was done using surface seawater samples incubated in microcosms. After
24 h (T24), samples amended with Chaetoceros-derived DOM showed a 100% increase in N2 ﬁxation rates
(compared to the control) for the <10 mm size fraction (Figure 7a). On the other hand, the <10 mm size fraction of samples amended with Synechococcus-derived DOM showed a 200% increase in N2 ﬁxation rates
(2.25 nmol L21 d21) compared to the control treatment after 12 h of incubation. Rates after 24 h were also
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Table 1. Rates of N2 Fixation (q15N2, nmol L2l d21)a and Primary Production (q13C, mmol C L21 d21) Obtained During This Study and Surface Total Chla (mg m23) Concentrations
Date

Stn

Lat (8S)

Long (8W)

Distance From
Coast (nm)

T Chla
(mg m23)

13 Mar 2007
15 May 2007
12 Jun 2007
25 Jul 2007
21 Aug 2007
19 Oct 2007
18 Dec 2007
29 Feb 2008
26 Mar 2008
21 Apr 2008
24 Jun 2008
23 Sep 2008
20 Oct 2008
25 Oct 2006
24 Oct 2006
23 Oct 2006
21 Oct 2006
20 Oct 2006
18 Oct 2006
19 Oct 2006
20 Oct 2006
7 Jan 2009
10 Jan 2009
10 Jan 2009
8 Jan 2009
9 Jan 2009
11 Jan 2009
12 Jan 2009
21 Jan 2011
23 Jan 2011
24 Jan 2011
25 Jan 2011
25 Jan 2011
26 Jan 2011
27 Jan 2011
28 Jan 2011
17 Mar 2012
19 Mar 2012
22 Mar 2012

18
18
18
18
18
18
18
18
18
18
18
18
18
13
20
27
33
37
43
47
50
4
11
13
20
25
32
35
14
26
32
37
45
50
59
64
18
18
18

36.5
36.5
36.5
36.5
36.5
36.5
36.5
36.5
36.5
36.5
36.5
36.5
36.5
36
36
36.5
37
37
37.5
37.5
37.5
35.5
36
36
36.5
36.5
37
37
35.9
37
37.5
38.0
38.5
38.5
39.5
39.5
36.5
36.5
36.5

73.12
73.12
73.12
73.12
73.12
73.12
73.12
73.12
73.12
73.12
73.12
73.12
73.12
73.19
76.9
74.99
73.6
75.28
74.02
75.7
77.81
73.03
72.53
73.12
73.07
74.28
74.01
75.13
73.55
73.60
74.01
73.50
73.78
75.6
73.4
75.43
73.12
73.12
73.12

18
18
18
18
18
18
18
18
18
18
18
18
18
20
200
100
20
100
20
100
200
20
5
20
20
75
40
100
41
20
20
1
12
100
7
100
18
18
18

1.09
1.22
0.86
0.77
3.88
31.26
9.74
1.64
1.4
7.02
1.16
1.26
3.44
2.39
0.47
0.5
0.35
0.28
0.6
0.65
0.71
1.71
0.68
0.77
17.9
2.98
4.0
1.63

Cruise
Time Series
Time Series
Time Series
Time Series
Time Series
Time Series
Time Series
Time Series
Time Series
Time Series
Time Series
Time Series
Time Series
FIP-2006
FIP-2006
FIP-2006
FIP-2006
FIP-2006
FIP-2006
FIP-2006
FIP-2006
FIP-2008
FIP-2008
FIP-2008
FIP-2008
FIP-2008
FIP-2008
FIP-2008
FIP-2009
FIP-2009
FIP-2009
FIP-2009
FIP-2009
FIP-2009
FIP-2009
FIP-2009
MOOMZ4
MOOMZ4
MOOMZ4
a

q13C (mmol C L21 d21)

q15N2 (nmol L21 d21)

22.4
21.23
7.58
10.2
6.8
2.16
33.63
14.38
6.74
6.3
3.58
3.43
18.68
nd
nd
nd
nd
nd
nd
nd
nd
13.8
7.49
3.13
3.98
9.25
49.04
8.02
11.67
6.29
0.28
2.57
53.62
0.48
23.49
0.09
7.75
3.47
11.7

0.62
nd
0
0.72
0.67
1.18
2.24
0.57
0
0.4
0.62
34.43
6.74
0.35
0.39
0.49
0.27
0.18
0.5
0.27
0
0.53
0.4
0.7
2.34
1.45
1.02
0.71
126.76
nd
12.84
0.76
70.80
4.82
30.00
nd
1.77
0.03
2.23

nd, not determined.

higher than the control treatment although the increase represented only 100% (Figure 7b). On the contrary, rates obtained in the entire community size fraction were either lower than the control treatment or
20% higher at T12 and T24, respectively. In this experiment, bacterial abundance during the incubations
was higher in the <10 mm size fraction compared to total community. Abundances also increased during
the incubation as opposed to the control treatment in which values decreased over time.
In the oxycline experiments (30 m depth), N2 ﬁxation rates increased in the Chaetoceros-DOM amendments
compared to the control samples. However, the increase was observed only in the <10 mm size fraction
after 24 h of incubation (Figure 7c). On the other hand, the whole community size fraction showed an
increase of 50% compared to the control after 12 h but decreased equally after 24 h.
Amendment with Synechococcus-derived DOM also increased N2 ﬁxation rates after 12 h of incubation in
the whole community treatment (150% response compared to the control; Figure 7c). However, rates
decreased 50% compared to the control after 24 h. A similar response was obtained with the 10 mm size
fraction treatment, which increased after 12 h by 200% compared to the control and decreased to levels
50% lower than the control after 24 h. Cell abundances remained constant during the incubation for all
groups (Figures 7c and 7d).
Within the OMZ, N2 ﬁxation did not respond to Chaetoceros-DOM amendment (Figure 7e). Rates in the
whole community treatment increased only 10–20% compared to the control treatment while the <10 mm
size fraction showed lower rates compared to the control. In Synechococcus-DOM amended samples,
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Table 2. Average Integrated Rate of N2 Fixation for Stations Located Within
the Rossby Radius of Deformation off Central Chile (FIP Cruises)
Rd Range (km)

n

Integrated N2
Fixation (mmol m22 d21)

0–25
25–50
>50

4
8
8

261.20 6 321.6
241 6 509
18.9 6 22.3

10.1002/2014JC010410

however, a 450% increase in rates (up to 4
nmol L21 d21) was observed for nonfractionated samples only after 12 h of incubation (Figure 7f). The <10 mm size
fraction showed a negative response to
DOM addition and rates were lower than
the control at 12 and 24 h of incubation.

Figure 6. Depth proﬁles of hydrographic, N2 ﬁxation, dissolved oxygen, primary production, and C:N ratio features of water column during the MOOMZ4 campaign.
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Figure 7. Experiments of N2 ﬁxation during MOOMZ4 using DOM amendments. Vertical bars represent the percentage of change in N2 ﬁxation rates with respect to the control treatment (without DOM addition). Two size fractions are reported; total and >10 mm. Horizontal lines represent the picoplankton abundance (103 cells mL21). Plots describe results for (a, c,
and e) experiments with addition of Chaetoceros sp. DOM at 5, 35, and 80 m depth and (b, d, and f) experiments with addition of Synechococcus sp. DOM at 5, 35, and 80 m depth.

3.4. Community Composition of Diazotrophs
Bacterial diazotrophs were detected at all sampled depths with variable community structure and overall
low richness (Figures 8a and 8b, Table 3). Surface samples (5 m) were characterized by 6 OTUs (Shannon
index H0 1.129). At this depth, OTU 2 and 3 represented more than 50% of the sequences (n 5 25). At the
oxycline (30 m depth), the diazotrophic community was less rich (2 OTUs) and diverse (H0 0.552). OTU 4
dominated the diazotrophic community with more than 50% of the sequences (n537). Within the core of
the OMZ (80 m depth), the diazotrophic community presented higher richness and diversity than the oxycline with 5 OTUs (H0 0.860) characterized by the predominant contribution of OTUs 2 and 4 (>50% of the
bottom sequences, n 5 35). The OTUs showed 84.3–100% similarity based on aminoacid composition.
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Figure 8. (a) Relative abundance and (b) rarefaction of the representative OTUs of the diazotrophic community determined by means of clone libraries of nifH genes sequences retrieved
at 5, 30, and 80 m (n 5 25, 37, and 33 nifH gene sequences, respectively) at the central-southern Paciﬁc Ocean.

Phylogenetic analyses indicate that all the sequences obtained fell within cluster I and within the subclusters J, K, and U previously described [Zehr et al., 2003], associated only with heterotrophic diazotrophic bacteria from alpha, beta, and gamma proteobacteria. The OTUs obtained in our study were similar to
sequences derived from the Eastern South Paciﬁc [Fernandez et al., 2011] and from more ubiquitous groups
retrieved from contrasting ecosystems which also include symbionts, like marine sponges, dinoﬂagellates,
and corals (Figure 9). In addition, the OTUs (1, 3, 4, and 7) sequences are closely related to nifH derived from
mRNA from the Mediterranean Sea (EF568495, EF568537, HQ606032) and North Atlantic Ocean (HQ611830;
Figure 9) and were not directly afﬁliated with the presumably contaminant sequence KF151430 previously
reported [Turk-kubo et al., 2013].

4. Discussion
There have been signiﬁcant advances in recent years in our knowledge of the distribution of diazotrophy in
the ESP and associated oxygen deﬁcient areas [Dekaezemacker et al., 2013; Fernandez et al., 2011; Halm
et al., 2012; Jayakumar et al., 2012; Loescher et al., 2014; Turk-kubo et al., 2013]. This region holds extreme
conditions going from severe oligotrophy (South Paciﬁc Gyre) to eutrophic systems associated with equatorial and coastal upwelling.
In this study, we focussed in the highly productive upwelling area off central Chile which possesses unique
characteristics that promote a highly diverse metabolic and microbial activity [Belmar et al., 2011; Stevens
and Ulloa, 2008]. They include not only phototrophs in high abundance but also chemolithotrophs and heterotrophic
bacterioplankton
cooccurring in the photic zone. In subTable 3. Number of Sequences and the Relative Abundance (%) of the Different
Representative OTUs of the Diazotrophic Community Distribution Associated
surface waters associated with persisWith the Different Depths of the Water Column
tent oxygen depleted conditions, a
Total Sequences
diverse community of facultative or
OTUs
5m
30 m
80 m
per OTU
strict anaerobic micro-organisms are
OTU1
1 (4%)
0
1 (3%)
2
present [Belmar et al., 2011; Stevens
OTU2
11 (44%)
11 (30%)
18 (55%)
40
OTU3
7 (28%)
0
1 (3%)
8
and Ulloa, 2008; Ulloa et al., 2013].
OTU4
3 (12%)
26 (70%)
12 (36%)
41
Due
to these conditions, it is now
OTU5
0
0
1 (3%)
1
accepted that sources and sinks of
OTU6
1 (4%)
0
0
1
OTU7
2 (8%)
0
0
2
nitrogen (N2 ﬁxation and denitriﬁcaTotal
25 (100%)
37 (100%)
33 (100%)
95
tion
and anammox) can co-occur in
sequences
OMZ’s and eastern boundary coastal
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Figure 9. Phylogenetic tree containing partial nifH nucleotide sequences from the representatives sequences OTUs from the study area (5,
30, and 80 m depth) and other cultured and uncultured diazotrophic groups. Values represent bootstrap numbers generated based on
1000 replications for major clusters and subclusters. Subclusters designations obtained using reference sequences from Zehr et al. [2003]
and Turk-kubo et al. [2013] are depicted at the right end of the tree.

upwelling systems [Dekaezemacker et al., 2013; Fernandez et al., 2011; Halm et al., 2012; Jayakumar et al.,
2012; Loescher et al., 2014; Turk-kubo et al., 2013].
This study glimpsed at some of the factors controlling N2 ﬁxation and performed experiments to determine
the effect of organic matter availability on N2 ﬁxation. We also identiﬁed patterns in the community structure of diazotrophic communities.
4.1. Is Diazotrophy Regulated by Nutrients in the EST?
Dissolved Fe and P are the most commonly assumed regulation factors of N2 ﬁxation [Hutchins and Fu,
2008; Mills et al., 2004]. However, our data does not allow pinpointing iron as the key factor controlling this
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process in our study area. We can however speculate on its role based on its abundance because of the
great inﬂuence of rivers on the study area, the intense iron diagenesis occurring in anoxic sediments and
the high dFe concentrations reported in the coastal water column [Blain et al., 2008]. Iron has also been suggested as the main regulator of N2 ﬁxation in the HNLC area off the Peruvian upwelling and the tropical
South Paciﬁc [Dekaezemacker et al., 2013] but the authors mostly associated this feature with cyanobacterial
[Bonnet et al., 2008] and not necessarily heterotrophic diazotrophs.
As nutrients have often been associated with the regulation of N2 ﬁxation, we focussed on NO2
3 concentrations which varied between <5 mmol L21 in summer to 20 mmol L21 in winter during our study. This seasonality is inﬂuenced by intense mixing and river runoff, as well as variable primary productivity associated
with small size phytoplankton in winter and chain forming diatoms in summer [Montero et al., 2007]. In
some cases, concentrations of nitrate in near bottom layers were lower than subsurface average values indicating active consumption of NO2
3 probably through denitriﬁcation or anammox which decrease N:P ratios
in the water column. On the contrary, spots of high concentrations of nitrate were often observed at 40 m
depth, coinciding with the main oxycline where active nitriﬁcation takes place [Farias and Cornejo, 2007;
Farias et al., 2009]. Phosphorous showed positive intercepts (up to 0.5 mmol L21) in relation to NO2
3 for all
FIP cruises which indicated occasional N deﬁciency compared to P. Persistent P excess increased from early
spring (FIP-2006) to active upwelling and late summer conditions (FIP-2008 and FIP-2009) and is probably
associated with the release of phosphate from sediments often observed in coastal upwelling systems
[Ingall and Jahnke, 1994].
It has also been suggested that productivity and inorganic nutrient availability contribute to the regulation
of N2 ﬁxation, and that the speciﬁc controlling factor is linked to the diazotrophic community structure
[Turk-kubo et al., 2013]. Franz et al. [2012], on the other hand, indicate that C:N:P variations derived from the
variability of photoautotrophic activity may contribute to regulating the amplitude of new N inputs via N2
ﬁxation. In fact, the differences of N2 ﬁxation that we observed between coastal and off shore waters during
the FIP cruises put forward the inﬂuence of organic matter production on the regulation of this process. A
clear decreasing trend in integrated N2 ﬁxation was observed between coastal, transition, and open ocean
waters (Table 2). Interestingly, the occurrence of lower N2 ﬁxation in open ocean waters cannot be
explained by the sole effect of the stoichiometric shift that takes place as denitriﬁed waters are transported
offshore [Deutsch et al., 2007]. It cannot be justiﬁed either by mesoscale transport of diazotrophic communities from coastal to offshore environments, although mesoscale activity is signiﬁcant in our study area
[Morales et al., 2010]. In fact the effect of mesoscale structure in promoting nitrogen ﬁxation rates is still
poorly understood [Holl et al., 2007] and is potentially related more to in situ injection of nutrients to the
upper water column rather than transport of coastal communities.
Comparison of interannual data sets could provide some insight into the variables controlling the occurrence of N2 ﬁxation in the study area. A principal component analysis for two contrasting surveys (early
spring FIP-2006 and summer FIP-2009) showed that rates tend to decrease from the coast to the open
ocean or showed no signiﬁcant increase with respect to the distance from the coast. High nitrogen ﬁxation
rates in coastal compared to open ocean waters were not clearly associated with P-excess [Deutsch et al.,
2007], as the excess of P was lower in 2006 compared to 2008.
In fact, N2 ﬁxation rates showed wider amplitude of variability than previously thought, with integrated values in surface waters increasing 3 and 50 times between cruises. Previous N2 ﬁxation determinations in the
study area are only available for the BIOSOPE transect in 2004 [Raimbault and Garcia, 2008] which showed
spatial variability in surface waters and N2 ﬁxation values of 3.6 nmol L21 d21 for upwelling waters. These
rates were not considered signiﬁcantly higher than oligotrophic stations (1.8 nmol L21 d21) but the authors
explained the higher rates reported near the coast with increasing nutrient availability compared to the
open ocean. Our rates during the FIP-2006 and FIP-2008 cruises are in the same range as the BIOSOPE
observations but the rest of our data set is higher than any reported rate in the ESP (Table 3). The FIP-2009
cruise showed the highest rates of N2 ﬁxation recorded to date in any system of similar features, and suggests that the study area can act as a hot spot of N2 ﬁxation. Recent reports off the Peruvian upwelling
~o conditions
described two consecutive surveys of N2 ﬁxation that obtained higher values during El Nin
~a [Dekaezemacker et al., 2013]. According to this, measurements during the FIP-2009
compared to La Nin
~o conditions (e.g., FIPcruise (January 2011) should have resulted in lower rates compared to previous El Nin
2008). This lack of predictability in N2 ﬁxation rates suggests a complex relationship between diazotrophy
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and productivity patterns and general oceanographic conditions that could not be precisely determined in
the Dekaezemacker study, nor in our 6 years survey.
4.2. N2 Fixation and Biological Productivity
Although seasonal variability was signiﬁcant during the year (0–30 nmol L21 d21), N2 ﬁxation seemed to follow the productivity patterns that peaked in summer in surface waters, although high rates also occurred in
the late summer and autumn seasons for subsurface waters.
Knowing that N2 ﬁxation rates at stn 18 could reach similar values in surface and near bottom anoxic waters,
we cannot rule out the possibility of cell resuspension from the sediments leading to mixing or horizontal
transport of diazotrophic bacterioplankton into the water column [Hewson et al., 2007]. However, the high
rates obtained in offshore stations (as far as 200 nm from the coast) during the FIP cruise also suggest the
presence of actively growing planktonic N2 ﬁxing communities dominated by heterotrophic bacterioplankton. Data of nitrogen uptake (as ammonium and nitrate) and primary production (measured as carbon
uptake) gathered during the same cruise were used for estimating the C:N ratio of phytoplankton during
our sampling. A positive correlation (r2 5 0.79, n 5 17) was then established between the C:N ratio and N2
ﬁxation rates for the ﬁrst 15 m of the water column (euphotic zone). This is intimately related to the composition of the phytoplankton community as this relationship was observed for all seasons. Spring blooms in
the study area are associated with large size, high N:P quotas, fast growing chain forming diatoms during
summer (particularly Skeletonema spp., Chaetoceros, and Thalassiosira spp. which accounts for more than
70% of diatom abundance) while in winter, small ﬂagellates and small size diatom species (e.g., Corethron
lez et al., 2007].
sp.) dominate phytoplankton diversity [Gonza
Based on this, we suggest that N2 ﬁxation off central Chile responds to changes in the structure of the phytoplankton community. Its occurrence is likely to be stimulated when small size, slow growing phytoplankton prevails and becomes limited in nitrogen (reﬂected in higher C:N ratios and positive P intercepts), as
recently suggested by a model approach [Mills and Arrigo, 2010].
During our study, only heterotrophic diazotrophs from Cluster I (J, K, and U subclusters) were detected in
concurrence with previous reports from the permanent OMZ of the Eastern South Paciﬁc [Halm et al., 2012]
and the Arabian Sea [Jayakumar et al., 2012]. The nifH sequences were distantly related to a previously
reported contaminant phylotype [Turk-kubo et al., 2013] (87–95% in amino acid similarity and 79–86%
nucleotide similarity; Figure 9). However, neither blanks nor negative (reagent) controls showed nifH
ampliﬁcation.
Diazotrophic cyanobacteria on the other hand have rarely been detected in this system and are not considered an active fraction of the community [Fernandez et al., 2011; Halm et al., 2012; Jayakumar et al., 2012;
Loescher et al., 2014; Turk-kubo et al., 2013].
Our phylogenetic analyses also showed higher diversity of nifH at 5 m depth coinciding with the highest N2
ﬁxation rates while a subsurface secondary peak of N2 ﬁxation coincided with low diversity (2 OTUs) and
the highest abundance of sequences (37 seq). OTUs 2 and 4 were ubiquitous in the water column and
some of the OTUs (1, 3, 4, and 7) were closely related with sequences derived from mRNA of the Mediterranean Sea (EF568495, EF568537, HQ606032) and North Atlantic Ocean (HQ611830; Figure 9) suggesting that
a potentially active and ubiquitous diazotrophic group are also present in the seasonal oxygen-deﬁcient
zone and upwelling area off Concepcion. This was the motivation for performing experiments of the effect
of DOM on N2 ﬁxation during late summer upwelling conditions and variable levels of oxygen (MOOMZ4
cruise). While diatom-derived DOM did not have a direct effect on N2 ﬁxation rates and even inhibited rates
compared to control samples, Synechococcus-derived DOM enhanced N2 ﬁxation (although levels did not
exceed water column average values and differences were not signiﬁcant). There are few studies addressing
the effect of DOM sources on microbial activity that might help explaining our observations. DOM reactivity,
for instance (expressed as photodegradation and ammoniﬁcation rates), does vary between phytoplankton
species in the study area [Rain-Franco et al., 2014]. The enhancement of N2 ﬁxation was particularly acute in
the <10 mm size fraction compared to the whole diazotrophic community.
The process opposite to N2 ﬁxation, denitriﬁcation, also responds to cyanobacterial DOC off the Peruvian
OMZ [Ward et al., 2009], supporting the hypothesis of local stoichiometric changes as drivers of N losses
and probably sources as well.
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4.3. Implications of Coastal Upwelling Diazotrophic N2 Fixation
As observed for N2 ﬁxation, measurements of anammox (the anaerobic oxidation of ammonium into N2)
and denitriﬁcation (nitrate reduction to N2) in the study area show a strong seasonality [Galan et al., 2014].
Although restricted to near-bottom waters, rates of denitriﬁcation and anammox are particularly high in
early spring (402 6 31 and 618 6 105 nmol N2 L21 d21 for anammox and denitriﬁcation, respectively) and
decrease to 103 and 14 nmol N2 L21 d21 in summer (anammox and denitriﬁcation, respectively). These
rates of anammox and denitriﬁcation are in the same range of our N2 ﬁxation rates, suggesting that N2 ﬁxation has the potential for compensating for N losses in the water column of central Chile in spring and
summer.
An area integration was attempted over the average euphotic zone (20 m) by vertically integrating N2 ﬁxation rates and taking into consideration the surface area of the study region (82,500 km2). The obtained
input of new N via diazotrophy for the euphotic zone reached 0.3 Gg N yr21 for the FIP-2006 cruise and
0.62 Gg N yr21 for the FIP-2008 cruise. Using the time series data set obtained at station 18, it is also possible to estimate the annual N contribution of the whole water column at that station. Consequently, N2 ﬁxed
throughout the water column could reach 0.42 g N m22 yr21. However, the extremely high rates obtained
during the FIP-2009 cruise gave an estimate of 104 Gg N yr21. This corresponds to approximately 6.9% of N
removal in the continental shelf off (0.5 Tg N a21) [Galan et al., 2014]. Nevertheless it is important to note
that the new N input reported here was calculated for the euphotic zone, but we know that this process
can cover the whole water column. We could therefore underestimate the capacity of N2 ﬁxation to offset
denitriﬁcation and/or anammox in the study area.
These estimates conﬁrm the active metabolic diversity of the microbial community inhabiting the euphotic
zone of this upwelling and OMZ system. Previous studies have shown signiﬁcant rates of chemosynthetic
carbon ﬁxation, coexisting with photoautotrophic processes [Farias et al., 2009; Fernandez and Farias, 2012].
In this sense, the occurrence of persistent and signiﬁcant nitrogen ﬁxation in coastal as well as open ocean
waters expands the sources of N available for microbial communities implicated in this interaction.

5. Conclusions
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This study reports the most extensive N2 ﬁxation data set in the ESP. Results suggest that this is a widely distributed and active process with peaks in late summer and autumn for subsurface waters and late summer
in surface layers. The interannual variability of N2 ﬁxation is strong and our data do not support the previous
hypothesis of N2 ﬁxation dominating offshore denitriﬁed waters compared to eutrophic coastal conditions.
On the contrary, rates are strongly associated with upwelling of denitriﬁed waters. Dissolved organic matter
(mainly cyanobacterial-DOM) increased rates signiﬁcantly although we could not reach the high rates
obtained in the FIP-2009 cruise. We conclude that N2 ﬁxation does not respond exclusively to excess phosphorous but rather to changes in phytoplankton community structure and C:N ratios.
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