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Abstract
Dinitrogen (N2) fixation was investigated at a pelagic station in the oligotrophic waters of the northern Gulf

of Aqaba, Red Sea, between February 2016 and December 2018. In situ 15N2 and 13C incubations were used to
evaluate photic and aphotic N2 fixation rates and diazotrophic contribution to water column productivity. N2

fixation rates were typically low (below detection to <0.5 nmol N L�1 d�1). Maximal rates of 3.1 nmol L�1 d�1,
measured at 100 m when conspicuous slicks of the cyanobacterium Trichodesmium appeared on the surface
water. Amplicon sequencing of nifH demonstrated that non-cyanobacterial diazotrophs, mostly α- and
γ-proteobacteria comprised the majority (82–100%) of amplicon sequence variants retrieved from photic and
aphotic depths when low N2 fixation rates were measured, while amplicons representing cyanobacteria were
nearly absent, but appeared in low abundance (� 2%) when maximal rates were measured. During the stratified
summer-period, water-column N2 fixation rates (10–75 μmol m�2 d�1) comprised � 1–40% of new production
(NP). During the winter mixing period N2 fixation rates were considerably higher (11–242 μmol m�2 d�1) but
made up only <1% of NP. This is because, during this period, nitrate supplied to the photic zone by the vertical
mixing becomes the major N source for NP. We conclude that on an annual average, diazotrophy plays a minor
role in the NP of the Gulf. The major “new” nitrogen sources are cross-thermocline turbulent diffusion of nitrate
during summer stratification and vertical mixing during the fall–winter.

Constraining the contribution of different nitrogen sources
to new and export production for reliable reconstructions of
oceanic nitrogen budgets remains a challenge. Biological N2

fixation is an important source of nitrogen supporting new
production (NP) (i.e., the fraction of primary production
supported by nitrogen sources external to the photic zone)
(Dugdale and Goering 1967; Capone and Carpenter 1982).
The reports of N2 fixation contributions to NP vary from � 0%
to 90% depending on location, season, and the specific

diazotroph (dinitrogen fixers) populations (Capone
et al. 2005; Moreira-Coello et al. 2017; Caffin et al. 2018). N2

fixation also occurs in the aphotic (deep and dark) water col-
umn, likely driven by non-cyanobacterial diazotrophs (NCD)
(Bonnet et al. 2013; Rahav et al. 2013; Benavides et al. 2015),
although cyanobacteria transported to these depths may also
retain some temporary capacity for nitrogen fixation
(Benavides et al. 2022). Aphotic N2 fixation can impact the
global estimate of N2 fixation due to the extensive volume of
the aphotic ocean (Benavides et al. 2018; Zehr and
Capone 2020). The high degree of uncertainty in both the dis-
tribution of diazotrophs and reported rates of N2 fixation
(Tang et al. 2019; White et al. 2020) has motivated expanding
N2 fixation studies beyond the traditionally surveyed sunlit
waters of the tropical and subtropical ocean gyres
(Mulholland et al. 2012; Harding et al. 2018; Shiozaki
et al. 2020).

The Gulf of Eilat/Aqaba (herewith, the Gulf) is a semi-
enclosed basin located at the northern tip of the Red Sea
(Fig. 1). The oligotrophic water column of the Gulf is character-
ized by a well-defined annual cycle of mixing and stratification
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(Levanon-Spanier et al. 1979; Wolf-Vecht et al. 1992) and pri-
mary productivity (PP) ranging from � 100–170 g C m�2 yr�1

(Levanon-Spanier et al. 1979; Shaked and Genin 2021). Water
column density stratification in the Gulf (and the Red Sea) is
rather weak because the temperature of the deep-water column
below the thermocline is very high (� 20�C). Hence, the depth
of the mixed layer during winter vertical mixing is determined
by the heat loss across the air–sea interface (Biton and
Gildor 2011; Carlson et al. 2014). During particularly cold win-
ters this can cause mixing down to > 700 m (Genin et al. 1995;
Lazar et al. 2008). The supply of nutrients into the photic zone
by vertical mixing results in mesotrophic conditions (NO3

� can
reach up to � 2000 nmol L�1 and PO4

3� > 100 nmol L�1) and
PP of 0.3–0.7 g C m�2 d�1 (Meeder 2012; Shaked and
Genin 2021). At the onset of thermal stratification in spring, a
sharp shoaling of the mixed layer occurs, which traps substantial
amounts of nutrients in the photic zone and triggers a phyto-
plankton “spring-bloom” at the surface water (Genin et al. 1995;
Lazar et al. 2008). The spring phytoplankton blooms utilize most
of the nutrients in the photic zone and subsequently the upper
� 100 m water column may become oligotrophic (Lindell and
Post 1995; Mackey et al. 2009).

Nitrogen is considered a limiting nutrient to primary pro-
ducers in the Gulf from the onset of stratification to the begin-
ning of mixing (Levanon-Spanier et al. 1979; Al-Qutob
et al. 2002; Suggett et al. 2009). The water column inventory
of dissolved inorganic nitrogen (DIN = NO3

� + NO2
�), inte-

grated over the whole water column, reaches � 2.5 mol N m�2

during summer stratification and decreases by � 50% during
winter mixing due to the higher phytoplankton productivity
during this period (according to data collected regularly by the

National Monitoring Program [NMP] since 2003; Fig. 2). Dis-
solved organic nitrogen was estimated from discrete measure-
ments across the water column at � 3.5 mol N m�2 with
observed seasonal variations of 0.4 mol N m�2 between sum-
mer and winter (Meeder 2012). Exported particulate organic
nitrogen (PON) was assessed from bulk particulate fluxes at
� 0.5 mol N m�2 yr�1 (Torfstein et al. 2020).

Fig. 1. Study site at the northern Gulf of Eilat/Aqaba (the Gulf), Red Sea (see inset), showing St. A (red dot, location 29�280N, 34�550 E, bottom
depth � 720 m). The water column characteristics of St. A are representative of the oligotrophic open waters of the Gulf.

Fig. 2. Calculation of the assimilated NO3
� (ΔNO3

�) for the mixing
period 2016–2017 to estimate NP. The lines represent the best fit for
the curves representing (1) the NO3

� inventory during the maximal
water column inventory of NO3

� (September 2016; red line) and
(2) the curve representing the NO3

� inventories in the ML as con-
structed from the NO3

� depth profiles of every cruise during the win-
ter mixing of 2016–2017 (between October 2016 and February 2017;
blue line).
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The role of N2 fixation as a nitrogen source in the Gulf is
not well constrained. Surveys of nifH genes in the northern
Gulf identified diverse diazotroph communities, including
cyanobacteria, α- and γ-proteobacteria, and several uncultured
phylotypes (Foster et al. 2009). The conspicuous filamentous
cyanobacterial diazotroph, Trichodesmium, is found regularly
in low abundance at depths ranging from surface and down to
100 m (Kimor and Golandsky 1977; Post et al. 2002; Rahav
et al. 2013) and stochastically forms observable surface slicks
(Gledhill et al. 2019; Wang et al. 2022). Yet, measurements of
N2 fixation rates in the open water of the northern Gulf are
still sparse showing vertical (depth) and temporal variability.
Only two published studies directly measured N2 fixation rates
in the Gulf using the 15N2 assimilation technique (Foster
et al. 2009; Rahav et al. 2013), while one study measured
species-specific rates for concentrated Trichodesmium spp. colo-
nies using the indirect acetylene reduction method (Post
et al. 2002).

Reported N2 fixation rates from 15N2 measurements range
from 0 to � 2 nmol N L�1 d�1 (Foster et al. 2009; Rahav
et al. 2013). These studies utilized the 15N2 gas bubble
method to spike the seawater sample (Montoya et al. 1996),
which may underestimate N2 fixation (Mohr et al. 2010;
Großkopf et al. 2012). Nevertheless, Rahav et al. (2013)
reported significant N2 fixation rates in the aphotic oxygen-
ated water column of the Gulf and estimated that 35–77%
of the total water column N2 fixation rates occurred in the
aphotic zone, down to 700 m (depth of measured station).
To our knowledge, data depicting annual variations in the
spatial and temporal water column N2 fixation rates in the
Gulf have not been published. Moreover, lack of simulta-
neous NP estimates (e.g., vertical transport of NO3

�) from
the previously published N2 fixation studies in the Gulf
hamper the attempt to estimate the overall contribution of
N2 fixation to the Gulf’s NP.

In this study we (1) provide temporal information on N2

fixation rates during an annual cycle in the photic and apho-
tic zones of a representative pelagic station (St. A) of the Gulf;
(2) identify the main diazotrophic groups inhabiting the water
column during the sampling period; and (3) determine the
contribution of photic and aphotic N2 fixation to primary and
NP in the Gulf.

Materials and methods
Study site and sample collection

Eleven sampling cruises were conducted from February
2016 to December 2018 at St. A (29�280N, 34�550E), a � 700 m
water column at the northern tip of the Gulf (Fig. 1). During
each cruise, water samples were collected at seven discrete
depths using a Seabird carousel (rosette) equipped with a CTD
(Seabird 19 Plus) and sensors for temperature, salinity, photo-
synthetically active radiation (PAR quantum sensor, LiCOR LI-
192SA) and chlorophyll a (Chl a) fluorescence (Turner designs,

Cyclops7). Unfiltered seawater samples for dissolved inorganic
nitrogen (NO3

� + NO2
�; hereafter DIN) were collected in

duplicates into 15 mL acid prewashed polyethylene plastic test
tubes and kept refrigerated at 4�C in the dark until analysis
was performed, no later than 3 d after collection. Seawater
samples for 15N and 13C incubation experiments were col-
lected into 4.6 L acid-cleaned polycarbonate bottles and
divided as follows: (1) six bottles were sampled at each photic
depth, three transparent (“light”) bottles and three black col-
ored (“dark”) bottles (used to correct for dark carbon fixation
by subtraction from the light bottles of the same depth); and
(2) three bottles (only dark) were sampled at each aphotic
depth. Seawater samples were collected from each depth into
two (duplicate) 4.6 L bottles (each bottle was prewashed three
times with the sampled seawater) for the analyses of POC and
PON (concentrations and isotopic compositions) at the begin-
ning of the incubation (time T0). Triplicate 5 L seawater sam-
ples were collected into acid prewashed plastic containers
(which were prewashed three times with the sampled seawater
before collection) for DNA analyses. DNA samples were filtered
immediately after collection on 0.2 μm Supor filter (PALL),
transferred to liquid nitrogen, and stored at �80�C until anal-
ysis in the lab.

Chl a concentrations
Duplicate seawater samples were collected into 250 mL

HDPC bottles and refrigerated at 4�C in the dark until filtra-
tion on 25 mm Whatman GF/F (ca. 0.7-μm pore size), no
later than 4 h after collection. The filters were placed in
20 mL glass vials and extracted in 5 mL of 90% acetone over-
night at 4�C in the dark. Blank filters were also stored in 90%
acetone under the same conditions. Chl a concentration was
measured fluorometrically using a Turner Designs. (TD-700)
fluorometer with a 436 nm excitation filter and a 680 nm
emission filter (Holm-Hansen et al. 1965). Calibration was
performed with pure Chl a from Anacystis nidulans
(Sigma-Aldrich C6144).

Inorganic nutrients
Concentrations of inorganic nutrients were determined by

a flow injection autoanalyzer (Lachat Instruments Model
QuikChem 8000). The analyses were calibrated with certified
standard solutions of NO3

�, NO2
�, and PO4

� (Merck). The
limit of detection (LOD) was 0.05 and 0.03 μmol L�1 for DIN
(NO3 + NO2) and PO4

�, respectively.

15N2 Fixation and 13C PP
The 15N2 enriched seawater (ESW) was prepared using a

modified 15N2 ESW method (Mohr et al. 2010; Wilson
et al. 2012). Filtered (0.2 μm) seawater were degassed using a
degassing membrane (3M Liqui-Cel model G542) and trans-
ferred directly into 1.25 L Nalgene bottles fitted with a septum
cap (filled to the top with no headspace) and 12.5 mL of pure
15N2 gas (98% 15N atoms, Cambridge Isotope Laboratories)

Landou et al. Dinitrogen fixation in the Red Sea
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was injected into each bottle using a gas-tight syringe. After
injection, the bottles were shaken vigorously for 10 min and
stored at 4�C for 12–16 h to allow for equilibrium with the
tracer. The atom% enrichment of each batch of 15N2 ESW was
determined no later than 1 week after the cruise by measuring
the 14–14N2 (m/z = 28), 14–15N2 (m/z = 29), and 15–15N2

(m/z = 30) on a membrane-inlet mass spectrometer (MIMS;
Bay instruments). A 13C stock solution was prepared by dis-
solving 1 g of NaH13CO3 (Sigma-Aldrich) in 100 mL of filtered
(0.22 μm) double-distilled H2O to a final concentration of
119 mmol L�1 H13CO3

�.
Seawater samples from each predetermined depth were

filled into one 4.6 L incubation bottle and one 1 L bottle. A
volume of 250 mL of seawater was removed from each incuba-
tion bottle and replaced by 230 mL of 15N2 ESW stock solu-
tion and 1 mL of 13C stock solution, leaving � 20 mL of
headspace. The bottle was then inverted three times and
immediately topped with the sample water from the 1 L bottle
(leaving no headspace). Incubations of the spiked samples
were carried out immediately following tracer additions. Sam-
ples collected from photic depths were incubated in situ on a
mooring line at the same depths from which the water had
been collected. The mooring station was located � 4 km
northwest of St. A (29�300N, 34�550E; bottom depth 160 m).
Aphotic samples were incubated onshore in the laboratory
and maintained in dark containers filled with water that was
kept at 21–22�C (the ambient water temperature in aphotic
water). After 24 h, incubations were immediately terminated
by filtering the entire contents of the bottles onto
precombusted (at 450�C for 4 h) GF/F filters (25 mm
Whatman GF/F, ca. 0.7 μm in pore size). Filters were stored at
�20�C, dried (at 60�C overnight), pelletized in tin capsules
and analyzed on a Variocube continuous-flow isotope ratio
mass spectrometer (Elementar) at the Department of Oceanog-
raphy, Dalhousie University (Halifax, NS, Canada).

N2 fixation rates were calculated by a modified isotope mass
balance equation (derivation available upon request) of
Montoya et al. (1996) (Eq. 1):

N2 fixation rate¼ APNf �APN0

Aspike� 1� f sw
� ��Asw� f sw

� PN½ �
Δt

ð1Þ

where APN denotes the atom% of 15N2 measured in the partic-
ulate organic N (PN) and the subscripts f and 0 denote the
final and initial times of the incubation, respectively; Aspike

and ASW denote the 15N2 atom% of the spiked seawater and
the sample seawater, respectively. fsw is the fraction of seawa-
ter in the mixture, where fsw + fspike =1. [PN] is the concentra-
tion of particulate nitrogen measured on the filters at the end
of the incubation and Δt is the incubation time (tf � t0). The
final 15N2 atom% in incubation bottles (2.67–2.99%) was cal-
culated from the 15N2 atom% of the ESW stock (the “spike”;
5% of the incubation volume) and 15N2 atom% in the

incubation water (estimated from N2 solubility of the sample
water using solubility factors from Hamme and Emer-
son 2004). PP was calculated according to Mulholland and
Bernhardt (2005).

Measurements of N2 fixation rates and 13C productivity
were reported in this study only for samples with PN > 8 μg
and POC > 9 μg. These values were calculated from the 3σ of
the blanks for N and C samples, samples with lower values
were defined as “below detection”, and the values of these
samples were taken as zero (Fig. S4). The values of minΔAPOC

and minΔAPN (minimum increment in the isotopic composi-
tion of POC and PN after the incubation with 13C and 15N
spikes) were calculated as 3σ of the average isotopic values
measured on natural (unspiked) particulate organic matter
samples. The average minΔAPN was 0.0011% and average min-

ΔAPOC was 0.007%. To keep our N2 fixations measurements
conservative we calculated the LOD of N2 fixation rates by set-
ting minΔAPN to 0.00146% (that is, 4‰ vs. air prescribed by
Montoya et al. 1996), rather than our calculated value of
0.0011%. The minΔAPOC and minΔAPN values (see above) were
calculated together with specific POC and PON concentrations
and incubation times (Table S2), resulting in an independent
detection limit for each measurement (Gradoville et al. 2017;
White et al. 2020). The calculated LOD for N2 fixation ranged
from 0.06 to 0.69 nmol N L�1 d�1, and 0.08 to 0.22 μg
C L�1 d�1 for carbon fixation. A sample was considered zero if
two out of three replicates were below the LOD. The water col-
umn integrated parameters and their standard deviations were
obtained by Gaussian Monte Carlo numerical integrations
with 50,000 iterations. Samples forced to zero (see above) were
also taken as zero when depth-integrated fluxes were
calculated.

Estimation of NP and the f ratio
NP was defined as the sum of nitrogen fluxes from deep

water (aphotic) NO3
� (either by vertical mixing during winter

or by cross-thermocline turbulent mixing and breaking inter-
nal waves during summer) and from N2 fixation (Eq. 2):

FNP ¼ Faphotic NO�
3
þFNF ð2Þ

where F denotes N flux (mmol m�2 d�1) and the subscripts
NP, aphotic NO3

� and NF denote new production, entrain-
ment of deep water (aphotic) NO3

�, and N2 fixation,
respectively.

Once NP is estimated, the contribution of N2 fixation to NP
can be assessed using Eq. 3:

NF¼ FNF

FNP
ð3Þ

where NF is the fraction of N2 fixation in NP.

Landou et al. Dinitrogen fixation in the Red Sea
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Estimating NP during stratification
To estimate Faphotic NO�

3
during stratification the vertical dif-

fusive fluxes of NO3
� into the photic layer were calculated,

following Fick’s law from the product of the NO3
� gradient

through the thermocline. The NO3
� gradient was obtained by

linearly fitting nitrate concentrations within the thermocline
at 120–200m depth. Faphotic NO�

3
can then be estimated

by Eq. 4:

Faphotic NO�
3
¼�Dx

dNO3

dZ
ð4Þ

where Faphotic NO�
3
is the flux of aphotic NO3 into the photic

zone (mmol Nm�2 d�1), D is the overall (cross-thermocline
turbulent mixing and breaking internal waves) turbulent dif-
fusion coefficient (m2 d�1) and dNO3

dZ is the vertical gradient of
NO3

� (mmol Nm�4). The values of dNO3
dZ were estimated from

the slope of best-fit line of NO3
� measured within the thermo-

cline at depths of 120–200m. For the turbulent diffusion coef-
ficient (D) we used 20m�2 d�1, a value calculated by David
(2002) for St. A during stratification. NO3

�
fluxes for summer

months (June–September) of 2016 and 2018 were used to esti-
mate NP during stratification.

Estimating NP during mixing
During mixing practically all NO3

� is supplied to the mixed
layer by vertical mixing from the aphotic zone. This “new”
NO3

� is assimilated by the phytoplankton community and
contributes to NP. The NP at this period was estimated follow-
ing the method developed by Meeder (2012). The estimate is
based on the difference between two curves constructed from
the best fit of the NO3

� depth profiles of cruises during the
study period (Fig. 2) as follows: (1) the curve representing the
maximal water column NO3

� inventory for any depth interval
between 0 m and z (in this study, we used the NO3

� depth
profile of September 2016, late summer just before the onset
of mixing as represented by the red line in Fig. 2); and (2) the
curve representing the NO3

� inventories in the ML as con-
structed from the NO3

� depth profiles of every cruise during
winter mixing (in this study, we used the NO3

� depth profiles of
October 2016 to February 2017; blue line in Fig. 2). The differ-
ence between these two curves, here defined as ΔNO3

�, provides
a reliable estimate of NO3

� assimilation by phytoplankton for
any depth, when ML reaches a particular depth, zML > zphotic
zone, where zML and zphotic zone are the depths of the ML and
photic zone, respectively. The ΔNO3

�/Δt is the estimate of the
NO3

� assimilation rate, where Δt is the time elapsed between
two consecutive ML depths (ΔzML).

Estimating the f ratio during stratification
The fraction of NP from total primary production

(new + regenerated) is referred to as the f ratio (Eppley and
Peterson 1979). The f ratio during the stratified period was
estimated by the equation:

f ratio¼ FNP

FPP
ð5Þ

where f ratio is the fraction of new production from total pri-
mary production, F denotes N flux (mmol m�2 d�1) and the
subscripts NP and PP denote new production and primary pro-
duction. FNP was calculated as described in the sections above.
FPP was calculated using PP data obtained from 13C
incubations.

DNA extraction and nifH PCR analysis
DNA, from representative depths of the photic and aphotic

layer, was extracted using a modified phenol–chloroform
method described in Man-Aharonovich et al. (2007). For nifH
gene amplification nested PCR was conducted using degenerate
nifH primers. The nifH3 and nifH4 (Zani et al. 2000) primers
were used for the first PCR. PCR reactions were performed using
a Veriti thermocycler (Applied Biosystems). The first round of
PCR contained 10X Platinum Taq PCR buffer (Thermo Fisher),
MgCl (2.5 mmol L�1

final), dNTPs (0.2 mmol L�1
final), primers

(1 μmol L�1
final), and 2 μL of DNA extract, adjusted to 25 μL

total volume with nuclease free water. This reaction was cycled
at 94�C for 5 min, 30 cycles of 94�C for 1 min, 57�C for 1 min,
and 72�C for 1 min, and a final cycle of 72�C for 7 min. The sec-
ond round of PCR used the same thermocycling conditions and
components, but the DNA template was replaced with 1 μL of
the PCR product from the first reaction and primers were rep-
laced with nifH1 and nifH2 primers (Zehr and McReynolds 1989)
attached to Illumina universal adaptors CS1 and CS2 and
barcodes for demultiplexing in the Illumina MiSeq. No template
controls (NTC) were included in each run. Samples were
sequenced on Illumina MiSeq Standard v.3, 2 � 300 bp paired-
end sequencing at Hy Laboratories Ltd.

Bioinformatic analyses
Raw data of demultiplex Illumina pair-end nifH DNA

sequences were processed to amplicon sequence variants
(ASVs) using DADA2 plugin (default setting) in QIIME2
(Bolyen et al. 2019). A total of 83,292 reads (28–50% of input
reads; 6541–391 reads per sample) passed quality control. NTC
were included in each sequencing run. Only one NTC sample
contained sufficient DNA for sequencing. This sample con-
tained 309 reads and 4 ASV which were compared with
known contaminant sequences of PCR reagents or other sam-
ple processing procedures (Zehr et al. 2003). ASVs found in
the NTC sample shared < 92% identity to known contami-
nates, and these ASVs were removed from downstream analy-
sis. Following the removal of non-nifH sequences, and further
evaluation of rarefaction curves, samples were normalized to
1316 sequences per sample (seq/sample) through a single rare-
faction. Thus, only samples with sufficient reads to subsample
down to 1316 sequences per sample were used (n = 16). To
assign putative taxonomy, ASVs were annotated using BlastX
against NCBI’s non-redundant (NR) database, excluding

Landou et al. Dinitrogen fixation in the Red Sea
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uncultured environmental sequences from search. Assignment
to canonical clusters I-IV (Chien and Zinder 1996) was carried
using the CART model (Frank et al. 2016). Trees was generated
in MEGA 11 (Tamura et al. 2021) using the neighbor-joining
method (Saitou and Nei 1987) with 1000 bootstrap replicates,
and visualized using the Interactive Tree of Life (http://itol.
embl.de). Raw sequences are available from NCBI Bioproject
PRJNA880645.

Database information
The basic water column data we used in this study

(e.g., temperature, Chl a, productivity) was collected during
our cruises and supplemented by monthly data from the NMP
in the Gulf. The NMP database is publicly available at:

https://iui-eilat.huji.ac.il/Research/NMPMeteoData.aspx.

Results
Ambient environmental conditions during the studied
period

The annual dynamics of water column parameters between
mixing and stratification periods during this study (2016–2018)
reflect the typical annual pattern in the northern Gulf (NMP
database for years 2003–2018; see methods). The maximum
mixed layer depth (MLD) through the study period was 650 m
observed during February 2017, reaching � 50 m above the bot-
tom at St. A. The mixed layer potential temperature during the
deep mixing of 2017 was uniform at � 21.2�C (Figs. 2a, S1).
The maximal annual MLD was shallower in 2016 and 2018
(460 and � 300 m, respectively) (Figs. 2a, S1, S2; Table S1). The
mixing period ends with a sharp shoaling of the MLD. During
summers (June–October) a stable stratified layer (the seasonal
thermocline) extended to a depth of � 200 m (deepening
slowly during the summer) and surface water temperatures
reached a maximum of > 28�C (Figs. 3, S1; Tables 1, S1). Surface
water nutrients were low during summer stratification and sub-
stantially higher during winter mixing (Figs. 3b, S3). The nutri-
ent depleted upper � 120 m layer (DIN < 0.05 μmol L�1),
which developed during summer stratification, resides within
the thermocline and its bottom marks the thickness of the pho-
tic zone (Fig. 3b). Resulting surface nutrient concentrations dur-
ing stratification correlated with the previous winter-mixing
with higher surface nutrients measured following deep MLD
(Figs. 3b, S3). During thermal stratification, DIN concentrations
below the photic zone increased sharply at � 250 m (the
nutricline) and then gradually increased from � 2 μmol L�1 to
a maximum of � 6 μmol L�1 at 700 m (Figs. 3b, S3).

Chl a (an indirect proxy for photosynthetic biomass) cor-
responded to the maximum MLD during winter (Fig. 3c). Dur-
ing the summer stratification a deep chlorophyll maximum
(DCM) with concentrations of 0.4–0.5 μg L�1 was observed at
� 100 m (Fig. 3c; Table 1). During winter, the phytoplankton
populations were mixed downward with the deepening MLD
to depths substantially exceeding the depth of the photic zone.

This was demonstrated by the high and constant Chl
a (� 0.2 μg L�1) concentration that reached down to � 550 m
during the mixing season of 2017 (Fig. 3c). During the maximal
annual mixing of 2016, 2017, and 2018 (MLDs of 480, 650,
and 300 m, respectively), the integrated Chl a inventories were
190, 120, and 100 mg Chl a m�2, respectively. During spring–
summer transition periods, the Chl a inventory decreased
markedly by a factor of 2–4 (40–50 mg m�2). The DCM began
developing at � 60 m during April–May (onset of stratification),
deepened during stratification, and reached a maximum depth
of 80–100 m during July–August. No DCM was observed when
the mixing depth exceeded � 200 m (Fig. 3c).

Fig. 3. Temporal dynamics of water column parameters at Sta. A (720 m
bottom depth during the study period (2016–2018). (a) Potential tem-
perature (colored contours); (b) DIN (NO3 + NO2, colored contours);
and (c) Chlorophyll a. Data shown was collected during this study and
monthly NMP cruises. The mixed layer depth (MLD) is represented by the
white dashed lines. The contours and MLD were calculated from the con-
tinuous (CTD) and discrete (marked by the black dots) measurements.
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Primary productivity
PP estimated from incubations with 13C (in the same bottles

as 15N incubations) displayed typical water column profiles with
the highest PP close to the surface, decreasing with depth, and
reaching detection limits at depths of 120 m (Fig. 4a,b). The
detectable volumetric PP rates varied 300-fold, ranging from
0.1 μg C L�1 d�1 in the deep photic zone (120 m) during
December 2016, to 27 μg C L�1 d�1 in the surface water during
April 2016. Maximum PP was measured during the spring transi-
tion period of March–April (corresponding to the phytoplankton
“winter-spring blooms”) (Fig. 4a,b). The range of the integrated
PP varied by a factor of � 4, ranging from 0.3 g C m�2 d�1 during
the maximum stratification during July 2016 to 1.2 g C m�2 d�1

during the post mixing transition period in April 2016.

N2 fixation rates
Volumetric and depth-integrated rates were calculated

for two water layers, from surface to 120 m and from 120 to
700 m, corresponding to photic and aphotic layers, respec-
tively. Volumetric rates in the photic zone ranged from
below detection to 3.14 nmol N L�1 d�1 (May 2016; 100 m)
(Fig. 4c,d). In the parallel dark incubations from photic
depths, rates were typically similar or lower than ambient
light incubation and ranged from below detection to
2.3 nmol N L�1 d�1 (May 2016; 100 m) (Fig. S6). Depth-
integrated rates in the photic zone ranged from 11 μmol
N m�2 d�1 (July 2018) to 242 μmol N m�2 d�1 (May 2016)
(Fig. 5a).

Volumetric rates in aphotic water (120–700 m) ranged from
below detection to 1.54 nmol N L�1 d�1 (May 2016; 300 m)
(Fig. 4c,d). The depth-integrated rates in the aphotic zone
ranged from 21 μmol N m�2 d�1 (July 2018) to 645 μmol
N m�2 d�1 (May 2016) (Fig. 5a).

The relative contribution of photic and aphotic water
layers to total N2 fixation

The depth integrated N2 fixation rates measured in aphotic
depths accounted for 10–80% of total water column N2 fixa-
tion (Fig. 5b). Aphotic N2 fixation typically comprised > 50%
of the total N2 fixation during mixing while during the strati-
fied and transition period it varied from 15% to 80% (Fig. 5b).

Diazotroph characterization
We assessed diazotrophic diversity by high-throughput

sequencing of partial nifH gene sequences. A total of 116 ASVs
were identified in our samples from different periods and
depths. Phylogenetic analyses showed that amplified nifH
gene sequences contained only a few cyanobacterial
diazotrophs and mostly NCDs (Figs. 6, S7). Annotation of
sequences using the CART model (Frank et al. 2016) suggested
that sequences were from clusters I and III (Chien and
Zinder 1996). Sequences were affiliated with Proteobacteria
(α, γ, δ), Cyanobacteria, and Verrucomicrobia phyla.

NCDs comprised the majority of nifH sequences from both
photic and aphotic depths with 82–100% of the amplicons
annotated to NCDs from α- and γ-proteobacteria linage
(Fig. S7). The predominant ASV in photic water was ASV89,
closely related to the γ-proteobacteria Pseudomonas stutzeri
(Fig. 6). This ASV was found in samples collected in July–
September 2016 (stratified water; 5 m; 27–35% of the reads),
February 2017 (deep mixing; 5 m; 16% of the reads) and April
2018 (transition from mixing to stratification; 100 m; 66% of
the reads). Other abundant ASVs were ASV49, clustered with
Bradyrhizobium spp. (α-proteobactria; Fig. 6) comprised 78% of
the retrieved reads in the samples collected in photic depths
during the transition from mixing to stratification (April 2016;
5 m). ASV104, clustered with Azorhizobium (α-proteobactria)

Table 1. A summary of physical, chemical, and biological properties of the 700 m water column of St. A measured during 2016–2018.
Ranges represent the minimum and maximum values measured under different hydrographic conditions (stratified water column, mixed
water column, and transition-thermostabilizing period when the thermocline was stabilizing), in the photic and aphotic layers. The mea-
sured ranges of potential temperature (�C), salinity (PSU), dissolved inorganic nitrogen (DIN; μmol L�1), Chl a (chlorophyll a; μg Chl
a L�1), PP (primary productivity; μg C L�1 d�1), volumetric N2 fixation rates (nmol N L�1 d�1), and depth integrated N2 fixation rates
(μmol N m�2 d�1) are shown. BLD—below detection limit.

Depths
Water column

stability
Temp
(�C) Salinity

NO2 + NO3

(μmol L�1)
Chl a

(μg Chl a L�1)
PP

(μg C L�1 d�1)
N2 fixation

(nmol N L�1 d�1)

Integrated N2

fixation
(μmol N m�2 d�1)

Photic (0–120 m) Mixing (Oct–Mar) 22–23 40.4–40.7 0.1–1.6 0.04–0.96 0.1–17 BLD–1.53 11–112

Thermostablizing

(Apr–May)

22–25 40.3–40.8 0.1–0.6 0.04–0.6 0.1–20 BLD–3.14 11–242

Stratfied (Jun–Sep) 23–28 40.1–40.8 BLD–1 0.02–0.58 BLD–12 BLD–2.34 10–75

Aphotic

(120–700 m)

Mixing (Oct–Mar) 21–23 40.4–40.6 0.2–5.9 BLD–0.37 BLD BLD–1.05 44–265

Thermostablizing

(Apr–May)

21–23 40.4–40.8 0.1–6.1 BLD–0.21 BLD BLD–1.71 45–645

Stratfied (Jun–Sep) 21–23 40.5–40.8 0.6–6.1 BLD–0.29 BLD BLD–0.22 21–42

Landou et al. Dinitrogen fixation in the Red Sea
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comprised 81% of the reads during February 2017 (deep
mixing; 5 m) but was absent from all other samples.

Aphotic waters samples were also characterized by pre-
dominance of ASV89 (Fig. S7) which comprised 45–95% of

the recovered amplicons during the transition period of
2016 (April 2016; 500 m and May 2016; 300 m) 24–87% of
the reads during the stratified period of 2016 (July–
September; 500 m;) and 95% of the retrieved sequences

Fig. 4. Temporal dynamics of primary productivity (top panels; μg C L�1 d�1), and N2 fixation (bottom panels; nmol N L�1 d�1) between February
2016–March 2017 (a,c) and April–December 2018 (b,d). Only the upper 200 m are shown for PP. Samples with N2 fixation rates (c,d) below detection
are marked by “x”.

Fig. 5. Depth integrated rates of photic N2 fixation (0–120 m, gray columns) and aphotic (120–700 m, black columns) within the 700 m water column
of Sta. A in the Gulf. (a) Absolute depth-integrated values (μmol N m�2 d�1); (b) relative contribution of aphotic and photic N2 fixation from the total N2

fixation. Results represent the average values of triplicates integrated using the trapezoid method.

Landou et al. Dinitrogen fixation in the Red Sea
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during the deep mixing (February 2017; 500 m). ASV35, also
clustered with Marichromatium purpuratum and P. stutzeri
(same clade as ASV89) comprised 88% of the reads during
the transition from mixing to stratification (April 2018;
300 m). ASV13, closely related to Methylobacterium nodulans
(a-proteobacteria) comprised 57% of the sequences recov-
ered in September 2016 (500 m). ASV65, affiliated with
Rhodopseudomonas palustris (a-proteobacteria) comprised
40% of the reads in samples from April 2016 (500 m)
(Figs. 6, S7).

ASVs 58 and 66 clustered with the widely distributed NCD
Gamma-A (Fig. 6). Yet, these sequences were recovered from
one sample (September 2016; 5 m) and comprised only 2% of
the retrieved reads.

Amplicons affiliated with cyanobacterial phylotypes (ASVs
51–53) were found only in two samples: May 2016 (100 m)
and February 2017 (5 m). These ASVs comprised < 2% of the

total retrieved amplicons and clustered with Microcoleaceae
(ASV51) and UCYN-A (ASV52-53) (Fig. S8).

Estimating NP during mixing
Turbulent diffusion during winter is negligible compared

to NO3
� introduced by vertical mixing (Meeder 2012). we

used NO3
� deficits from the water column rather than

NO3
� turbulent diffusion as our proxy for NO3

� assimila-
tion (Fig. 2). The fluxes of NO3

� assimilation calculated
from the ΔNO3

� were 2.1 and 4.6 mmol m�2 d�1 for
December 2016 and February 2017, respectively, and the
fluxes of N2 fixation measured for these months was 0.03
and 0.08 mmol m�2 d�1, respectively. Accordingly, NP was
estimated (by Eqs. 1, 2) as 2.2 and 4.7 mmol m�2 d�1 for
these months and the calculated fraction of N2 fixation of
total NP was estimated at 1–2%.

Fig. 6. Neighbor-joining phylogenetic tree derived from partial nifH amino acid sequences. The 15 most abundant ASVs retrieved from the photic layer
(white squares) and aphotic layer (black squares) are shown. ASVs that appeared in samples collected from both photic and aphotic depths are marked
by gray squares. These ASVs were used together with top hits from NCBI and (sequences with > 95% identity) to generate the tree. Sequences previously
reported from the Gulf by Foster et al. (2009) that shared > 97% similarity to ASVs from this study are also shown (black stars). ASVs 66 and 58, clustered
with the globally distributed NCD’s Gamma-a (Langlois et al. 2015) and γ-24774A11 (Moisander et al. 2008) were included in the tree, although they
were rarely recovered (2% of the reads in one sample). The tree was generated in MEGA 11 (Stecher et al. 2020) using the neighbor-joining method
(Saitou and Nei 1987) with 1000 bootstrap replicates (Bootstrap values of > 50% marked on branches) and visualized using the Interactive Tree of Life
(http://itol.embl.de/; Letunic and Bork 2021).
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Estimating NP during transition (onset of stratification)
During a period of 63 d (15 March–17 May) a net nitrogen

decrease of 35 mmol N m�2 was observed in the photic water
column, which translates to an average NO3

� uptake rate of
0.55 mmol N m�2 d�1. The fluxes of photic N2 fixation during
April and May 2016 were 0.12 and 0.23 mmol N m�2 d�1.
Accordingly, the calculated fraction of N2 fixation of total NP
was estimated at 10% and 30% for April and May 2016,
respectively. During April 2018, NO3

� uptake rates were con-
siderably higher, 1.3 mmol N m�2 d�1, while photic N2 fixa-
tion was only 0.02 mmol N m�2 d�1. Thus, the estimated
contribution of N2 fixation to NP decreased to less than 2%.

Estimating NP during stratification
Using Eq. 3 the fluxes of aphotic NO3 Faphotic NO�

3

� �
during

July and September 2016 were estimated to be 0.22 and
0.11mmol Nm�2 d�1, respectively, and 1.4mmol Nm�2 d�1

for July 2018. N2 fixation fluxes FNFð Þ in the photic zone were
determined to be 0.08mmol Nm�2 d�1 for July and
September, respectively, and 0.01mmol Nm�2 d�1 for July
2018. Utilizing the above, the calculated fraction of the photic
N2 fixation of NP during 2016 was 26% during July 2016, and
40% during September 2016, while during July 2018 this frac-
tion was much lower making up less than 1% of the NP.

Estimating the f ratio during stratification
NP during the stratification period of 2016 was estimated at

0.18–0.3 mmol m�2 d�2. PP rates (converted to N) were 1.2–
1.5 mmol N m�2 d�2. Accordingly, the f ratio during stratifica-
tion was estimated at 0.1–0.2.

Discussion
Characterization and dynamics of diazotrophic
communities of the Gulf

The outstanding feature obtained throughout our sampling
was the preponderance of amplicons annotated to NCD,
mostly from α- and γ-proteobacteria, and the almost complete
lack of cyanobacterial diazotrophs—including the conspicuous
Trichodesmium which is found in the Gulf on many occasions
(Fig. 6). Our observations of the majority of amplicons
retrieved from the photic water column affiliated with NCD,
corresponded to a previous nifH survey (Foster et al. 2009),
where 47 out of 73 sequences (clone libraries) were also affili-
ated with members of the α- and γ-proteobacteria. Global sur-
veys of nifH (Farnelid et al. 2011; Delmont et al. 2022) and
large datasets of specific nifH labeled images (Karlusich
et al. 2021) also report that NCD prevail in oceanic photic
zones, thus implying that that NCD are more abundant and
widespread than their cyanobacterial counterparts throughout
most of the global ocean’s surface water. Moreover, the abun-
dance of NCDs coupled with low rates of N2 fixation as
reported by others (Halm et al. 2012; Ridame et al. 2022) also
corresponds with our findings of abundant NCDs in the pho-
tic layer of the Gulf linked to low rates of N2 fixation.

ASV89, closely related to M. purpuratum and P. stutzeri (97%
amino acid sequence identity of partial nifH sequences) was
the most abundant amplicon throughout our samples when
considering both photic and aphotic water (found in four of
the eight samples from photic depths and seven of eight sam-
ples form aphotic depths; Fig. S7). This ASV comprised 80–
95% of the reads retrieved from aphotic water (when maximal
rates were mesured during mixing and re-stratification; April–
May 2016; February 2017), but also comprised > 80% of the
retrieved reads when measured rates were near detection limits
(July 2016) (Figs. 4, S7; Table S2). P. stutzeri isolates were
reported to fix N2 under high oxygen concentrations
(Bentzon-Tilia et al. 2015; Paerl et al. 2018), and sequences
affiliated with this phylotype were recovered from samples
collected from aphotic oxygenated water of the Levantine
Basin when detectable N2 fixation were measured (Rahav
et al. 2013). The ability to fix N2 under such conditions could
be advantageous in the oxygenated water column of the Gulf,
yet the specific conditions that trigger N2 fixation in P. stutzeri
are currently unknown.

Only three cyanobacterial amplicons were identified in our
samples from the photic water and were recovered, from
which two (ASVs 52–53) were clustered with Candidatus
Atelocyanobacterium thalassa (UCYN-A) (Fig. S8). These
amplicons shared 99–100% identity to sequences previously
collected in the Gulf surface water during late stratification by
Foster et al. (2009) which also reported these phylotypes to be
“detected but not quantifiable” by qPCR. These sequences also
shared > 98% identity to several UCYN-A isolates from the
Pacific Ocean (Fig. S8). The extremely low abundance of these
amplicons in our samples (< 2%), and with no direct evidence
of cell-specific activity, prevent linking between the presence
of these UCYN-A-like sequences although maximal high N2

fixation rates measured at the time of their collection.
Surprisingly, we were unable to retrieve amplicons affiliated

with Trichodesmium from any of our samples throughout the
study period. Trichodesmium is frequently observed in surface
water of the Gulf and was reported to appear during late stratifi-
cation and early fall (Post et al. 2002; Foster et al. 2009; Wang
et al. 2022), as well as after winter mixing (Rahav et al. 2013;
Basu et al. 2019). Two of our sampling cruises (19 April and
5 May 2016) were carried within a time frame of 3 weeks when
visible surface slicks of Trichodesmium were reported in the Gulf
surface water (Gledhill et al. 2019) including the morning of
our cruise on 5 May (Fig. S9), although visible slicks were not
observed in St. A at the time of sampling. Reported
Trichodesmum colony densities in the water column ranged
from 1 to 100 colonies m�3 and increased to 106 colonies m�3

during bloom events (Post 2002), but visible slicks can also rap-
idly (< 30 min) dissipate (Gledhill et al. 2019). Considering the
stochastic nature of Trichodesmium’s appearance in the Gulf
water column (Post 2002), and our sampling resolution, we
may have missed Trichodesmium. Maximal N2 fixation rates
were previously reported when Trichodesmium appeared (Foster
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et al. 2009; Rahav et al. 2013). Thus, while our estimates of N2

fixation rates may underestimate the actual annual budgets of
N2 fixation in Gulf, to our knowledge there are no large-scale
blooms of Trichodesmium in the Gulf which would contribute
considerably to the annual budget.

What does our data indicate regarding the contribution of
the diverse diazotroph groups to water column N2 fixation
and PP? Amplicon abundance of different phylotypes may not
necessarily reflect the relative contribution of each group to
the water column’s N2-fixation, as measured by 15N uptake of
the bulk diazotroph community (Yogev et al. 2011; Turk-Kubo
et al. 2014). Amplicon sequencing provides only relative abun-
dances, which may be different from of the actual abundances
of the target microorganism in the natural environment
(Bonnet et al. 2021). Furthermore, previous studies suggest
that rare phylotypes could disproportionately contribute to
nitrogenase transcriptional activities, while other species can
be more abundant, but less active (Turk-Kubo et al. 2014; Yang
et al. 2019). Uncertainties such as bias of degenerated primers
used for amplification (Gaby and Buckley 2012) and data of
multiple genomes or nifH copies per cell possessed by some
cyanobacterial diazotrophs (Foster and O’Mullan 2008; Sargent
et al. 2016) is missing for NCD. Some NCD can exhibit uncon-
ventional regulation of N2 fixation (Bombar et al. 2016). Direct
field measurements or reported rates of N2 fixation per cell are
currently lacking for marine NCDs and the conditions that con-
trol N2 fixation in NCD are not well constrained (Gradoville
et al. 2017; Moisander et al. 2017). Twenty percent of the
genomes from a large recent dataset of nifH-harboring phy-
lotypes lacked the nifD and nifK genes (Mise et al. 2021). These
organisms were considered incapable of active N2 fixation
despite harboring nifH and thus the presence of nifH does not
necessarily portend a direct link to N2 fixation.

In summary, the identities of specific diazotrophs responsi-
ble for N2 fixation in the Gulf remain elusive. To better under-
stand which diazotrophs are responsible for the observed N2

fixation rates in the Gulf, coupling between specific identifica-
tion and quantification of cell-specific rates of N2 fixation is
necessary, considering all uncertainties mentioned above.

N2 fixation rates (Fig. 4; Table 1) and diazotroph commu-
nity structure fluctuated in both photic and aphotic layers
with no pronounced seasonal or interannual variations. Gen-
erally, our volumetric rates (above detection) are consistent
with the lower end of reported volumetric rates from photic
zones across global oceans (Luo et al. 2012; Tang et al. 2019)
and are similar overall to those previously reported rates for
the Gulf (Foster et al. 2009; Rahav et al. 2013).

The volumetric rates measured in aphotic depths were
mostly < 0.5 nmol N L�1 d�1, at the range of previous reports
from the Gulf (0.06–0.58; Rahav et al. 2013), the Mediterranean
Sea (Benavides et al. 2018), and the Pacific Ocean (Bonnet
et al. 2013).

It is pertinent to note that the 15N2 atom% in incubation
bottles at the beginning of the experiments was calculated

from the 15N2 atom% of the “spike” of ESW stock, which
could underestimate the actual 15N2 atom% in incubation bot-
tles (considering our ESW preparation method; see White
et al. 2020—table 4). This calculation methodology was used,
as the field and laboratory work were conducted prior to the
study of White et al. (2020), which recommends measuring
the isotopic composition of dissolved N2 in each of spiked
incubation bottles, rather than extrapolating 15N2 atom%
from that of the 15N2-enriched inoculum.

How would winter vertical mixing and observed maximal
MLD affect the observed rates? Both field and model studies
suggested that diverse NCDs are present and thrive in sinking
particles (Pedersen et al. 2018; Farnelid et al. 2019;
Chakraborty et al. 2021) and in the export flux (Bonnet
et al. 2023). Thus, the higher rates observed in aphotic water
during deep mixing (February 2016; February–March 2017)
could result from enhanced export fluxes of POM
corresponding to winter mixing depth (Torfstein et al. 2020).
This could explain the observed low (mostly below detection)
rates measured in the samples collected in aphotic water dur-
ing the stratified period (July–September 2016) when less par-
ticles are available for colonization in aphotic water due to
extensive re-mineralization. This could also explain why most
rates during 2018 (in both photic and aphotic depths) were
below detection, following the shallow winter mixing.

The contribution of N2 fixation to primary and NP
Photic zone N2 fixation rates comprised 0.5–5% of the PP

during the stratified period when PP was low and was typically
lower during winter mixing and transition when PP is high
(Table 2). An exception was May 2016, when maximal N2 fixa-
tion rates were measured, and the contribution of photic N2

fixation to PP increased to 12%. A more relevant estimate is,
however, the contribution of N2 fixation to NP. In typical oce-
anic environments, NP, especially during stratification, is con-
siderably lower than PP (Yool et al. 2007) and hence, the
contribution of N2 fixation to PP is potentially high. In sub-
tropical areas of the Pacific Ocean (global “hotspots” of N2 fix-
ation where Trichodesmium flourishes) the estimated
contribution of N2 fixation to NP under stratified conditions
was higher than NO3

� based NP and accounted for up to 90%
in the Western Tropical South Pacific (Caffin et al. 2018).
Studies from the Atlantic Ocean reported lower values, with
N2 fixation contributing to NP in the range of 2–41%
(Mourino-Carballido 2011; Benavides et al. 2013; Moreira-
Coello et al. 2017).

The contribution of photic N2 fixation to NP
Atmospheric deposition, riverine input, and nutrient

upwelling are considered as the major N sources for NP in
addition to N2 fixation (Platt et al. 1989). In the deserts sur-
rounding the Gulf, no significant riverine inputs (excluding
flash-floods) contribute to NP (Chen et al. 2007). Atmospheric
deposition (i.e., dust) was suggested as a potential source of
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nitrogen supporting primary production in the Gulf (Wankel
et al. 2010). Yet, more recently, dust did not appear to impact
subsequent surface Chl a variations (Torfstein and
Kienast 2018). Hence, here we defined NP in the Gulf as the
sum of nitrogen fluxes from entrainment of deep water (apho-
tic) NO3

� (either by vertical mixing during winter or by cross-
thermocline turbulent mixing during summer) and from N2

fixation.
Our calculations indicated that contributions of photic N2

fixation to NP varied both seasonally and interannually. Dur-
ing the winter mixing our results clearly demonstrate that the
main source of N for NP is nitrate that is transported to the
upper surface layers and the contribution of the photic N2 fix-
ation to NP during the winter mixing rarely exceeded 1%
(Table 2).

As the temperatures warm, the transition to a stratified
water column alters the transport and availability of nutrients.
During this period (transition from mixed to stratified water
column) estimating the contribution of photic N2 fixation to
NP is challenging as the rapid shoaling of the MLD from its
maximum depth to about 25 m complicates the estimates of
vertical NO3- transport. Here we estimated the NO3

� part of
NP (the Faphotic NO�

3
member in Eq. 1) as the difference between

the inventory of NO3
� “trapped” in the photic zone at the

beginning of thermal stratification and the small NO3
� inven-

tory in the photic zone when stratification had stabilized.
Dividing this difference by the time interval between these
two events, provided the NP fraction stemming from phyto-
plankton nutrient utilization and growth. Accordingly, we
estimated N2 fixation comprised 10–25% of NP during the
transition period of 2016 (Table 2). This contribution is likely

the result of maximal N2 fixation rates coinciding with reports
of Trichodesmium slicks on surface water of the Gulf (Gledhill
et al. 2019). The estimated contribution of N2 fixation to NP
during the thermostabilizing period of 2018 (no available
reports of Trichodesmium abundance) was < 2% (Table 2).
When the water column is fully stratified (summer–fall), the
contribution of N2 fixation to NP increased (Table 2) with
photic N2 fixation making up �30% of the NP during the
summer stratification of 2016 but < 1% during the same
period in 2018 (Table 2).

The NP and PP data utilized for estimating the f ratio (the
fraction of NP from total primary production; Eppley and
Peterson 1979) highlight the low contribution of NP during
the summer stratification period of 2016 (f ratio: 0.05–0.1)
emphasizing the predominance of regenerated production
during the stratified period in the Gulf. To the best of our
knowledge, this is the first estimate of the f ratio for the Gulf
based on data from direct field measurements which include
N2 fixation. The previous estimate of the f ratio for the Gulf
was based on a simple diffusivity model of NO3

�
fluxes calcu-

lated across a 50–150 m water column between May and
November (early stratification to early mixing) (Badran
et al. 2005). These NO3

� samples were collected between 1995
and 2000 and compared with average PP rates reported by
Levanon-Spanier et al. (1979). Here, we focus our estimates
exclusively on data collected during the stratified period
(June–September) and compare it with same-day PP measure-
ments. Our estimation of NO3

�
fluxes during stratification

(0.1–0.2 mmol m�2 d�1) was 10–20-fold lower compared with
Badran et al. (2005) and resulted with a 5–10-fold lower f ratio
(0.05–0.1 vs. 0.5, reported by Badran et al. 2005).

Table 2. Estimated contribution of N2 fixation to primary and new production. The contribution of photic N2 fixation to primary pro-
ductivity was estimated from the simultaneous measurements of N2 fixation and primary productivity (15N and 13C uptake rates, respec-
tively). The contribution to new production (NP) was estimated from N2 fixation (15N-uptake rates) and estimated new production
(NO3

� + N2 fixation).

Cruise # Sampling date Water column stability

Estimated contribution to
primary production

Estimated contribution to
new production

Photic N2 fixation Photic N2 fixation Aphotic N2 fixation

1 Feb 2016 Deep mixing <1% <1% <1%

2 Apr 2016 Thermostabilizing 1% 10% <1%

3 May 2016 Thermostabilizing 12% 30% <1%

4 July 2016 Fully stratified 7% 26% <1%

5 Sep 2016 Fully stratified 5% 40% <1%

6 Dec 2016 Shallow mixing 1% 1% <1%

7 Feb 2017 Deep mixing 1% 2% 2%

8 Mar 2017 Deep mixing <1% <1% 1%

9 Apr 2018 Thermostabilizing 9% 2% <1%

10 Jul 2018 Fully stratified <1% 1% <1%

11 Dec 2018 Shallow mixing 2% <1% <1%
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The contribution of aphotic N2 fixation to NP
Considering the large volume of aphotic waters in open

ocean environments, the depth integrated rates of N2 fixation
in aphotic water could potentially be high, even if the rate per
given water volume is low (Benavides et al. 2018). Yet, the
contribution of aphotic N2 fixation to NP is estimated to be
rather small (last column in Table 2) because, by definition,
NP is the PP term which is supported by nutrient inputs exter-
nal to the photic zone. To estimate the contribution of apho-
tic N2 fixation to NP we must determine when and how the
remineralization products of the POM produced by aphotic N2

fixation reach the photic zone as remineralized nitrogen. We
assume that the POM originating from aphotic N2 fixation
during transition and stratification periods (April–October)
remains at or below the thermocline (or even sinks to the sedi-
ment/water interface) until the MLD of the following mixing
season (October–March) exceeds the depth of the photic zone
(� 100 m). During the mixing period, the remineralized N
reaches the photic zone and is assimilated by the phytoplank-
ton community. Based on these assumptions we estimate the
maximum impact of this potential “new” nitrogen source to
be very small, only � 1–2% of the average NO3

�
flux supplied

to the photic zone by mixing of nutrient-replete deep water.
In summary, our estimates of the contribution of photic

and aphotic N2 fixation to NP (Table 2) demonstrate that pho-
tic zone N2 fixation could be an important source of NP dur-
ing summer stratification, when very limited NO3

� and
remineralization products of aphotic N2 fixation are supplied
from depth, by turbulent diffusion, across the thermocline. In
winter, the contribution of N2 fixation to NP during deep
mixing is minor, despite the relatively higher aphotic N2 fixa-
tion rates and the enhanced vertical transport to the surface
during winter. The active vertical mixing during winter sup-
plies considerably more NO3

� to the photic layer than the
combined N2 fixation from photic and aphotic depths. We
suggest that during warm winters, which are characterized by
a shallow mixed layer, the contribution of N2 fixation to NP
will be greater. It is expected that the frequency of such warm
winters will increase in the future with the impacts of global
warming.

Significance of field observations for future
biogeochemical models

Although N2 fixation by NCDs and aphotic N2 fixation
may potentially contribute to global budgets (Moisander
et al. 2017; Benavides et al. 2018; Zehr and Capone 2020), the
limited understanding of the factors controlling NCD growth
and activity hamper the attempt to quantify these sources,
their contribution to PP and NP, and their subsequent applica-
tion to biogeochemical models (Moore et al. 2004; Bombar
et al. 2016).

Attempting this for the Gulf, Kuhn et al. (2018) developed
a model that investigated the effects of photic and aphotic N2

fixation by NCD (i.e., “heterotrophic” in publications),

colonial and unicellular cyanobacterial diazotrophs on nutri-
ent ratios (e.g., N/P) and PP in the the Gulf. Model simula-
tions were run for the years 2006–2010 and compared with
field data collected from the same years (including PP and N2

fixation). The model results show that, for these years, the
presence of heterotrophic, colonial, and unicellular
cyanobacterial diazotrophs was required to simulate the verti-
cal structure of nutrient ratios in the Gulf (Kuhn et al. 2018).
Model versions which excluded one or more of these groups
could not replicate field observations to the same level of suc-
cess, suggesting all three diazotroph groups are important. The
model, however, estimated that N2 fixation makes up 10–14%
of the total annual PP, in contrast to our assessment for the
years 2016–2018, which was lower by a factor of 2–10 (1–5%).
These discrepancies could reflect interannual variations, low
vertical and temporal measurement resolution and incomplete
model parametrization. Our measurements and observations
here could be used to further examine model competence,
constrain model parametrization, and improve simulation
strategy of future versions of physical–biological models for
the oceanic water column.

Finally, our study reveals a predominant NCD community
and typically low N2 fixation rates in both the photic and
aphotic zone of the northern Gulf. The overall contribution of
diazotrophy to PP and NP during spring–summer stratification
in the Gulf accounted for 1–5% of the photic zone PP and
� 3–30% of NP. During fall and winter the contribution of N2

fixation declined to < 1% of the NP. We conclude that on an
annual average, diazotrophy plays a minor role in the NP of
the Gulf. Stochastic occurrences of small blooms of
Trichodesmium or other cyanobacterial diazotrophs, as well as
particle-associated diazotrophs may provide “hot spots” with
temporally transient higher rates of fixation. Yet, the major
“new” nitrogen sources are cross-thermocline turbulent diffu-
sion of nitrate during summer stratification and vertical
mixing of nitrate during the fall–winter
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