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Scientific Significance Statement

Dinitrogen (N2) fixation provides the largest source of reactive nitrogen in the ocean. The Indian Ocean (IO) accounts for
� 1% of the N2 fixation data available, although it covers 22% of the global ocean surface. Compiling the currently available
N2 fixation data from the IO, we conclude that its magnitude is within the ranges obtained in previous modeling efforts. How-
ever, we find that certain sub-basin measurements such as those of the Bay of Bengal, Arabian Sea, and the Eastern Indian
Ocean, are particularly variable, pleading for more a comprehensive spatiotemporal sampling in future studies. Finally, we pro-
pose future research directions for a better understanding of the contribution of the IO to nitrogen inputs in the global ocean.

Abstract
Dinitrogen (N2) fixation provides the major source of reactive nitrogen in the open ocean, sustaining biological
productivity. The Indian Ocean (IO) covers 22% of the ocean surface, while it only represents 1% of the global
diazotroph database. Hence, constraining the sources of nitrogen in the IO is crucial. Here, we compile three
decades of N2 fixation and diazotroph DNA data in the IO. Our analysis reveals basin-scale yearly rates between

*Correspondence: mar.benavides@ird.fr

Associate editor: Mary Rose Gradoville

Author Contribution Statement: SC compiled data provided by ER, CH, AA, CR, NM, PSB, TS, TS, CRL, and AS. SC performed statistical analyses,
sequence analyses, and plots and led the writing of the review with MB and SB. CH assisted with statistical analyses and illustrations. All authors com-
mented on the text before submission.

Data Availability Statement: All the N2 fixation data used in this study are available in Zenodo https://zenodo.org/record/7870536. The nifH Sanger
and amplicon sequences were retrieved from ENA, DDBJ, and NCBI with reference numbers provided in the supporting information (compiled in
Appendix S2). The code used for making the figures presented in this study are available from https://github.com/OceanBridges/Indian-Ocean-review-
figures/tree/main.

Additional Supporting Information may be found in the online version of this article.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

707

https://orcid.org/0000-0002-3508-9805
https://orcid.org/0000-0002-7999-0638
https://orcid.org/0000-0002-5160-3472
https://orcid.org/0000-0002-2044-6849
https://orcid.org/0000-0002-3060-891X
https://orcid.org/0000-0001-9502-108X
mailto:mar.benavides@ird.fr
https://zenodo.org/record/7870536
https://github.com/OceanBridges/Indian-Ocean-review-figures/tree/main
https://github.com/OceanBridges/Indian-Ocean-review-figures/tree/main
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Flol2.10343&domain=pdf&date_stamp=2023-09-01


� 7 and 13 Tg N yr�1. These rates are in the range of previous modeling-based estimates but may represent a
lower bound estimate due to the lack of data in this basin. Diazotroph variability among sub-basins may suggest
endemicity but needs to be taken with caution due to biased sampling toward certain seasons and uneven
spatial coverage. We provide recommendations for a more accurate representation of the IO in the global nitro-
gen budget and our knowledge of diazotroph biogeography.

A historical perspective of oceanographic research in
the Indian Ocean

For more than a century, our knowledge of the Indian
Ocean (IO) has been lagging that of other basins in oceano-
graphic research (Hood et al. 2015). The first scientific voyage
covering the IO was the Challenger Expedition (1872–1876),
which investigated a region between Cape Town and Mel-
bourne to study ocean currents, marine life and chemistry
(Branagan 1972). The John Murray expedition (1933–1934),
the first expedition solely focusing on the IO, found an acute
oxygen deficiency signal in the mesopelagic layer, particularly
in the Arabian Sea (AS) (Sewell 1934). The second Expedition
(Danish Expedition Galathea, 1950–1952) studied the deep
ocean fauna of eastern IO (Marshall 1960). During the Inter-
national Geophysical Year (1957–1958), several countries
including Australia, France, Japan, New Zealand, and the for-
mer Soviet Union conducted oceanographic research cam-
paigns in the southern IO. The Scientific Committee on
Oceanic Research launched the International Indian Ocean
Expedition (IIOE; 1960–1965), representing the first basin-
wide survey of the IO. This first IIOE provided capacity build-
ing and substantial progress in our understanding of ocean
processes in this basin (Wyrtki et al. 1971; Hood et al. 2015).

During the 1970s, the Geochemical Ocean Sections Study
program investigated biogeochemical and hydrographic
parameters in the IO (Weiss 1983). In the following years, the
Indian Ocean Experiment (1979) studied the impact of the
southwest monsoon (SWM) on the Somali Current on biologi-
cal and chemical parameter distributions (Swallow 1980,
1984). There were several scientific initiatives in the following
years, including the Netherlands Indian Ocean Program
(1992–1993) and the World Ocean Circulation Experiment
(1988–1998) (Smith 2005; Parambil 2015). The Second Inter-
national Indian Ocean Expedition (IIOE-2; 2015–2025) was
born from the acknowledged need to improve our under-
standing of oceanic, geological, and atmospheric processes in
the IO, as well as their interactions with biogeochemical
cycles, ecosystems, and their effect on the regional and global
climate (Hood et al. 2015). Despite these efforts, even today
the IO remains one of the most under-sampled basins in the
world’s oceans, receiving a comparatively low number of
research projects and large expeditions (Hood et al. 2015).

The interest in nitrogen cycling in the IO started with the
1933–1934 John Murray expedition to the AS, where an acute
oxygen deficiency signal was detected in the mesopelagic
layer (oxygen concentrations < 0.1 mL L�1) (Sewell 1934).

Marine microbes use oxygen as an electron acceptor to
remineralize organic matter (Carlson et al. 2007). In oxygen
deficient zones, fixed nitrogen is removed through denitrifica-
tion and anammox, which convert nitrate and ammonium
into N2 (Zehr and Ward 2002). Over the years, research on
these processes has shown that the AS accounts for half of the
global mesopelagic reactive nitrogen loss (Naqvi 1987;
Codispoti 2007; Ward et al. 2009; Jayakumar et al. 2012) and
represents the second-largest oxygen minimum zone (OMZ)
of the global ocean (Bertagnolli and Stewart 2018). At the
global scale, the reactive nitrogen deficit created by denitrifica-
tion and anammox can be alleviated by biological N2 fixation
(Gruber 2008), which is supported by sedimentary δ15N
records pointing toward a stable fixed nitrogen inventory in
the Holocene (Brandes and Devol 2002).

N2 fixation is carried out by diazotrophs: prokaryotes includ-
ing filamentous and unicellular cyanobacteria, and non-
cyanobacterial diazotrophs (NCDs) that may comprise a diverse
suite of metabolisms including chemoorganoheterotrophy and
chemolithoautotrophy, among others (Turk-Kubo et al. 2022).
Due to the high energy demand of this process, N2 fixation is
usually inhibited in the presence of more readily available reac-
tive nitrogen compounds such as ammonium and nitrate (Zehr
and Capone 2020). Diazotrophs use the nitrogenase enzyme
complex to reduce N2 to ammonium, an enzyme irreversibly
inhibited by oxygen (Postgate 1982). Due to the destructive
effect of oxygen on nitrogenase, OMZs have been suggested as
potential niches for N2 fixation in the ocean (Deutsch
et al. 2007), including the AS (Dugdale et al. 1964; Devassy
et al. 1978; Naqvi 1987; Capone et al. 1998). However, recurring
empirical N2 fixation measurements in the Eastern Tropical
South Pacific OMZ have reported low or undetectable rates
(Fernandez et al. 2011; Loescher et al. 2014; Jayakumar
et al. 2017), with a few exceptions (Dekaezemacker et al. 2013;
Fernandez et al. 2015). Discrepancies between relatively high
vs. undetectable N2 fixation rates in OMZ regions are likely
explained by methodological biases in stable isotope tracer
methods (Selden et al. 2021). The low N2 fixation activity in the
Eastern Tropical South Pacific OMZ is thought to be due to a
deficit in iron availability (Knapp et al. 2016; Bonnet
et al. 2017), which differs from the AS where eolian iron inputs
are recurrent, enhancing diazotrophy (Dugdale et al. 1964; Dev-
assy et al. 1978; Naqvi 1987; Capone et al. 1998).

Between 1958 and 2019, warming in the upper 2000 m of
the IO has accounted for � 9% of the global ocean heat
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increase, with accelerated warming observed since the late
1990s (Cheng et al. 2022). Future climate predictions suggest
that the IO will continue to warm up, enhancing water col-
umn stratification and weakening nutrient input to the sur-
face (Roxy et al. 2016). The inhibition of vertical nutrient
supply along with sustained aeolian iron supply in the north-
ern IO (Wiggert and Murtugudde 2007) may enhance the role
of diazotrophs as the main reactive nitrogen source in the
future. The future of diazotrophy to the south (i.e., Equatorial
Indian Ocean [EqIO] and the Southern Indian Ocean [SIO])
where aeolian iron inputs are much lower (McGowan and
Clark 2008; Grand et al. 2015), is more uncertain.

The IO represents only� 1% of the N2 fixation data compiled
in the global diazotrophy database (Luo et al. 2012; Tang
et al. 2019a), although it covers 22% of the ocean surface. Such
low coverage hampers our understanding of the role of
diazotrophs in the contemporary ocean and future predictability
in the frame of climate change. Here we compile N2 fixation rates
and diazotroph DNA sequence data gathered in the IO over the
past three decades to summarize our current knowledge and
identify themain gaps to befilled in future research programs.

N2 fixation activity in the IO
The IO can be divided into six sub-basins (Box 1; Fig. 1):

the AS and the Bay of Bengal (BoB) located in the west and
east of the Indian subcontinent, respectively; the EqIO located
between 40–100�E and 10�S–10�N (Thandlam et al. 2020); the
Indian Ocean subtropical gyre (IOSG) spanning roughly from
� 40–100�E and 10–35�S and (Baer et al. 2019); the Eastern
Indian Ocean (EIO) spanning from � 10–40�S and 100–120�E,
and the SIO spanning from � 40�S until the circumpolar cur-
rent (Fig. 1). The IO is subject to strong monsoon wind
regimes that reverse seasonally (Hood et al. 2017), imprinting
strong geographical and seasonal meteorological variability in
the IO and creating unique oceanic circulation and biogeo-
chemical patterns in each of its sub-basins (Schott and
McCreary 2001; Hood et al. 2009, 2017; Schott et al. 2009;

Phillips et al. 2021; Vinayachandran et al. 2021). The SWM
blows to the northeast in boreal summer (June–September),
whereas the northeast monsoon (NEM) blows in the opposite
direction in boreal winter (November–February). This revers-
ing atmospheric circulation is mirrored by ocean currents,
inducing localized coastal upwelling and nutrient enrichment
(Hood et al. 2017). In the AS, the SWM drives coastal upwell-
ing off Yemen and Somalia, while the NEM causes convective
mixing in its northern part. Both processes bring deep
nutrient-rich waters to the surface promoting phytoplankton
blooms. While the effects of the reversing monsoons are also
prominent in the BoB, the freshwater inputs from the Brah-
maputra and Ganges rivers stratify the water column, con-
straining mixing with nutrient-rich deep waters and hence
the development phytoplankton blooms. During the
intermonsoon (IM) periods (March–May and October), the IO
comes into an oligotrophic transitional state (Jinadasa
et al. 2020; Jiang et al. 2022).

We collected all currently available N2 fixation measure-
ments in the IO for different sub-basins and seasons (Fig. 1,
https://zenodo.org/record/7870536). Though the number of
depth-integrated rates available in the literature is much
smaller than that of volumetric rates (n = 103 and n = 246,
respectively; https://zenodo.org/record/7870536), due to the
marked vertical variability of N2 fixation in the water column
(e.g., Church et al. 2005), depth-integrated rates are more reli-
able for basin-scale estimations. Summing the seasonal sub-
basin contributions of depth-integrated N2 fixation rates
(https://zenodo.org/record/7870536), we calculate yearly
basin-scale rates of 9.24, 7.54, and 13.57 Tg N yr�1, based on
arithmetic mean, geometric mean, and median, respectively
(https://zenodo.org/record/7870536). Considering a global N2

fixation rate estimate of 196.1 Tg N yr�1 (Tang et al. 2019b),
the IO represents 4–7% of the global N2 fixation inputs. Given
that the IO accounts for 22% of the global ocean surface, the
calculated contribution of this basin to global N2 fixation
inputs is low. This is likely importantly affected by the uneven
seasonal and sub-basin coverage of the measurements publi-
shed to date, lacking summer measurements in the AS and
the EqIO, and winter and IM measurements in the EIO, IOSG,
and SIO (https://zenodo.org/record/7870536).

Our basin-scale yearly estimates are thus close to the that
of Tang et al. (11.5 Tg N yr�1; Tang et al. 2019a), but are sub-
stantially lower than the estimate of Großkopf et al. (26 Tg
N yr�1; Großkopf et al. 2012). The estimate of Großkopf et al.
(2012) was based on North Pacific rates applied to the areal
surface of the IO, likely leading to overestimation. Our current
estimates are instead likely underestimated due to the lack of
data in certain sub-basins and seasons, including summer in
the AS and EqIO, and winter and IM in the EIO, IOSG and
SIO (https://zenodo.org/record/7870536).

Below we discuss N2 fixation and diazotroph community
composition geographical and seasonal patterns for each sub-
basin separately.

Box 1. Main acronyms used in this review.
AS—Arabian Sea.
BoB—Bay of Bengal.
EIO—eastern Indian Ocean.
EqIO—equatorial Indian Ocean.
IIOE—International Indian Ocean Expedition.
IM—intermonsoon.
IO—Indian Ocean.

IOSG—Indian Ocean subtropical gyre.
NEM—northeast monsoon.
SIO—southern Indian Ocean.
SWM—southwest monsoon.
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Arabian Sea
In the landlocked northern IO, the AS and BoB sub-basins

are biogeochemically different despite their similar latitudinal
range and equal exposure to the monsoon regime (Hood et al.
2007). Currently available N2 fixation rate measurements in
the photic layer of the AS are restricted to the NEM and IM
periods. Volumetric N2 fixation in the AS range from 0.14 to
225.10 nmol N L�1 d�1 and 3 to 528 nmol N L�1 d�1, while
depth-integrated rates range from 6.27 to 2500 μmol
N m�2 d�1 and from 54.5 to 7687.50 μmol N m�2 d�1 during
the NEM and the IM, respectively (Appendix S1). These ranges
exclude the extremely high rates of 15,895 μmol N m�2 d�1

measured by Gandhi et al. (2011) inside a dense patch of
Trichodesmium bloom.

N2 fixation rates measured during the NEM in the eastern AS
are comparable to those measured during the IM (Singh
et al. 2019), suggesting that the eastern AS holds biogeochemical
conditions favorable for diazotrophy throughout the different
seasons (Singh et al. 2019). The highest rates correspond to mea-
surements in coastal regions (Figs. 2, 3) (Gandhi et al. 2011;
Ahmed et al. 2017). These high ratesmay be inflated by high par-
ticulate nitrogen biomass, as seen in other coastal systems

(Selden et al. 2019). Previous studies observed Trichodesmium
blooms in the eastern AS during the spring IM (Capone
et al. 1998; Naqvi et al. 2009), which were estimated to provide
15.4 TgN yr�1 to the AS, accounting for 92%of the newnitrogen
input to this sub-basin (Gandhi et al. 2011). However, other stud-
ies conducted in the same sub-basin during this period argued
that NCDs were the major contributors due to high N2 fixation
rates observed in dark incubations as compared to light incuba-
tions (Kumar et al. 2017). However, many cyanobacterial
diazotrophs such as Crocosphaera and Cyanothece are known
to fix N2 at night and carbon during the day to avoid deactiva-
tion of the nitrogenase enzyme by photosynthesis-derived
oxygen (Zehr and Capone 2020).

In the AS, the SWM drives coastal upwelling off Yemen
and Somalia, while the NEM causes convective mixing in its
northern part (Madhupratap et al. 1996; Naqvi et al. 2008).
Both processes alter water column stability bringing deep
nutrient-rich waters to the surface and lowering temperature
(Madhupratap et al. 1996; Conkright et al. 2000). Such condi-
tions are usually considered deleterious for the proliferation of
the filamentous diazotroph Trichodesmium (Zehr and
Capone 2020), but may not disrupt N2 fixation in unicellular

Fig. 1. Schematic representation of the main features controlling N2 fixation activity and diazotroph diversity in the Indian Ocean overlaid on nitrate-
to-phosphate ratios obtained from the World Ocean Atlas 2019 (Boyer et al. 2018) during (A) northeast monsoon (NEM; corresponding to boreal win-
ter/austral summer), (B) spring intermonsoon (spring IM; corresponding to boreal spring and austral winter, (C) southwest monsoon (SWM;
corresponding to boreal summer/austral winter, and (D) fall intermonsoon (fall IM; corresponding to boreal fall/austral summer). DFe, dissolved iron.
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cyanobacteria (Mills et al. 2020). While upwelling during the
SWM provides reactive nitrogen promoting phytoplankton
growth in the eastern AS (Wiggert et al. 2006; Wiggert and
Murtugudde 2007; Koné et al. 2009; Resplandy et al. 2009),
during the late SWM iron becomes limiting to promote fur-
ther primary productivity in the region (Measures and
Vink 1999; Moffett et al. 2015). Thus, the combination of
upwelled nitrate and low relative iron availability may affect
N2 fixation in the eastern AS during the SWM. In turn, during
the IM period denitrification and/or non-Redfieldian nitrate
utilization creates an excess of phosphorus likely favoring N2

fixation (Singh et al. 2019). These conditions, along with the
important iron-rich atmospheric dust inputs from the sur-
rounding Thar and Arabian deserts (Banerjee and Prasanna
Kumar 2014), enhance N2 fixation in the AS during the IM
(Mulholland and Capone 2009; Singh et al. 2019).

Bay of Bengal
The BoB presents lower N2 fixation rates than the AS

(Appendix S1). Surface volumetric N2 fixation measurements
from the BoB have been conducted during the NEM, SWM
and IM periods, ranging from below the detection limit to
2.56 nmol N L�1 d�1 during the NEM, and between 0.13 and

6.69 nmol N L�1 d�1 during the SWM (Fig. 2; Appendix S1).
Depth-integrated rates range from below the detection limit
to 75.61 μmol N m�2 d�1 during the NEM, between 4.12 and
75.00 μmol N m�2 d�1 during the SWM, and between 0.72
and 14.82 μmol N m�2 d�1 (from the coastal BoB) during the
IM (Appendix S1), being particularly high in the central BoB
than in its northwestern and coastal parts (Fig. 3).

The BoB has a unique biogeochemical signature with
respect to the other sub-ocean basins of the IO. Here, signifi-
cant nutrient riverine phosphorus inputs (Chinni et al. 2019)
and high atmospheric iron deposition fluxes (82.8–
135 nmol m�2 d�1; Grand et al. 2015), predict an important
diazotrophic activity. This is supported by the low δ15N values
detected in the sediment of the BoB (Gaye-Haake et al. 2005).
However, several studies conducted during the NEM and
SWM seasons found N2 fixation rates close to the detection
limit (Löscher et al. 2020; Saxena et al. 2020; Sarma
et al. 2020). This may be caused by freshwater inputs promot-
ing stratification and restricting vertical nutrient fluxes (Schott
and McCreary 2001), and rapid consumption close to the
coast leading to phosphorus limitation offshore (Singh and
Ramesh 2011). However, more recent studies measured positive
values of P* (the excess of phosphate with respect to NO3

�
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Fig. 2. Volumetric N2 fixation rates compiled from previously published studies (listed in Appendix S1). Rates > 23 nmol N L�1 d�1 are represented as
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considering a Redfield ratio; Michaels et al. 1996) and high dis-
solved iron concentrations (0.2–0.5 nmol L�1) which, however,
did not visibly result in higher N2 fixation rates than observed
in previous studies (Sato et al. 2022). This may be influenced
by time constrained events such as seasonal cyclones and
mesoscale features pulsing reactive nitrogen into the euphotic
zone and inhibiting the development of diazotrophs (Singh
and Ramesh 2015). Alternatively, the low iron to nitrogen (Fe :
N) ratio of aerosol inputs has been suggested as a possible
explanation for low N2 fixation activity in the BoB (Sato
et al. 2022). A recent study (Saxena et al. in review), argues that
the negative effects of turbulence on diazotrophs may override
the benefits of favorable nutrient conditions for diazotrophy in
the BoB. Linking the frequency of nutrient enriching events
such as aeolian inputs, atmospheric cyclones and mesoscale
features to the different seasons is needed for a better assess-
ment of the contribution of N2 fixation in the BoB to overall
reactive nitrogen inputs in the IO.

Equatorial Indian Ocean
N2 fixation rates in the eastern EqIO range from 0.22 to

1.16 nmol N L�1 d�1 during the NEM, and from 0.03
to 0.20 nmol N L�1 d�1 during the IM period (Appendix S1).

Low rates were detected in the central and eastern EqIO dur-
ing the IM, whereas the rates from the western EqIO are com-
paratively higher (0–173.8 nmol N L�1 d�1) (Figs. 2, 3).
Depth-integrated rates range from 8.30 to 40.2 μmol
N m�2 d�1 and from 7.41 to 30.15 μmol N m�2 d�1 during
the NEM and IM periods, respectively (Appendix S1).

At � 0–10�S in the central EqIO, upwelling promotes impor-
tant nitrate diffusive fluxes (46.9–397 μmol m�2 d�1) with high
N : P ratio values (Sato et al. 2022). Together with the low dis-
solved iron concentrations of this region (Thi Dieu Vu and
Sohrin 2013; Baer et al. 2019), these biogeochemical conditions
seem to inhibit diazotrophy in the central EqIO (Sato
et al. 2022). In the eastern EqIO N2 fixation rates are also low
(0.03–0.20 and 0.10–1.16 nmol N L�1 d�1 during the IM and
NEM, respectively; Sato et al. 2022, Wu et al. 2019), despite its
deep thermocline and nutricline (Murtugudde et al. 1999;
Vinayachandran et al. 2009; 2021). In turn, high N2 fixation
rates (up to 173.8 nmol N L�1 d�1) have been observed in the
western EqIO, likely attributable to Trichodesmium blooms close
to the Kenyan coast (Kromkamp et al. 1997). On top of sub-
basin geographical and seasonal variability, climatic oscillations
such as the IO dipole may control N2 fixation inputs at longer
time scales in the EqIO (Wiggert et al. 2009).
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Indian Ocean subtropical gyre
All N2 fixation measurements in the IOSG have been done

during the austral SWM (Appendix S1). Here, surface volumet-
ric N2 fixation rates range from 0.14 to 18.26 nmol N L�1 d�1

and depth-integrated rates range from 16.6 to 58.2 μmol
N m�2 d�1, with the higher end of the range corresponding to
the northern part of the IOSG (Fig. 2).

The IOSG is one of the world’s five wide oligotrophic gyres
where phosphorus and reactive nitrogen concentrations are at
or below the detection limit (Harms et al. 2019; Geisen
et al. 2022). The IOSG N2 fixation rates available thus far do
not correlate with nutrient concentrations nor with tempera-
ture (Hörstmann et al. 2021). In the central IOSG, N2 fixation
rates reach up to 7.93 nmol N L�1 d�1 (Appendix S1). Com-
paratively higher rates up to 18.3 nmol N L�1 d�1 have been
reported from the western flank of the IOSG, associated with
Trichodesmium blooms off Madagascar (Poulton et al. 2009;
Metzl et al. 2022). In all, the IOSG remains as the IO’s sub-
basin with the least measurements available, and thus a prior-
ity for future research efforts.

Eastern Indian Ocean
Surface N2 fixation rates in the EIO range from 0.17 to

52.35 nmol N L�1 d�1 during the austral summer (November–
March), from 0 to 77.89 nmol N L�1 d�1 during austral IM
(April–May, October), and from 0.2 to 12.64 nmol N L�1 d�1

during the austral winter (June–September). Depth-integrated
N2 fixation rates down to 160 m have been only measured in
the eastern side of the EIO during the austral summer, where
they range from 26.1 to 286 μmol N m�2 d�1 (Appendix S1).

In austral summer, the Indian Ocean Dipole induces a posi-
tive sea surface anomaly in the western coast of Australia
(Terray et al. 2005), which together with iron-rich dust deposi-
tion from the Australian landmass is thought to promote rela-
tively high N2 fixation rates during the austral IM (up to
77.89 nmol N L�1 d�1), despite the concomitant notable
upward nitrate fluxes (Raes et al. 2015; Sato et al. 2022). The
highest nitrate concentrations in this region are, however,
found during the austral winter (up to 0.8 μmol L�1). Such
enrichment is thought to be due to the strengthening of the
Leeuwin current in winter eroding the nutricline and increas-
ing nitrate concentrations at the surface (Feng et al. 2003).
This nitrate enrichment could be responsible for lower N2 fix-
ation rates in the austral winter as compared to austral IM and
summer (Raes et al. 2015).

Southern Indian Ocean
Surface N2 fixation rates in the SIO range from 0.78 to

10.27 nmol N L�1 d�1 during austral summer (November–
March). No depth-integrated N2 fixation measurements are
available from this region of the IO. Integrating surface
volumetric N2 fixation rates down to 80 m, we obtain rates
ranging from 62.40 to 157.60 μmol N m�2 d�1 (Appendix S1).
The SIO connects to the Southern Ocean, one of the most
important high nutrient-low chlorophyll zones in the world’s

oceans (Venables and Moore 2010). Here, primary productiv-
ity remains low due to chronic iron limitation (Martin
et al. 1990), which together with high nitrate availability pre-
sents unfavorable conditions for N2 fixation (Zehr and
Capone 2020). However, certain regions of the SIO present
measurable N2 fixation rates (0.78–10.27 nmol N L�1 d�1;
Gonz�alez et al. 2014; Hörstmann et al. 2021).

Distribution and diversity of diazotrophs in the
Indian Ocean

N2 fixation is mediated by the nitrogenase enzyme com-
plex, which contains the proteins dinitrogenase and the
dinitrogenase reductase, encoded by the nifDK and nifH
genes, respectively (Burgess and Lowe 1996). The nifH gene is
widely used in diazotrophy research as it has been highly con-
served throughout evolution, being an easy target for down-
stream molecular analyses (Zehr et al. 2003). It must be noted
that the nifH amplicon or Sanger sequencing-based analyses
target only one out of the six genes needed for N2 fixation to
occur, which may lead to biased interpretations of the poten-
tially active diazotrophic community and how it is linked to
bulk N2 fixation rate measurements (Delmont et al. 2022).
However, several sequences detected in the AS displayed the
full nifHDKENB operon (Jayakumar et al. 2012; Bird and
Wyman 2013; Jayakumar and Ward 2020).

Most of our knowledge on diazotroph community compo-
sition in the IO stems from a limited number of next-genera-
tion sequencing datasets (Raes et al. 2018; Wu et al. 2019; Li
et al. 2021; Wu et al. 2021; Sato et al. 2022; Table S1),
cloning-based nifH Sanger sequencing studies from the AS,
BoB, and EIO (Mazard et al. 2004; Bird et al. 2005; Jayakumar
et al. 2012; Bird and Wyman 2013; Shiozaki et al. 2014;
Löscher et al. 2020; Table S2), and a few quantitative PCR
(qPCR) nifH gene counts (Shiozaki et al. 2014; Löscher
et al. 2020; Sato et al. 2022; Fig. S1). Our compilation of publi-
shed nifH gene-based molecular data shows a dominance of
gammaproteobacteria (Fig. 4), as observed in other larger-scale
ocean studies (Farnelid et al. 2011; Delmont et al. 2022). How-
ever, it must be noted that compositional data is not quantita-
tive, and nifH gene PCR assays are prone to an
overrepresentation of gammaproteobacteria (Zehr et al. 2003).
Key cyanobacterial diazotrophs such as Trichodesmium are
mostly present in the AS and BoB under favorable conditions
(i.e., iron inputs, low nitrate, high temperature) occurring
mostly during the NEM and IM seasons. Unicellular
cyanobacterial diazotrophs such as UCYN-A are mostly pre-
sent in the eastern EIO (Appendix S2; Fig. S1), but not com-
monly detected in the western EIO despite the favorable
biogeochemical conditions (Shiozaki et al. 2014; Sato
et al. 2022). The relatively high N2 fixation rates along with
the dominance of NCD sequences in the western EIO and the
EqIO (Wu et al. 2019, 2021; Hörstmann et al. 2021), suggest
an important contribution of NCDs to nitrogen inputs in this
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region. However, currently no method exists to measure
NCD N2 fixation alone reliably, and the concomitant presence
of cyanobacterial diazotrophs likely mask their activity
(Benavides et al. 2022).

Our analyses also show that the diazotroph communities
in the BoB, EqIO, and EIO are remarkably different from each
other (Fig. 4; Appendix S2; Figs. S3–S6) and subject to sea-
sonal variability driven by the changing monsoons
(Appendix S2; Figs. S3–S6). Examining the overlap of
diazotroph communities at the order and family level, we
find less similarity between the EqIO and the BoB (23 over-
lapping taxa at the order level, and 31 overlapping taxa at
the family level; Fig. 5). This suggests that spatially close

regions can harbor very distinct community compositions,
suggesting a high degree of endemicity in the IO’s
diazotroph communities. This is supported by an ANOSIM
test showing that nifH sequences are significantly different
among sub-basins (ANOSIM statistic R: 0.5272, n = 94,
p = 0.001) but not among seasons. Such differences are likely
caused by physical barriers introduced by ocean dynamics
(Hörstmann et al. 2021). However, the sparse spatiotemporal
distribution of data available to date may be misinterpreted
as endemicity. Details regarding the diazotroph community
composition and their distribution on the different IO sub-
basins according to the data published to date are discussed
in the next sections.

Fig. 4. Maximum likelihood phylogenetic tree representing diazotroph diversity in the Indian Ocean. The tree was built using ASVs (occurrences
> 1000) from nifH amplicon sequencing and cloning sequences from the studies listed in Appendix S2. The outer rings show the detection of ASVs in dif-
ferent IO sub-basins.
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Arabian Sea
The AS holds one of the world’s most prominent OMZs

(Lachkar et al. 2019). Above and within this OMZ, diverse
NCDs including proteobacterial diazotrophs (alpha-, beta-,
and gammaproteobacteria), as well as cluster II, III, and IV
diazotrophs, have been reported (Jayakumar et al. 2012;
Jayakumar and Ward 2020). In the AS, NCDs are seemingly
not inhibited by reactive nitrogen availability, in contrast
with most cyanobacterial diazotrophs (Bird et al. 2005; Bird
and Wyman 2013). Despite the relative dominance of NCDs
in the AS and the detection of their nifH genes at the RNA
level, the lack of significant N2 fixation rates within the AS
OMZ questions their contribution to fixed nitrogen inputs
(Jayakumar and Ward 2020).

During the NEM, high temperatures and low inorganic
nitrogen availability in the central and western AS favor the
development of cyanobacterial diazotrophs including
UCYN-B, UCYN-C (Mazard et al. 2004), Trichodesmium and
Katagnymene (Bird and Wyman 2013). During the SWM
nitrate upwelling appears to favor the development of
UCYN-B over Trichodesmium (Shiozaki et al. 2014) (Fig. 4). In
the central AS, the detection of NCD nifH sequences at both
the DNA and RNA level in in the absence of cyanobacterial
diazotroph sequences along with relatively high N2 fixation
rates suggests that NCDs actively fix N2 (Shiozaki et al. 2014),
which awaits confirmation with NCD-specific N2 fixation
assays yet to be developed (Turk-Kubo et al. 2022).

Bay of Bengal
The diazotroph community of the BoB comprises eight

phyla (Appendix S2; Fig. S2). The main representatives NCDs
from the BoB include gammaproteobacteria (Amphritea,
Agarivorans, Marinobacterium, Pseudomonas, Succinivibrio,

Vibrio, Teredinibacter), betaproteobacteria (Aquaspirillum,
Azohydromonas, Propionivibrio, Methyloversatilis), and
alphaproteobacteria (Bosea, Bradyrhizobium, Methylocystis,
Novosphingobium, Xanthobacter). Regarding cyanobacterial
diazotrophs, studies conducting nifH amplicon sequencing
and qPCR analyses reported a higher abundance of
Trichodesmium than of unicellular cyanobacteria groups
(Appendix S2; Fig. S1; Wu et al. 2019, 2021). At the seasonal
variability level, in the BoB the IM season seems to favor
cyanobacterial diazotrophs while the NEM rather supports
NCDs. However, such trends are hard to evaluate based on
compositional data, and quantitative approaches covering a
wider diazotroph diversity are needed.

During the IM, cyanobacterial diazotrophs are dominant
both in terms of nifH amplicon and qPCR counts, and positively
correlated with chlorophyll concentrations (Wu et al. 2019).
During the NEM, gamma-, beta- and alphaproteobacteria are
abundant in surface waters of the BoB (Appendix S2; Fig. S3). In
other seasons, the BoB harbors cyanobacterial representatives
including Trichodesmium (particularly during the IM), Richelia,
Katagnymene, UCYN-A, and UCYN-B. Because Trichodesmium
typically grows in oligotrophic and stratified epipelagic waters
(Capone et al. 1997), the high turbulence and strong wind con-
ditions observed in the BoB during the NEM and SWM
may be unfavorable for their growth (Wu et al. 2022).
While cyanobacteria predominate at the surface, alpha- and
betaproteobacteria are significantly more abundant at deeper
levels (based on the relative abundance of ASVs) (Appendix S2;
Fig. S6; Wu et al. 2022).

During the NEM, cyanobacteria and gammaproteobacteria
are relatively abundant in the surface of the central BoB while
beta- and alphaproteobacteria are more abundant in the south
(Appendix S2; Fig. S3). A recent study showed that

Fig. 5. Venn diagrams of individual and overlapping ASVs on the (A) order level, and (B) family level between regions discussed in this review including
the Bay of Bengal (BoB), Equatorial Indian Ocean (EqIO), and Eastern Indian Ocean (EIO). The AS, IOSG, and the SIO are not represented here as there
are no nifH amplicon sequencing data available from these sub-basins.
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gammaproteobacterial diazotrophs are negatively influenced
by temperature during the NEM in the BoB and positively cor-
related with silicate, suggesting a possible association with dia-
toms (Shao and Luo 2022). Instead, in the BoB alpha- and
betaproteobacterial diazotrophs are positively correlated to
temperature (Wu et al. 2022).

More recent qPCR studies have either detected
(Li et al. 2021) or not detected (Sato et al. 2022) UCYN-A dur-
ing the NEM, which may imply interannual variability in the
composition of the diazotroph community for reasons yet to
be understood. The southern edge of the BoB features anticy-
clonic eddies along 10� N during the IM period leading to
strong water column stratification and oligotrophic condi-
tions, favoring cyanobacterial diazotroph growth (Jyothibabu
et al. 2017; Wu et al. 2021).

Equatorial Indian Ocean
Among the cyanobacterial diazotrophs detected in the

EqIO, we found more ASVs annotated as Trichodesmium, while
UCYN-A was represented only by two ASVs out of the
87 cyanobacterial ASVs retrieved from this sub-basin. How-
ever, our analysis reveals that NCDs dominate the diazotroph
community in the EqIO, with alphaproteobacteria being the
most prominent group, followed by gammaproteobacteria,
betaproteobacteria, and cyanobacteria, while some
gammaproteobacteria and cluster III groups have been
detected at the RNA level in the EqIO (Bird and Wyman 2013)
(Fig. 4; Appendix S2; Fig. S4). Particularly, the diazotroph
community of the EqIO consists of ten phyla (Appendix S2;
Fig. S2). Major NCDs like gammaproteobacterial groups
(Amphritea, Pseudomonas, Vibrio, Teredinibacter, Marinobacter),
betaproteobacteria (Aquaspirillum, Aquabacterium,
Azohydromonas, Methyloversatilis, Propionivibrio), and
alphaproteobacteria (Azorhizobium, Bradyrhizobium, Bosea,
Caenispirillum, Magnetovibrio, Methylocystis, Novosphingobium,
Xanthobacter, Yangia) have been detected in the EqIO. Some
seasonal patterns emerge, with gammaproteobacteria being
more abundant during NEM and early to late IM
(Appendix S2; Figs. S4, S5), and alphaproteobacteria more
abundant during the IM (Appendix S2; Fig. S4). Detectable
rates in the absence of cyanobacterial diazotrophs have been
interpreted as a significant contribution of NCDs N2 fixation
rates during the IM in the EqIO (Wu et al. 2019, 2021). Just as
in the other sub-basins where NCDs dominate, it is yet
unclear if and how these diazotrophs contribute to fixed
nitrogen inputs and how they obtain energy to fix N2. Recent
analyses of NCDs metagenome assembled genomes show a
variety of possible energy obtaining metabolisms, including
anoxygenic photosynthesis, dissimilatory sulfate reduction,
thiosulfate oxidation, dissimilatory nitrate reduction and
denitrification (Turk-Kubo et al. 2022).

During the IM, the diazotroph community is comprised of
alpha-, beta-, and gammaproteobacteria, with high relative
abundance of gammaproteobacteria, followed by cyanobacteria

and betaproteobacteria (Appendix S2; Fig. S5). There is then a
community shift (intra-seasonal variations) even within the
same monsoon period at the EqIO. In all, the NEM appears to
favor the growth of limited cyanobacterial diazotrophs, whereas,
during IM NCDs dominate in the EqIO. Overall, the NEM
appears to support a limited number of cyanobacterial
diazotrophs, whereas during the IM NCDs dominate in
the EqIO.

Indian Ocean subtropical gyre
The IOSG is by far the IO’s sub-basin with the least nifH

data available (Fig. 1), which precludes us from including any
sequences in the phylogenetic tree shown in Fig. 4. The few
studies conducted found diatom-diazotroph associations
(DDAs) to the southwest of the IOSG, in agreement with pre-
vious reports (Pierella Karlusich et al. 2021; Metzl et al. 2022).
DDAs in this region are probably related to phosphorus and
trace metal weathering off Madagascar island (Baer
et al. 2019). However, we note that DDAs are not properly
amplified by the usual nifH amplicon analysis procedure
(Turk-Kubo et al. 2012), which may downplay the role of
these diazotrophs in the IO. Further offshore in the central
IOSG where island delivered nutrients are not available,
smaller diazotrophs such as UCYN-A and NCDs may domi-
nate, but this remains a mere speculation at this stage.

Southern Indian Ocean
The EIO also shows a relative dominance of NCDs

(Appendix S2; Figs. S2, S7). Major NCDs detected from the EIO
include gammaproteobacteria (Achromatium, Agarivorans, Klebsi-
ella, Methyloprofundus, Sedimenticola, Teredinibacter, Vibrio),
betaproteobacteria (Aquaspirillum, Ferriphaselus, Formivibrio,
Sulfuriferula, Sulfuricella, Propionivibrio), and alphaproteobacteria
(Caenispirillum, Cohaesibacter, Magnetovibrio, Novosphingobium).
The sequences annotated as deltaproteobacteria genera Des-
ulfovibrio and Desulfocarbo with putative sulfate-reducing mecha-
nisms are more frequently detected in the EIO than in the BoB
or the EqIO (Fig. 4).

Gammaproteobacteria predominate during the austral sum-
mer, followed by Clostridia and cyanobacteria (particularly
during the IM; Appendix S2; Fig. S7). Low temperatures in the
EIO may favor NCDs over cyanobacterial diazotrophs (Qin
et al. 2014). Metagenome analysis from the EIO revealed
gammaproteobacteria to be the dominant class (Wang
et al. 2021), which is consistent with nifH amplicon data in
this sub-basin (Fig. 4).

At lower latitudes such as the northern part of Australia
and the Timor Sea, cyanobacterial diazotrophs such as
Trichodesmium are more abundant, while UCYN-A is the main
suspect for the relatively high rates observed in the western
coast of Australia (Raes et al. 2014). This is supported by the
observations of Sato et al. (2022), who detected higher abun-
dances of UCYN-A than Trichodesmium coinciding with
increased N2 fixation rates (Appendix S2; Fig. S1).
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Knowledge gaps and future perspectives of N2

fixation research in the Indian Ocean: A strong
seasonal signature

The monsoon system is widely recognized to impact the
climate and biogeochemistry of the IO (Hood et al. 2009; Her-
mes et al. 2019). However, the N2 fixation rate data available
thus far for the IO are not evenly distributed among seasons
(Appendix S1; Fig. 2), which hampers making accurate nitro-
gen budgets for the whole basin. In the AS N2 fixation mea-
surements have been focused on the NEM and IM periods,
covering the eastern and central parts of this sub-basin. How-
ever, there are no N2 fixation rate measurements in the AS
during the SWM period, and the western AS remains totally
unexplored (Fig. 2). As compared to the AS, the BoB has more
N2 fixation data coverage, with all the monsoon periods repre-
sented (SWM, NEM, and IM). In the EqIO, N2 fixation has
only been measured during the NEM and IM periods (Fig. 2).
Comparing studies in the EIO reveals that the austral IM
induces higher N2 fixation activity than the austral summer
or winter seasons. The seasonality of N2 fixation activity in
the IOSG remains difficult to assess because data is only avail-
able for the austral SWM period (Appendix S1; Fig. 2).

Our data compilation indicates that the conditions induced
by the NEM and the IM periods are favorable for diazotrophy
in the northern IO, whereas the austral IM is likely more influ-
ential in the EIO. An analysis of the standard deviation by sur-
face of each sub-basin reveals that N2 fixation rates are more
variable in the BoB, AS and EIO. In the case of the northern
IO sub-basins (BoB and AS), N2 fixation seems driven by high
seasonal variability governed by the reversing monsoon sys-
tem. In the particular case of the AS, there is a strong spatial
bias in the measurements where most depth-integrated rates
available come from coastal areas (Fig. 3). In the case of the
EIO, the depth-integrated N2 fixation rates are few (11 values
published in Fern�andez-Castro et al. 2015 and Sato
et al. 2022; Appendix S1) and covering a wide range of rates
(4.5–170 μmol m�2 d�1). Hence, a better spatially resolved
sampling is needed in the EIO.

Particularly, we identify the SWM in the AS, the NEM in
the BoB, the SWM in the EqIO, and both the austral winter
and austral IM in the IOSG as the main seasonal/geographical
coverage currently lacking to improve our understanding of
the monsoon’s impact on N2 fixation rates in the IO. The spa-
tial and seasonal heterogeneity of the IO’s sub-basins in terms
of aeolian dust deposition and inorganic nutrient availability
plead for thorough seawater chemical analyses along with N2

fixation measurements in the future.
Regarding diazotroph community composition, most nifH

amplicon sequencing studies have been conducted during the
NEM and IM periods in the BoB, EqIO, and EIO (Appendix S2;
Table S1), while there are no nifH sequencing studies available
from the AS and the IOSG (Appendix S2; Table S1; sub-basins
thus not included in Fig. 5). Our nifH sequence compilation

reveals that cyanobacterial diazotrophs prevail during the IM
in BoB, while NCDs dominate during the IM in the EqIO and
the EIO. To better understand the seasonal effects on
diazotroph community composition in the different sub-
basins we need further sequencing in the AS (all seasons), the
BoB (SWM period), EqIO (SWM period), EIO (austral winter),
and all the seasons in the IOSG. The few available quantita-
tive studies (nifH qPCR counts) are restricted to the NEM and
austral summer monsoon periods, which prevents us from
drawing any conclusions on the role of seasons on diazotroph
abundance. The high degree of diazotroph community
uniqueness among sub-basins (Fig. 5) pleads for genomic and
transcriptomic studies able to decipher how different
diazotrophs adapt to seasonally changing conditions. In this
sense, strain isolation would enable deeper metabolic and
phenotypic studies to reveal what factors this unique sub-
basin community composition responds to. Moreover, as in
other basins of the world’s oceans, top-down controls on
diazotroph communities remain largely unknown (Landolfi
et al. 2021), while they are predicted to impact diazotroph
biomass and derived N2 fixation rates crucially (Wang
et al. 2019).

The geographical and seasonal coverage gaps identified
here provide a framework for future diazotrophy studies in
the IO. Programmes such as the IIOE-2 and the Indian Ocean
Observing System (IndOOS-2) provide solid schemes to pursue
such measurements and better constrain the role of the IO in
global nitrogen cycling. While these programs are mostly
focused on the northern IO, we encourage the diazotroph
research community to dedicate their future IO work on the
EqIO, IOSG and SIO.
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