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O C E A N O G R A P H Y

Particle-associated N2 fixation by heterotrophic 
bacteria in the global ocean
Subhendu Chakraborty1,2*, Ken H. Andersen3, Agostino Merico1,4, Lasse Riemann2

N2-fixing microorganisms (diazotrophs) sustain life on our planet by providing biologically available nitrogen to 
plants. In the oceans, cyanobacterial diazotrophs, mostly prevalent in warm tropical and subtropical waters, were 
traditionally considered the sole contributors to marine N2 fixation. Recently, an almost ubiquitous distribution of 
N2-fixing heterotrophic bacteria has been discovered in the pelagic ocean. However, the mechanisms enabling 
heterotrophic diazotrophs to thrive in cold high-latitude waters and their contribution to the global nitrogen 
budget are unknown. Using a data-driven cell-based metabolic model, we show that heterotrophic bacteria inside 
sinking particles can fix N2 over a wide range of temperatures, explaining their ubiquitous presence in the oceans. 
We estimate that heterotrophic diazotrophs account for about 10% of global marine N2 fixation, with the highest 
contribution in oxygen minimum zones. These findings call for a reassessment of the N2 fixation patterns and the 
biogeochemical cycling of nitrogen in the global ocean.

INTRODUCTION
Biological nitrogen (N2) fixation, the conversion of inert N2 gas into 
ammonia by specialized prokaryotes (diazotrophs), is a critically im-
portant source of bioavailable nitrogen and controls primary produc-
tivity in oligotrophic oceans (1). Until recently, N2 fixation in marine 
waters was thought to be almost exclusively carried out by cyanobac-
terial diazotrophs in tropical and subtropical surface waters. Accumu-
lating evidence, however, suggests that noncyanobacterial diazotrophs, 
especially N2-fixing heterotrophic bacteria, are widespread and ac-
tively fix N2 in marine waters, from the tropics to the poles and from 
the surface to the abyss (2–4). Given that N2 fixation is an anaerobic 
process and that cellular protection from O2 is energetically costly (5), 
N2 fixation by heterotrophic diazotrophs in oxygenated ocean waters 
(6) is somewhat paradoxical. The availability of dissolved organic 
matter is generally sparse and limits the growth of free-living hetero-
trophic diazotrophs (3, 4). Sinking marine particles, being rich in or-
ganic matter and poor in O2, could be suitable loci for heterotrophic 
diazotrophs (7). This possibility is supported by the fact that marine 
heterotrophic diazotrophs are generally chemotactic (8) and able to 
efficiently colonize surfaces (9, 10) and particulate matter (11, 12) and 
that, recently, N2 fixation by heterotrophic diazotrophs was document-
ed on sinking particles (12, 13). However, the mechanisms that allow 
particle-associated heterotrophic diazotrophs to fix N2 under a broad 
range of environmental conditions, including cold, high-latitude wa-
ters, are unknown.

Nitrogenase genes (nifH) and transcripts from heterotrophic di-
azotrophs are almost ubiquitously detected throughout the oceans 
(2,  4,  6). The relative abundance of polymerase chain reaction 
(PCR)–amplified nifH genes of heterotrophic diazotrophs often ex-
ceeds that of their cyanobacterial counterparts (2,  3). However, 
gene-based information does not accurately reflect actual N2 fixation 
rates. Laboratory measurements of cellular level N2 fixation by hetero-
trophic diazotrophs are scarce due to the lack of culture representatives, 

but a few exist (10, 14–16). Also, only a few direct measurements of 
community N2 fixation rates exist from locations where cyanobacte-
ria were reported to be absent (6). Moreover, conceivably due to the 
low rates and associated methodological challenges, only a few studies 
have documented in situ N2 fixation by heterotrophic diazotrophs 
associated with sinking particles. For example, active N2 fixation by 
heterotrophic diazotrophs was detected in particle enrichment in-
cubations where cyanobacterial photosynthesis was inhibited (17). 
Another recent study reported cell-specific heterotrophic N2 fixa-
tion rates measured in situ, using particle-targeted nanoscale sec-
ondary ion mass spectrometry (nanoSIMS), in pelagic waters of the 
North Pacific (13). Given this paucity of data, the contribution of 
particle-associated heterotrophic diazotrophs to the global nitrogen 
budget and their importance in marine nitrogen biogeochemistry 
remain enigmatic.

N2 fixation rates inside sinking particles are likely affected by the 
particle size, which can vary from micrometers to several millime-
ters (18). The particle size spectrum follows a power law relationship 
with a reduction in particle abundance as size increases (19). Be-
cause of smaller surface-to-volume ratios, large particles are more 
prone to develop an anoxic interior, which enhances the possibility 
of N2 fixation. However, the exponent of the power law, which deter-
mines the relative abundance of small to large particles, varies sub-
stantially throughout the global ocean (20). Moreover, by regulating 
the sinking speed, particle size influences how quickly particles de-
scend through depths of varying O2 concentrations, affecting (i) the 
extent to which an anoxic interior develops and (ii) the particle-
associated heterotrophic N2 fixation. Although the particle size can 
have these variable impacts, it is unclear how it affects, in combina-
tion with environmental conditions, heterotrophic N2 fixation in the 
global ocean.

Here, we use a data-informed mathematical model of cell physi-
ology and biogeochemistry that represents facultative N2-fixing hetero-
trophic bacteria living inside sinking marine particles and incorporates 
the temperature dependence of cellular and particle processes rele-
vant to N2 fixation. Starting from basic physiological processes de-
termining growth and N2 fixation in an individual bacterial cell, we 
allow cells to grow in sinking particles in a water column (Fig. 1). 
We then upscale the model to the global ocean to explain how cel-
lular mechanisms determine the global distribution of N2 fixation 
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by particle-associated heterotrophic diazotrophs. The core of the 
model is a description of a general heterotrophic bacterial cell in 
which the cellular N2 fixation rate is not prescribed a priori but is an 
emergent property depending on cellular and surrounding environ-
mental conditions. We impose strong constraints on the model by 
considering parameter values from experiments, observations, and 
literature sources and by running global simulations using observed 
vertical gradients of temperature, O2, and NO3

− concentrations 
(21–23). We specifically examine (i) the mechanisms that allow het-
erotrophic diazotrophs associated with sinking particles to survive 
and fix N2 over a broad range of temperatures, (ii) the concurrence 
of a variety of environmental conditions regulating N2 fixation by 
heterotrophic diazotrophs in different parts of the global ocean, (iii) 
the global distribution of N2 fixation by heterotrophic diazotrophs, 
and (iv) the contribution of heterotrophic diazotrophs to the global 
N2 fixation.

RESULTS
Overview of the model
The model represents a population of facultative N2-fixing heterotro-
phic bacteria that live inside sinking particles and regulate N2 fixation 
to meet basic needs for growth. It incorporates temperature regulation 
of cellular and particle processes and, when embedded in the global 
ocean, demonstrates how fundamental cellular mechanisms deter-
mine the global distribution of N2 fixation by heterotrophic bacteria 

associated with sinking particles. The model consists of two parts: a 
“cell model” and a “particle model.” The particle model is then embed-
ded in a water column and lastly extended to the global ocean. A sche-
matic representation of the model is given in Fig. 1, a full description 
of the model is provided in Materials and Methods, while the details 
and values of parameters and environmental variables are available in 
the Supplementary Materials.

The cell model describes the basic cellular processes of an individu-
al heterotrophic bacterium: resource uptake (glucose and amino ac-
ids), uptake of electron acceptors (O2, NO3

−, and SO4
2−), respiration, 

and cell division (Fig. 1A). The cell primarily uses O2 to maintain res-
piration. However, it can also use NO3

− or even SO4
2− for respiration 

when, respectively, O2 or both O2 and NO3
− are unavailable. The cell 

fixes N2 when the nitrogen demand cannot be met by the amount of 
organic nitrogen available inside the particle. Since nitrogenase is ir-
reversibly inhibited by O2, one of the main prerequisites for N2 fixation 
is to keep the cell O2 free. We assume that the cell can increase respira-
tion to burn the cellular O2 in excess (24). Therefore, the process of O2 
removal requires a sufficient amount of supply of carbon. Temperature 
dependencies are implemented on the specific cellular processes using 
Q10 factors. The cell also regulates the rate of N2 fixation to maximize 
its division rate μ∗. The overall cellular N2 fixation rate is therefore an 
emergent property of the model and depends on the availability of car-
bon, nitrogen, cellular O2 concentration, and temperature.

The cell model is embedded in a particle model, which describes 
the interactions of cells with their immediate environment inside 

Fig. 1. Schematic representation of different components of the dynamic model. (A) Dynamics inside a single cell: Fluxes of carbon (JC; solid lines), nitrogen (J
N

; dot-
ted lines), and electron acceptors (O

2
, NO

3

−, and SO
4

2−; dashed line) are combined (blue ellipse) to drive cell division rate (μ; magenta arrow) after respiratory costs are 
accounted for (blue explosion). Triangles indicate the processes underpinning the uptake of glucose (J

G
), amino acids (J

A
), N2 fixation (JN2

), and diffusive inflow of O
2
, NO

3

−, 
and SO

4

2−. The excess amounts of assimilated C or N are excreted from the cell (thin blue arrows). The red dashed-dot line represents the regulation of respiration by 
electron acceptors. Temperature-dependent processes are indicated with red thermometer symbols. (B) Dynamics inside a single particle: The particle interior has three 
distinct zones: O2 present (gray), O2 absent without N2 fixation (white), and O2 absent with N2 fixation (green). The exact sizes of the zones are emergent outcomes of the 
model. Bacterial cells (pink circles) hydrolyze polysaccharides (C

L
) and polypeptides (P

L
) into glucose (G) and amino acids (A), respectively. Diffusive exchanges of N2, O2, 

NO3, SO4, glucose, and amino acids between the particle interior and surrounding water depend on the concentration gradients. (C) Dynamics in the water column: Par-
ticles of different sizes (range of radiuses: 5 μm to 0.25 cm) sink through the water column starting from the surface ocean toward the bottom while being reduced in size 
as they are being remineralized by the bacteria. The figure is inspired by Bianchi et al. (85).
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particles (Fig. 1B). Bacteria colonize particles and use ectoenzymes 
to degrade the labile part of polymers (polysaccharides and poly-
peptides) to oligomers or monomers (glucose and amino acids), 
which can be efficiently taken up by bacteria. Note that, when the 
labile components are exhausted, the particle is left with only the 
nonlabile components, which are inaccessible to bacteria. The dif-
fusive exchanges of glucose, amino acids, O2, and NO3

− depend on 
the concentration gradient between the particle interior and the sur-
rounding environment. Because of the high concentrations of SO4

2− 
(28 mM) (25) and N2 (0.4 mM) (26) in seawater, the uptakes of these 
two components are assumed to be limited by the cellular maximum 
uptake capacities and not by the rate of diffusion into the cell. The 
temperature dependency of diffusivity is based on the Walden’s rule 
(27) and the temperature-dependent viscosity of water (28).

We assume that the particle size spectrum in the upper ocean follows 
a power law (19), and the sinking speed of particles depends on particle 
size (Fig. 1C) (29). While sinking through the water column, particles 
face gradients of temperature, O2, and NO3

− concentrations, and bacte-
rial degradation reduces their size and the content of labile polymers.

The model of sinking particles is then run in the global ocean at 
every 5° by 5° grid point using a space-resolved particle distribution at 
the ocean surface (30) and vertical fields of annual mean temperature, 
O2, and NO3

− concentrations from the World Ocean Atlas (21–23).

Thermal range of N2 fixation by heterotrophic bacteria 
inside a particle
Under fixed environmental conditions (O2 and NO3

−), our model 
predicts a broad temperature range of N2 fixation, spanning from 6° 
to 24°C, with the highest N2 fixation rate at 17°C (Fig. 2). Our sensi-
tivity analysis shows that N2 fixation can occur even under negative 

temperatures, down to −2°C (shaded region in Fig. 2). In compari-
son, the temperature range of the prominent cyanobacterial diazo-
trophs Trichodesmium, Crocosphaera, and Cyanothece is 18° to 38°C, 
with highest N2 fixation rates at 24° to 32°C (Fig. 3) (31–34). The 
heterocyst-forming cyanobacterium Fischerella sp. can fix N2 at an 
even wider range of temperatures, 15° to 57°C, with the highest ni-
trogenase activity at 40°C (35).

Within the viable temperature range, we find that the hydrolyza-
tion of polysaccharides and polypeptides into glucose and amino 
acids enables heterotrophic bacteria to grow inside the particle (Sup-
plementary Text 1 and fig. S1). Respiration rates create an anoxic inte-
rior that allows bacteria to perform N2 fixation when nitrogen from 
amino acids is exhausted. When the labile components of polysaccha-
rides and polypeptides are exhausted, the depletion of glucose eventu-
ally terminates N2 fixation. However, we find that the variations in 
temperature-driven regulations of different cellular processes (hydro-
lyzation rate of polymers, resource uptake, respiration), and the diffu-
sion of materials into the particle (glucose, amino acids, O2, and NO3) 
interact to determine the rate of N2 fixation and the thermal range of 
N2 fixation by heterotrophic diazotrophs. A detailed mechanistic ex-
planation of the sequential processes governing N2 fixation within the 
particle at different temperatures is provided below.

1) At temperatures lower than 6°C, low rates of cellular respira-
tion (Fig. 4Ac) fail to develop an anoxic environment inside the par-
ticle (Fig. 4Ae). Moreover, because of the low hydrolyzation rate 
(Fig. 4Af), the amount of available carbon is also insufficient to sup-
port increased respiration to keep the cell O2 free. Therefore, the cells 
are unable to perform N2 fixation (Fig. 4Aa).

2) As temperature exceeds 6°C, cellular respiration increases, re-
sulting in the formation of an anoxic interior (Fig. 4Be), which en-
ables bacteria to fix N2 (Fig. 4Ba) to support cellular growth in the 
absence of nitrogen from amino acids (Fig. 4Bd). However, the 
overall low cellular rates at relatively low temperatures slow down 

Fig. 2. Thermal range of N2 fixation by particle-associated heterotrophic bac-
teria. N2 fixation (black solid line) is estimated at different temperatures in a parti-
cle of radius 0.15 cm with O2 and NO3

− concentrations of 200 and 10 μM, respectively, 
and initial concentrations of labile polysaccharides and polypeptides of, respec-
tively, 8 × 10

7 μg G liter−1 and 1.5 × 10
8 μg A liter−1. The shaded area marks the 

range of fixed N2 obtained by varying (i) the initial concentrations of polysaccha-
rides and polypeptides and (ii) the Q

10
 values related to hydrolysis and uptakes of 

glucose and amino acids by ±25% from nominal values. The vertical dashed lines 
mark the maximum possible thermal range of N2 fixation.

Fig. 3. Comparison of thermal ranges of N2 fixation activity. The range of tem-
perature of N2 fixation estimated by our model for heterotrophic diazotrophs (blue) 
compared to those measured in laboratory experiments for different cyanobacteria 
(green shades), including Trichodesmium (31, 33), Crocosphaera (31, 34), Cyanothece 
(32), and Fischerella (35). Circles represent experimental data. N2 fixation rates are 
normalized by the corresponding organismal maximum fixation rates. The maxi-
mum range of N2 fixation by heterotrophic bacteria is the same as in Fig. 2.
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bacterial growth (Fig. 4Bd) and limit the capacity to create an an-
oxic environment, thus delaying the onset of N2 fixation in the par-
ticle. Consistent with our model results, a delay in the N2 fixation 
due to reduced nitrogenase activity at low temperatures was previ-
ously observed in a laboratory experiment with the unicellular cya-
nobacterium Cyanothece sp. (32).

3) With increasing temperature, the rate of N2 fixation increases. 
At around 17°C, conditions are optimal, and the balance between 
available carbon from hydrolyzation, electron acceptors through 

diffusion, and total respiration produces the highest N2 fixation rate, 
2.7 × 10−4μg N particle−1 (Fig. 2 and Fig. 4Ca). Our predicted opti-
mal temperature lies within the experimentally observed optimal 
temperature range, 12° to 18°C, of N2 fixation by heterotrophic 
bacteria in association with Mediterranean seagrass (36). The short 
time span (only a few hours) of inner particle anoxia produced 
by our model matches well with the temporal window of anoxic 
conditions observed using microsensors inside laboratory-made 
aggregates (37).

Fig. 4. Temporal dynamics of cellular rates and concentrations. Rates and concentrations are calculated at a distance of 0.05 cm from the center of a particle of radius 
0.15 cm and at different temperatures, with each column representing a specific temperature. (Aa to Ea) Cellular N2 fixation rates. (Ab to Eb) Rates of carbon (blue line), 
nitrogen (green line), and electron acceptor (orange line) available to the cell for biomass synthesis and total respiration rate (dashed magenta line). The blue-shaded 
region marks the period of carbon limitation. (Ac to Ec) Respiratory costs related to N2 fixation in terms of enzyme production (blue line), direct respiration (black line), 
and O2 removal (magenta line). (Ad to Ed) Glucose, amino acids, and bacterial concentrations in the particle. (Ae to Ee) O2 (black line) and NO3

− (magenta line) concentra-
tions in the particle. (Af to Ef) The hydrolyzation rate of glucose relative to its uptake, defined by the quotient between the hydrolyzation rate and the uptake rate. The 
positive relative hydrolyzation is due to excess hydrolyzation compared to uptake. (Ag to Eg) The diffusion rate of glucose relative to its uptake, defined by the quotient 
between the diffusion rate and the uptake rate. The negative relative diffusion is due to the excess outflow of hydrolyzed materials compared to uptake. These temporal 
dynamics are obtained with the same environmental conditions as in Fig. 2.
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4) With a further increase in temperature, the N2 fixation rate 
sharply declines. We find that higher temperatures increase the hy-
drolyzation of polysaccharides and polypeptides (Fig. 4Df) at rates 
that exceed the subsequent increase in the uptake of hydrolyzed ma-
terials. Higher temperature also increases the rate of diffusive out-
flow of hydrolyzed materials (Fig. 4Dg), which leads to an inefficient 
use of glucose and amino acids. Subsequently, the availability of car-
bon limits cellular growth and N2 fixation (indicated by the blue-
shaded region in Fig. 4Db).

5) Last, at temperatures higher than 24°C, the loss of hydrolyzed 
materials through diffusive outflow becomes so high (Fig. 4Eg) that 
the cell remains carbon limited (Fig. 4Eb) and unable to perform N2 
fixation (Fig. 4Ea).

Overall, we find that low respiration rates limit N2 fixation at low 
temperatures, whereas the mismatch between the high rate of hy-
drolyzation and inefficient uptake of hydrolyzed materials limits N2 
fixation at high temperatures. We also find that the initial concentra-
tion of polysaccharide regulates the amount of fixed N2, whereas the 
minimum temperature of N2 fixation is determined by the tempera-
ture sensitivity of resource uptakes (fig. S2). Moreover, heterotro-
phic N2 fixation inside particles is more likely to develop in particles 
with diameters larger than 0.06 cm (fig. S3). Our estimated cell-
specific N2 fixation rates (up to 1.4 fmol cell−1 day−1) are compara-
ble with N2 fixation rates of heterotrophic bacteria measured in 
laboratory experiments (0.02 to 1.1 fmol cell−1 day−1) (10, 15) and 
in situ (0.05 to 8.61 fmol cell−1 day−1) (13).

Latitudinal variation in particle-associated N2 fixation
We further investigate the variations in N2 fixation by heterotrophic 
bacteria across latitudinal gradients, spanning from 0° to 60°N at 
137.5°W, by considering (i) changes in O2, NO3

−, and temperature 
(Fig. 5) in the water columns and (ii) latitude-specific particle distri-
butions at the ocean surface. We find that particle-associated het-
erotrophic bacteria can fix N2 over a broad range of latitudes and 
depths (up to 1500 m). The maximum volumetric N2 fixation rate 
appears at around 750 m in low latitudes (Fig. 5A). The maximum 
depth-integrated N2 fixation rate is at around 12°N (Fig. 5B). Al-
though low-latitude waters (lower than 22°N) emerge as hotspots, 
notable N2 fixation occurs at high latitudes (from 40° to 57°N).

Temperature and O2 concentrations are the main environmental 
factors determining the latitudinal distribution of particle-associated 
N2 fixation (Supplementary Text 2). Water columns with low surface 
O2 concentrations (less than 200 μM) and a wide hypoxic layer, 
starting within the upper 250 m of the water column (Fig. 6A and 
fig. S3A), stimulate N2 fixation (Figs. 5A and 6D). In addition, high 
surface water temperatures (Fig. 6C and fig. S3C), which favor bac-
terial growth, promote N2 fixation in relatively shallow waters at low 
latitudes (Figs. 5A and 6D).

Patterns and contribution of particle-associated N2 fixation 
in the global ocean
Oxygen minimum zones
Last, we consider (i) variations in annual mean O2, NO3

−, and tem-
perature in the water columns and (ii) spatially resolved annual 
mean particle distributions at the ocean surface in the global ocean. 
Under these conditions, our model predicts high rates of N2 fixation 
in the major oxygen minimum zones (OMZs): the eastern tropical 
South Pacific, the eastern tropical North Pacific, the Arabian Sea, 
and the Bay of Bengal (Fig. 7A). Our estimates show a maximum 

volumetric N2 fixation rate of 2 μmol N m−3 day−1 in the eastern 
tropical South Pacific around 850-m depth. At first sight, the volu-
metric N2 fixation rates appear low (fig. S4), but when integrated 
over the overall depth of activity in the water column, ranging from 
200 to 2000 m, the rates become substantial, up to ~200 μmol N m−2 
day−1. We estimate that particle-associated heterotrophic diazo-
trophs supply 9.4 Tg N year−1 of fixed N2 in the OMZs. Considering 
the previously reported global N2 fixation rate of 163 Tg N year−1 
(38), the nitrogen fixed by particle-associated heterotrophic diazo-
trophs in the OMZs accounts for ~6% of the global N2 fixation.
N2 fixation in other parts of the global ocean
N2 fixation by particle-associated heterotrophic bacteria is widely 
distributed across the global ocean (Fig. 7A). Although the tropical 
oceans are hotspots, the northern temperate Pacific Ocean emerges 
as a very active region of N2 fixation. Heterotrophic bacteria also fix 
N2 inside sinking particles in polar regions, albeit at low rates (<1 μ
mol N m−2 day−1). We estimate a contribution of 15.3 Tg N year−1 
of fixed N2 by particle-associated heterotrophic bacteria to the glob-
al ocean with contributions of 13.1, 0.7, and 1.6 Tg N year−1 from 
tropical, subtropical, and temperate regions, respectively (Fig. 7B). 
Region-specific estimates are provided in fig. S5. N2 fixation extends 

Fig. 5. Latitudinal variation of N2 fixation rates by heterotrophic diazotrophs 
in sinking marine particles in the North Pacific (at 137.5°W). (A) Vertical distri-
bution of volumetric N2 fixation rates at different latitudes. (B) Depth-integrated N2 
fixation rates by particle-associated heterotrophic bacteria at different latitudes. 
The blue-shaded region marks the range of N2 fixation rates obtained by varying (i) 
the initial concentrations of polysaccharides and polypeptides, (ii) Q

10
 values for the 

hydrolysis, and (iii) Q
10

 values for uptake rates of glucose and amino acids by ±25% 
from nominal values (reported in table S1).
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into the aphotic waters in most parts of the global ocean, while ex-
treme deep water N2 fixation occurs mostly in the OMZs and in the 
North Pacific Ocean (Fig. 7C). Therefore, regions of deep water N2 
fixation coincide with areas of high contribution from the water col-
umn. We find that a nonnegligible amount of N2 fixation can extend 
to 2000-m depth.

DISCUSSION
Our model shows that N2 fixation by heterotrophic bacteria may be 
widespread in the global oceans, from the tropics to the poles, and 
from the surface to the abyss. The N2 fixation occurs in larger par-
ticles, in whose centers the microenvironment allows heterotrophic 
bacteria to fix N2. We find that particle-associated heterotrophic N2 
fixation can occur under a broad range of temperatures, which ex-
plains its wide distribution in the ocean and its importance for the 
global N2 fixation.

Our findings indicate that heterotrophic N2 fixation inside par-
ticles relies on the formation of anoxic microenvironments, which 
are more likely to develop in large particles. These results are consis-
tent with previous studies suggesting the formation of anoxic aggre-
gates in the 0.05- to 1-cm size range in the OMZs of the ocean (39). 
However, simultaneous 15N-dinitrogen and 13C-bicarbonate incuba-
tions combined with nanoSIMS showed heterotrophic N2 fixation in 
the oxygenated ocean surface in particles with radius smaller than 
0.02 cm (13). Size-fractionated metagenomic data revealed a high 
abundance of heterotrophic diazotrophs in the smallest size fraction 
(0.2 to 5 μm) of particles (40). This suggests that mechanisms be-
yond anoxic microniches may influence N2 fixation in small parti-
cles. Therefore, despite the contribution of heterotrophic N2 fixers to 
global N2 fixation suggested by our model represents to date the best 
quantification attempt, we may still underestimate the contribution 
from small particles.

Most well-known cyanobacterial diazotrophs fix N2 at higher tem-
peratures than those estimated for N2 fixation by particle-associated 
heterotrophic bacteria with our model. Low O2 solubility and high 
rates of respiration at high temperatures allow nonsymbiotic cyano-
bacteria to maintain intracellular anoxic conditions and to carry out 
N2 fixation (41). Compared to other cyanobacteria, the symbiotic 
unicellular cyanobacteria UCYN-A can fix N2 at much lower tem-
peratures (42, 43), albeit a mechanistic understanding of N2 fixation by 
this group is still lacking [but see (44)]. For particle-associated het-
erotrophic diazotrophs, high temperature results in a mismatch be-
tween increased substrate hydrolysis and poor uptake of hydrolyzed 

materials, thus restricting N2 fixation. The dynamics inside particles 
allow heterotrophic bacteria to perform N2 fixation at much lower 
temperatures than cyanobacteria. The activity of N2 fixation at a 
broad range of temperatures suggested by our model study explains 
the success of particle-associated heterotrophic bacteria over a wide 
range of environmental conditions.

Compared to cyanobacterial diazotrophs, particle-associated het-
erotrophic diazotrophs show a distinct latitudinal distribution in the 
oceans. While experimentally observed temperature ranges, in situ 
measurements of N2 fixation rates, and microscopy and quantitative 
PCR–based enumeration of N2 fixers suggest that most cyanobacte-
rial diazotrophs prevail in warm, low latitude tropical, and subtropi-
cal surface waters (31, 32, 45), our model shows that heterotrophic 
bacteria inside sinking particles fix N2 in deep waters at low and high 
latitudes. We find that the gradients of temperature and O2 concen-
tration in the water column interact to determine N2 fixation inside 
sinking particles at different latitudes. This implies the presence of a 
well-defined niche partitioning between cyanobacterial and particle-
associated heterotrophic diazotrophs.

Our results show high particle-associated heterotrophic N2 fixa-
tion activity in OMZs. Our estimated maximum volumetric N2 fixa-
tion rate in OMZs is not only comparable to the overall range of 
measured aphotic N2 fixation rates (typically <1 μmol N m−3 day−1) 
in the global ocean (6), it also matches with the range of measured 
average volumetric aphotic N2 fixation rates in OMZs (0.08 to 1.27 μ
mol N m−3 day−1) (46–48). Our calculated depth-integrated rates lie 
well within the highest measured aphotic N2 fixation rate of 501 μ
mol N m−2 day−1 from OMZs (47). The high rate of N2 fixation we 
estimate in aphotic waters of OMZs supports the previous observa-
tion that deep waters in OMZs can contribute up to 87 to 93% of the 
whole water column N2 fixation (46, 47). Therefore, our results are 
in line with the general understanding that OMZs are characterized 
by low volumetric N2 fixation rates (46, 47, 49–52) and moderate to 
high depth-integrated N2 fixation rates when considering the whole 
water column (46, 47). The high N2 fixation rates we find in deep 
waters are also consistent with the dominant and diverse communi-
ties of heterotrophic diazotrophs observed in OMZs (49). We argue, 
thus, that OMZs are hotspots of aphotic N2 fixation by particle-
associated heterotrophic diazotrophs.

OMZs are characterized by water layers of low O2 concentrations, 
situated between a few hundred meters to about 1000 m depth (fig. 
S4A), and high water temperatures at the surface that decrease with 
increasing depth (fig. S4C). We suggest that low O2 concentrations in 
OMZs favor the formation of anoxic conditions inside particles and 

Fig. 6. Water column N2 fixation rates at contrasting latitudes along 137.5°W. Vertical distribution of (A) O2, (B) NO3
−1, (C) temperature, and (D) N2 fixation rates per 

unit volume of water at 12.5°N (blue), 27.5°N (magenta), and 52.5°N (green).
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thereby alleviate the energetic demands of N2 fixation. Such a de-
crease in the cost of N2 fixation in low O2 environments was previ-
ously observed for Azotobacter vinelandii (5) and Crocosphaera 
Watsonii (53). Overall, the temperature levels in the oxygen mini-
mum layers maintain an appropriate balance between hydrolyzation 
and resource uptake rates (sensu Fig. 4) and make them suitable for 
N2 fixation activities by heterotrophic bacteria.

The N2 fixation rates found in our study (up to ~200 μmol N m−2 
day−1) are comparable with previously estimated cyanobacterial 
depth-integrated N2 fixation rates from the photic zone of the global 
ocean, typically in the range of 1 to 100 μmol N m−2 day−1 (54). 
Moreover, they are comparable to N2 fixation rates predicted for the 
mesopelagic (13 to 134 μmol N m−2 day−1), estimated by consider-
ing the lower-end range of aphotic N2 fixation rates and the volume 

Fig. 7. N2 fixation by heterotrophic diazotrophs associated with sinking particles in the global ocean. (A) Patterns of depth-integrated N2 fixation rates predicted by our 
model. Dotted white contours enclose suboxic (lower than 5 μmol O2 liter−1) regions. (B) Total N2 fixation rates at different regions of the globe. The oceanic regions, indicated 
by different colors, are partitioned into tropical, subtropical, temperate, and polar zones. (C) Maximum depth of occurrence of particle-associated N2 fixation in the global ocean.
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of the mesopelagic zone (55). Overall, our estimated contribution 
accounts for ~10% of the global marine N2 fixation and corresponds 
to ~20% of the nitrogen supplied by Trichodesmium (56). However, 
according to our model assumption, heterotrophic diazotrophs can 
access only the labile part of the particles. N2 fixation would occur in 
deeper waters if heterotrophic diazotrophs were allowed to access 
semilabile materials. This, in turn, could enhance our estimated 
contribution of N2 fixation in deeper waters. Our results are consis-
tent with previous studies suggesting a large contribution by hetero-
trophic diazotrophs to water column N2 fixation (57, 58).

We find a wide distribution of heterotrophic N2 fixation in the 
global ocean. Our predicted distribution is supported by recent stud-
ies showing a similar worldwide distribution of nifH genes of hetero-
trophic bacteria in the global ocean (4). Although UCYN-A can fix 
N2 even in cold, high-latitude waters (42, 43), other cyanobacterial 
N2 fixers are active only in warm tropical and subtropical waters. 
Together, these indications suggest that, as we move from tropical to 
polar regions, the dominance of the diazotrophic community shifts 
from cyanobacteria to particle-associated heterotrophic bacteria and 
UCYN-A. We thus dispute the long-standing paradigms that (i) oce-
anic N2 fixation is exclusively restricted to surface waters of the trop-
ical and subtropical oceans (59) and (ii) cyanobacteria are the only 
important diazotrophs (60).

Our study also indicates the occurrence of particle-associated het-
erotrophic N2 fixation in polar regions. These results are supported by 
the presence of nifH genes of heterotrophic bacteria in the Arctic 
Ocean (61, 62). In nature, most marine heterotrophic bacteria have 
the cold-inducible RNA chaperone (CspA) protein that allows them 
to thrive in cold environments (63). Our model does not take into ac-
count physiological adaptation; thus, the estimated small contribution 
of fixation rates at the poles (as well as in cold high-latitude and deep 
waters) to the global budget of N2 fixation may be an underestimation. 
We expect that the inclusion of such adaptation mechanisms would 
enable heterotrophic diazotrophs to perform N2 fixation in colder en-
vironments by lowering the optimal temperature of N2 fixation.

The fixation of N2 by heterotrophic bacteria associated with sink-
ing particles affects oceanic nitrogen and carbon cycling differently 
than cyanobacteria. By transforming N2 into the bioavailable forms 
of nitrogen, which are vital to phytoplankton communities, cyano-
bacterial diazotrophs support a considerable portion of oceanic pri-
mary production in the sunlit waters of tropical and subtropical 
oceans and stimulate carbon sequestration (56). Because particle-
associated N2 fixation by heterotrophic bacteria occurs mostly be-
low the surface layers, these organisms are expected to have indirect 
and delayed impacts on the oceanic nitrogen cycle compared to the 
direct and immediate effects of cyanobacterial diazotrophs. How-
ever, by allowing microbial degradation of sinking particles beyond 
the exhaustion of organic nitrogen, N2 fixation by heterotrophic 
bacteria may reduce the vertical carbon flux and the oceanic carbon 
sequestration. Therefore, as N2 fixation by heterotrophic bacteria 
stimulates the uptake of atmospheric CO2 by providing bioavailable 
nitrogen to primary producers, it also reduces carbon sequestration 
by accelerating the degradation of particles. In essence, our results 
establish the importance of N2 fixation by particle-associated het-
erotrophic bacteria for the global nitrogen budget and lay down the 
basis for assessing the importance of these organisms for the seques-
tration of CO2 in the ocean.

Global warming may have a limited impact on deep N2 fixation 
because the expected increase in temperature will be less pronounced 

in the deep ocean than in the surface ocean (64), However, the fixa-
tion of N2 by particle-associated heterotrophic bacteria in deep wa-
ters depends on the export of organic carbon from the photic zone. 
Ocean warming is expected to reduce phytoplankton productivity in 
the surface waters of the tropical and subtropical oceans via reduced 
mixing and reduced nutrient availability and enhance phytoplankton 
productivity at higher latitudes and in coastal areas (65, 66). There-
fore, as the oceans warm up, N2 fixation by particle-associated het-
erotrophic bacteria will increase at high latitudes and in coastal areas. 
Considering the dominant contribution of particle-associated hetero-
trophic bacteria in OMZs found in our study, the projected expansion 
of OMZs (67) in response to global warming may further increase the 
contribution of bioavailable nitrogen from particle-associated hetero-
trophic bacteria, calling for a reassessment of the biogeography of pri-
mary production on a global ocean scale.

MATERIALS AND METHODS
The present model is developed on the basis of a previous model by 
Chakraborty et al. (68). While the previous model mainly focused 
on explaining the mechanisms of N2 fixation inside a particle, the 
present model aims to (i) examine how temperature affects and reg-
ulates N2 fixation inside particles to determine the distribution of 
heterotrophic diazotrophs in the global ocean and (ii) the contribu-
tion of particle-associated heterotrophic diazotrophs in the global 
nitrogen budget. In this process, we extend the previous model by 
(i) incorporating temperature regulation into important cellular 
processes and the diffusive exchange of gases and materials, (ii) in-
corporating the reduction of the size of sinking particles due to the 
hydrolyzation and consumption of organic materials by bacteria, 
and (iii) extending the analysis to the global ocean. The interactions 
between a particle, bacterial cells, and the surrounding environment 
are described below, and the mathematical equations determining 
the temporal variations of all the variables are provided in Table 1.

The cell model
Growth rate of a cell
The growth rate of a bacteria cell depends on the acquisition of car-
bon (C) supplied from the particle and nitrogen (N) obtained from 
the particle and through N2 fixation, as well as on metabolic expens-
es in terms of C.
Uptake of C and N
The cell obtains C from glucose, while amino acids supply both C 
and N. The total amount of C available for the cell from monomers 
(glucose and amino acids) is (units of C per day)

and the amount of N available from monomer is (N per day)

where JG and JA are uptake rates of glucose and amino acids (see 
Eqs. 27 and 28), fG,C is the fraction of C in glucose, and fA,C and fA,N 
are fractions of C and N in amino acids.

The rate of obtaining N through N2 fixation is

where the parameter ψ (0<ψ<1) determines the rate of N2 fixa-
tion, which can happen at a maximum rate MN2

. Since the concen-
tration of dissolved dinitrogen (N2) gas in seawater is unlimited 

JDOC = fG,CJG + fA,CJA (1)

JDON = fA,NJA (2)

JN2
(ψ) = ψMN2 (3)
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(69), N2 fixation is assumed to be limited only by the maximum N2 
fixation rate.

Therefore, the total uptake of C and N from different sourc-
es becomes

Costs
Respiratory costs of cellular processes including N2 fixation and its 
associated O2 removal is calculated in two separate stages depending 
on the cellular O2 concentration:
Case 1: O2 concentration is sufficient to maintain 
aerobic respiration
Aerobic respiration can and cannot depend on limiting substrate 
concentration (70). Here, we assume that the basal respiratory cost 
RBxB is independent of the limiting substrates and proportional to the 
mass of the cell xB (μg C). To solubilize particles, particle-attached 
bacteria produce ectoenzymes that cleave bonds to make molecules 
small enough to be transported across the bacterial cell membrane. 
Cleavage is represented by a biomass-specific ectoenzyme production 
cost RE(71). The metabolic costs related to the uptake of hydrolysed 
products and intracellular processing are assumed to be proportional 
to the uptake (Ji): RGJG and RAJA where the Ris are costs per unit of 
resource uptake. Similarly, the metabolic cost associated with N2 fixa-
tion is assumed as proportional to the N2 fixation rate: RN2

ρCN,BJN2
, 

where ρCN,B is the bacterial C:N ratio. If we define all the above costs 
as direct costs, then the total direct respiratory cost becomes

Indirect costs related to N2 fixation arise from the removal of O2 
from the cell and the production/replenishment of nitrogenase as the 
enzyme is damaged by O2. Here, we assume the indirect cost from the 
removal of O2 by increasing respiration (72). To calculate this indirect 
cost, the concentration of O2 present in the cell is estimated as follows.

Since the timescale of O2 inside a cell is short, we have assumed 
a pseudo-steady state inside the cell; the O2 diffusion rate inside a 
cell is always balanced by the respiration rate (5), which can be ex-
pressed as

Here, ρCO is the conversion factor of respiratory O2 to C equiva-
lents, and FO2

 is the actual O2 diffusion rate into a cell from the par-
ticle and can be calculated as

where rB is the cell radius, XO2
 is the local O2 concentration inside 

the particle, XO2,C
 is the cellular O2 concentration, and KO2

 is the ef-
fective diffusion coefficient of O2 over cell membrane layers. The ef-
fective diffusion coefficient is calculated following Inomura et al. (5) 
in terms of diffusion coefficient inside particles (DO2

), the diffusivity 
of cell membrane layers relative to water (εm), the radius of cellular 
cytoplasm (rC), and the thickness of cell membrane layers (Lm) as

The apparent diffusivity inside particles (DO2
) is considered as a 

fraction fO2
 of the diffusion coefficient in seawater (DO2

)

Combining Eqs. 7 and 8 gives the cellular O2 concentration XO2,C
 as

If there is excess O2 present in the cell after respiration 
(

XO2,C
>0

)

, 
then the indirect cost of removing the excess O2 to be able to perform 
N2 fixation can be written as

where H(ψ) is the Heaviside function

Therefore, the total cost of aerobic respiration becomes

JC = JDOC (4)

JN(ψ) = JDON + JN2
(ψ) (5)

RD(ψ) = RBxB + RExB + RGJG + RAJA + RN2
ρCN,BJN2

(ψ) (6)

ρCOFO2
= RD(ψ) (7)

FO2
= 4πrBKO2

(

XO2
−XO2,C

)

(8)

KO2
= DO2

εm

(

rC+Lm
)

εmrC + Lm
(9)

DO2
= fO2

DO2
(10)

XO2,C
=max

[

0,XO2
−

RD(ψ)

4πrBKO2
ρCO

]

(11)

RO2
(ψ) = H(ψ)ρCO4πrBKO2

XO2,C (12)

H(ψ) =

{

0, ifψ=0

1, ifψ>0
(13)

Rtot,A(ψ) = RD(ψ) + RO2
(ψ) (14)

Table 1. Equations of the particle model. All quantities vary with time 𝑡 at a distance 𝑟 from the center of the particle. The operator in brackets represents 
diffusion in spherical coordinates. Descriptions, units, and values of all parameters are provided in table S1.

Variables Equations

 Bacteria (cells liter−1) �B

�t
= μ∗

(

G,A, X
O2
, X

NO3

)

B − m
B
B 41(a)

Labile polysaccharides (μg G liter−1) �CL

�t
= −J

C
B 41(b)

Labile polypeptides (μg A liter−1) �PL

�t
= −J

P
B 41(c)

 Glucose (μg G liter−1) �G

�t
= J

C
B − J

G
B + D

M

(

�
2
G

�r2
+

2

r

�G

�r

)

41(d)

 Amino acids (μg A liter−1) �A

�t
= J

P
B − J

A
B + D

M

(

�
2
A

�r2
+

2

r

�A

�r

)

41(e)

 Oxygen (μmol O2 liter−1) �XO2

�t
= −F

O2
B + D

O2

(

�
2
XO2

�r2
+

2

r

�XO2

�r

)

41(f )

Nitrate (μmol NO3 liter−1) �XNO3

�t
= −J

NO3
B + D

NO3

(

�
2
XNO3

�r2
+

2

r

�XNO3

�r

)

41(g)
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Case 2: Respiration is limited by O2 (anaerobic respiration)
When available O2 is insufficient to maintain aerobic respiration 
(Rtot(ψ) > ρCOFO2,max), cells use NO3

− and SO4
2− for respiration. 

The potential NO3
− uptake, JNO3,pot

, can be written as

where MNO3
 and ANO3

 are maximum uptake rate and affinity for 
NO3

− uptake, respectively. However, the actual rate of NO3
− uptake, 

JNO3
, is determined by cellular respiratory demand and can be 

written as

where ρCNO3
 is the conversion factor of respiratory NO3

− to C equiva-
lents and the maximum O2 diffusion rate into a cell FO2,max can be 
obtained by equating cellular O2 concentration XO2,C

 to zero in Eq. 8 as

Furthermore, in the absence of sufficient NO3
−, the cell uses 

SO4
2− as an electron acceptor for respiration. Since the average con-

centration of SO4
2− in seawater is 29 mM (25), SO4

2− is assumed as 
a nonlimiting nutrient for cell growth, and the potential rate of up-
take of SO4

2− is mainly determined by the maximum uptake rate as

where MSO4
 is the maximum SO4

2− uptake rate. The actual rate of 
SO4

2− uptake, JSO4
, can be written as

where ρCSO4
 is the conversion factor of respiratory SO4

2− to C 
equivalents.

According to formulations 16 and 19, NO3
− and SO4

2− uptake 
occurs only when the diffusive flux of O2 and both O2 and NO3

− are 
insufficient to maintain respiration, respectively. In addition, the 
uptake rates of NO3

− and SO4
2− are also regulated according to the 

cells’ requirements.
Uptakes of NO3

− and SO4
2− incur extra metabolic costs 

RNO3
ρCNO3

JNO3
 and RSO4

ρCSO4
JSO4

, where RNO3
 and RSO4

 are costs per 
unit of NO3

− and SO4
2− uptake. Considering these costs, the total 

respiratory cost of a cell can be written as

Synthesis and growth rate
The assimilated C and N are combined to synthesize biomass. The 
synthesis rate is constrained by the limiting resource (Liebig’s law of 
the minimum) and by available electron acceptors such that the to-
tal flux of C available for growth Jtot (μg C day−1) is

Here, the total available C for growth is JC − Rtot(ψ), the C re-
quired to synthesize biomass from N source is ρCN,BJN, and the C 
equivalent inflow rate of electron acceptors to the cell is 
ρCOFO2

+ ρCNO3
JNO3

+ ρCSO4
JSO4

. We assume that excess C or N is 
released from the cell instantaneously.

Here, biomass synthesis is not explicitly limited by a maximum 
synthesis capacity; synthesis is constrained by the C and N uptake in 
the functional responses (Eqs. 28 and 29). The division rate μ of the 
cell (day−1) can be written as the total flux of C available for growth 
divided by the C mass of the cell (xB)

The resulting division rate, μ, is a measure of bacterial fitness. We 
assume that the cell regulates its N2 fixation rate depending on the 
environmental conditions to gain additional N when sufficient or-
ganic N is not available from the particle to maximize its growth 
rate. The optimal value of the parameter regulating N2 fixation ψ 
(0 ≤ ψ ≤ 1) then becomes

and the corresponding optimal division rate becomes

The particle model
Next, we allow facultative nitrogen-fixing bacterial cells to grow in a 
particle of radius rP(cm) and volume VP (cm3). The particle contains 
bacterial population B(r) (cells liter−1), polysaccharides CP(r) (μg 
G liter−1), and polypeptides PP(r) (μg A liter−1) at a radial distance r 
(cm) from the center of the particle, where G and A stand for glucose 
and amino acids. Only fractions fC and fP of these polymers are as-
sumed as labile [CL(r) = fCCP(r), PL(r) = fPPP(r)], i.e., accessible by 
bacteria. Bacterial enzymatic hydrolysis converts the labile polysac-
charides and polypeptides into monosaccharides (glucose) (G; μg G 
liter−1) and amino acids (A; μg A liter−1) that are efficiently taken up 
by bacteria. Moreover, the particle contains O2, NO3

−, and SO4
2− with 

concentrations XO2
(r) (μmol O2 liter−1), XNO3

(r) (μmol NO3 liter−1), 
and XSO4

(r) (μmol SO4 liter−1). Glucose and amino acids can diffuse 
out of the particle, whereas O2 and NO3

− can diffuse into the particle 
from the surrounding environment. Here, we assume that diffusivity 
depends on the temperature of the water column (see Eq. 32) and is 
independent of the sinking speed of the particles. Because of the high 
concentration of SO4

2− in ocean waters, we assume that SO4
2− is not 

diffusion limited inside particles, instead its uptake is limited by the 
maximum uptake capacity due to cellular physical constraints. The 
interactions between a particle, cells, and the surrounding environ-
ment, in terms of dynamic equations, are provided in Table 1.

We assume that labile polysaccharide (CL) and polypeptide (PL) 
are hydrolyzed into glucose and amino acids at rates JC and JP with 
the following functional forms

JNO3,pot
=MNO3

ANO3
XNO3

ANO3
XNO3

+MNO3

(15)

JNO3
=min

{

JNO3,pot
, max

[

0,
Rtot,A(ψ)−ρCOFO2,max

ρCNO3

]}

(16)

FO2,max = 4πrBKO2
XO2 (17)

JSO4,pot
=MSO4 (18)

JSO4
=min

{

JSO4,pot
, max

[

0,
Rtot,A(ψ)−ρCOFO2,max−ρCNO3

FNO3,pot

ρCSO4

]}

(19)

Rtot(ψ) = Rtot,A(ψ) + RNO3
ρCNO3

JNO3
+ RSO4

ρCSO4
JSO4 (20)

Jtot(ψ)=min
[

JC−Rtot(ψ), ρCN,BJN(ψ), ρCOFO2
+ρCNO3

JNO3
+ρCSO4

JSO4

] (21)

μ(ψ) = Jtot(ψ)∕xB
(22)

ψ
∗
= argmax

ψ
{μ(ψ)} (23)

μ
∗
= μ(ψ

∗
) (24)

JC = hC
ACCL

hC + ACCL

(25)

JP = hP
APPL

hP + APPL
(26)
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where hC and hP are maximum hydrolysis rates of the carbohydrate 
and peptide pool, and AC and AP are respective affinities. JG and JA 
denote uptake of glucose and amino acids

where MG and MA are maximum rates of glucose and amino acids 
uptakes, whereas AG and AA are corresponding affinities. Hydro-
lyzed monomers diffuse out of the particle at a rate DM.

mB represents the mortality rate of bacteria. FO2
 and JNO3

 repre-
sent the diffusive flux of O2 and the consumption rate of NO3

−, re-
spectively, through the bacterial cell membrane. DO2

 and DNO3
 are 

diffusion coefficients of O2 and NO3
− inside the particle.

At the center of the particle (r = 0) the gradient of all quantities 
vanishes

while at the surface of the particle (r = rP), concentrations are deter-
mined by the surrounding environment

with G∞, A∞, XO2,∞
, and XNO3,∞

 as concentrations of glucose, amino 
acids, O2, and NO3

− in the environment.

Temperature dependency of model components
To describe the temperature sensitivity of cellular rates (hydrolyzation, 
resource uptakes, N2 fixation rates, and respiration), we use the Q10 
rule (73–75), which describes the factorial change in a rate resulting 
from a 10°C temperature increase. At temperature T, the cellular rate 
RC is related to the base rate RC,0 at the base temperature T0 according to

The diffusive exchange of materials (NO3
−, glucose, and amino 

acids), between particles and their surroundings, and O2, between 
cells and their immediate surroundings, depends strongly on water 
temperature. To account for the temperature dependency of diffu-
sivity, we followed the Walden’s rule (27), expressed by

where D and η are, respectively, the diffusivity and the viscosity of 
water (28) at the given temperature T. D0 and η0 are diffusion coef-
ficient and viscosity at T0, respectively.

Particle size spectrum
The size spectrum of all particles n

(

rP
)

 represents the number of parti-
cles per unit volume of water per size increment. On the surface ocean, 
the size spectrum is described by a power law distribution (19) of the form

where dP
(

=2rP
)

 is the particle diameter, dref is the reference diam-
eter (set to 4 μm in this study), n0 is the density of particles with re-
spect to the reference diameter dref, and ξ, the exponent, represents 
the relative concentration of small to large particles: the steeper 
(more negative) the exponent, the greater the proportion of smaller 
particles, whereas the flatter (less negative) the exponent, the greater 
the proportion of larger particles. We assume that the particle size 
spectrum follows this distribution in surface waters, and each size 
class evolves freely away from the power-law distribution while 
sinking, depending on the concentration gradients of temperature, 
O2, and NO3

− and bacterial degradation of particles.

Particle sinking speed
The sinking speed, w (m/day), of a particle of radius rP can be 
written as

where η is the dimensionless scaling exponent and cw is the prefactor 
coefficient or the sinking speed of a 1-cm particle (29).

Reduction of particle radius
Because of the hydrolyzation of polymers, particles shrink in size 
while sinking until they run out of all labile materials. To calculate the 
radius of a particle at each time step, we use the relationship between 
total carbon content, Ctot, and the radius, rP, of the particle (76) as

where rref is the value of the radius of a standard reference particle 
whose mass is Cref and the exponent α represents the fractal dimen-
sion of the particle.

The total carbon content of the particle can be obtained as

Here, the carbon content C(r) at a radial distance r can be cal-
culated as

where CP and PP are the amounts of polysaccharides and polypep-
tides in the particle, and fG,C and fA,C are the fractions of carbon in 
glucose and amino acids, respectively.

Since we assume that bacterial cells cannot access the nonlabile 
part of the particle, the radius of the particle reduces only due to 
the reduction in the concentration of the labile part of the poly-
mers, while the concentration of the nonlabile part remains con-
stant. Bacteria stop degrading the particle when all the labile 
material is depleted.
Calculation of total N2

 fixation rate
The model represents a population of facultative heterotrophic di-
azotrophs that grow at a rate similar to other heterotrophic bacteria. 
The whole community initiates N2 fixation when conditions become 
suitable. Although under natural conditions, the growth rate of N2 
fixers always remains low and only constitutes a fraction of the bac-
terial community (77). To avoid overestimating diazotroph cell con-
centrations and, thus, total N2 fixation rates, we assume a fraction σ 
of the total bacterial population, B(r) at a radial distance r, actively 
fixes N2, i.e., BN2

(r) = σB(r).

JG =MG

AGG

AGG +MG
(27)

JA =MA

AAA

AAA +MA
(28)
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G ∣r=rP
=G∞, A ∣r=rP

=A∞,

XO2
∣r=rP

=XO2,∞
, XNO3

∣r=rP
=XNO3,∞

(30)

RC = RC,0Q10

T−T0
10 (31)

D = D0η0
T

ηT0
(32)

n
(

rP
)

= n0
(

dP∕dref
)−ξ

(33)

w = cw
(

dP
)η

(34)

Ctot = Cref

(

rP∕rref
)α

(35)

Ctot = ∫ 4πr2C(r)dr (36)

C(r) = fG,CCP + fA,CPP (37)
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The total amount of fixed N2 in a particle of radius rP (cm) is (μg N 
particle−1)

where JN2
(r) is the cellular N2 fixation rate at a radial distance r.

The N2 fixation rate per unit volume of water, Nfix,V (μmol N m−3 
day−1), can be calculated as

where xmin and xmax represent the minimum and maximum sizes 
(radius) of particles, respectively, and n

(

rP
)

 represents the number 
of particles per unit volume of water per size increment, which is the 
size spectrum of particles.

The depth-integrated N2 fixation rate, Nfix,D (μmol N m−2 day−1), 
can be obtained by

where Z is the depth of the water column.

Initial setup for numerical simulations.
General setup
In our simulations, we consider a heterotrophic bacterial population 
of cell radius 0.29 μm (68) (50 fg C cell−1) (78) living inside particles. 
The initial concentrations of polysaccharide and polypeptide are 
2.6 × 108 μg G liter−1 (79) and 1.6 × 108 μg A liter−1 (79), with labili-
ties of 0.238 (80) and 0.5 (80), respectively. Outside the particle, the 
glucose, amino acids, O2, NO3

−, and SO4
2− concentrations are kept 

fixed at 50 μg G liter−1, 5 μg A liter−1, 50 μmol O2 liter−1, 15 μmol 
NO3

− liter−1, and 29 × 103 μmol SO4
2− liter−1, respectively.

While calculating the thermal range of N2 fixation, we allow het-
erotrophic bacteria to grow inside a particle of radius 0.15 cm under 
fixed environmental conditions (76, 81). Since our system of differ-
ential equations is very stiff, we solve it using a very small time step, 
10−6 days. Each particle sinks through the water column based on a 
size-dependent settling velocity, which is reduced at every time step 
as the particle loses carbon due to hydrolysis. To keep the model 
simple and focus on the processes affecting the N2 fixation, we ne-
glect the process of aggregation and disaggregation.
Latitudinal and global distribution
Consistent with what is observed in the global ocean, we allow par-
ticles ranging from 5 μm to 0.25 cm (radius) to sink through the 
water columns (76, 81). The whole size range is divided into 21 size 
classes of particles.

We consider the global distribution of the abundance of different 
size classes of particles in the surface ocean. The parameters n0 and 
dref, defining the particle size distribution in our model (Eq. 33), are 
kept fixed to values that allow us to match the particle size distribu-
tion observed in Monterey Bay, CA (19). This simulated distribution 
is then validated against data from the northern part of the South 
China Sea (82) (fig. S6). The parameter ξ, representing the exponent 
of the particle size spectrum, varies globally in relation to region-
specific particle size distributions at the ocean surface (30).

Different types of particles with different origins and character-
ized by different concentrations of polysaccharides and polypeptides 

can be found in the oceans. Although in our model the global distri-
bution of particle size at the ocean surface reflects some of the above 
properties, future studies should consider particle type–specific con-
centrations of polysaccharides and polypeptides, diffusive exchange 
of gases and other materials, and sinking speed. Moreover, particles 
undergo processes of aggregation and disaggregation, which can af-
fect particle size distributions with depth. However, the abundance 
and proportion of large particles do not appear to change markedly 
in the mesopelagic part of the ocean (83), especially in the OMZs 
(84), where (based on our results) more than 80% of heterotrophic 
N2 fixation occurs. We expect that small variations in the density of 
macroscopic particles will have minimal impacts on our estimates of 
particle associated global N2 fixation by heterotrophic bacteria. 
Therefore, to keep our focus on N2 fixation and to maintain the com-
putational costs within reasonable limits, we assume that the particle 
size distribution does not vary with depth.

To examine the latitudinal variation in N2 fixation by heterotro-
phic diazotrophs associated with sinking particles, we chose a tran-
sect in the North Pacific Ocean along 137.5°W spanning from 0° to 
60°N and allow particles to sink through the water column. We force 
the model using climatological data from the World Ocean Atlas for 
the vertical distribution of O2 (22), NO3

− (21), temperature (23) (fig. 
S7), and latitude-specific particle size distributions.

For the global simulation, the model is run at every 5° by 5° grid 
point using vertical fields of annual mean temperature, O2 and NO3

− 
concentrations (from the World Ocean Atlas, as mentioned above), 
and region-specific particle size distributions at the ocean surface as 
forcing. These annual data were interpolated to fill in missing values. 
At each of these locations, we restricted our analysis to the maximum 
depth at which data were available. We assume that N2 fixation stops 
below that depth. Note that, for a large portion of the Southern Ocean, 
data were available only for the upper 500 m of the water column. We 
investigate the global distribution of heterotrophic N2 fixation by plot-
ting depth-integrated N2 fixation rates. In addition, the contribution to 
the global nitrogen budget is calculated by integrating depth-integrated 
N2 fixation rates over all the grid points.
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