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Abstract

Marine N2 fixing microorganisms, termed diazotrophs, are a key functional group in
marine pelagic ecosystems. The biological fixation of dinitrogen (N2) to bioavailable
nitrogen provides an important new source of nitrogen for pelagic marine ecosystems
and influences primary productivity and organic matter export to the deep ocean. As5

one of a series of efforts to collect biomass and rates specific to different phytoplankton
functional groups, we have constructed a database on diazotrophic organisms in the
global pelagic upper ocean by compiling about 12 000 direct field measurements of
cyanobacterial diazotroph abundances (based on microscopic cell counts or qPCR
assays targeting the nifH genes) and N2 fixation rates. Biomass conversion factors10

are estimated based on cell sizes to convert abundance data to diazotrophic biomass.
The database is limited spatially, lacking large regions of the ocean especially in the
Indian Ocean. The data are approximately log-normal distributed, and large variances
exist in most sub-databases with non-zero values differing 5 to 8 orders of magnitude.
Lower mean N2 fixation rate was found in the North Atlantic Ocean than the Pacific15

Ocean. Reporting the geometric mean and the range of one geometric standard error
below and above the geometric mean, the pelagic N2 fixation rate in the global ocean
is estimated to be 62 (53–73) Tg N yr−1 and the pelagic diazotrophic biomass in the
global ocean is estimated to be 4.7 (2.3–9.6) Tg C from cell counts and to 89 (40–
200) Tg C from nifH-based abundances. Uncertainties related to biomass conversion20

factors can change the estimate of geometric mean pelagic diazotrophic biomass in
the global ocean by about ±70 %. This evolving database can be used to study spatial
and temporal distributions and variations of marine N2 fixation, to validate geochemical
estimates and to parameterize and validate biogeochemical models. The database is
stored in PANGAEA (http://doi.pangaea.de/10.1594/PANGAEA.774851).25
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1 Introduction

N2 fixation is the biological conversion of dinitrogen (N2) gas into two molecules of am-
monia by diazotrophic organisms. Over geological time scales, N2 fixation is important
for regulating fixed N concentrations in the ocean and thereby sustain ocean fertility
(Tyrrell, 1999). The rate of pelagic N2 fixation in the contemporary ocean has been5

estimated to be 100–200 Tg nitrogen (N) yr−1, which constitutes about half of the total
external source of bioavailable N to the ocean (Gruber and Sarmiento, 1997, 2002; Karl
et al., 2002; Galloway et al., 2004; Deutsch et al., 2007; Gruber, 2008). It is generally
accepted that cyanobacteria are the major N2-fixing microorganisms in the ocean (Karl
et al., 2002; Zehr, 2011). However, non-cyanobacterial prokaryotic plankton may also10

conduct N2 fixation in the ocean as revealed by the presence and transcription of nifH
genes (encoding the iron protein component of the nitrogenase enzyme) (Zehr et al.,
1998; Riemann et al., 2010; Farnelid et al., 2011; Fernandez et al., 2011), albeit their
relative contribution to global N2 fixation remains to be determined.

There are three major types of marine planktonic diazotrophic cyanobacteria (Sohm15

et al., 2011b; Zehr, 2011): (1) non-heterocystous filamentous cyanobacteria; (2) het-
erocystous cyanobacteria; and (3) unicellular cyanobacteria. Among them, most
field and laboratory research has focused on non-heterocystous filamentous Tri-
chodesmium (Oscillatoriales) (Dugdale et al., 1961; Carpenter and Romans, 1991;
Capone et al., 1997). Trichodesmium is an abundant diazotroph in the open ocean20

(Capone et al., 2005; LaRoche and Breitbarth, 2005), which can be found as large
colonies known as “puffs” or “tufts” or as free trichomes (Carpenter, 1983).

Heterocystous cyanobacteria (Nostocales, of the genera Richelia and Calothrix) are
frequently found in several oceanic diatom genera, including Rhizosolenia and Hemi-
aulus where cyanobacteria live within the diatom frustule but outside the cell wall, or as25

epiphytes on Chaetoceros diatoms (Mague et al., 1974; Venrick, 1974; Mague et al.,
1977; Villareal, 1990; Foster and O’Mullan, 2008).
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The most recently characterized diazotrophic phylotypes are the unicellular
cyanobacteria (UCYN). Zehr et al. (2001) first successfully amplified a fragment of
the nifH gene and nifH transcripts from the <10 µm size fraction of the whole water
samples that demonstrated the presence of unicellular diazotrophs. and subsequently,
Montoya et al. (2004) measured high rates of N2 fixation by UCYN in the Pacific Ocean.5

Three distinct phylogenetic groups have been identified from UCYN, including Cro-
cosphaera watsonii (sometimes referred to as Group B, UCYN-B), uncultivated Group
A (UCYN-A) (Zehr et al., 2001), and Group C (UCYN-C) (Langlois et al., 2005; Foster
et al., 2007) which have only recently been cultured (Taniuchi et al., 2011).

Although marine cyanobacterial diazotrophs play a critical role in the oceanic N cycle,10

primary productivity and organic matter export (e.g. Karl et al., 1997, 2002; Capone,
2000; Gruber, 2008), there is still no database synthesizing the many field measure-
ments of diazotrophic abundances and N2 fixation rates in the global ocean. Such a
database is fundamental to understand the spatial distribution and temporal variability
of diazotrophic biomass and activity. Moreover, a more comprehensive set of direct15

measurements may be useful in evaluating basin and global-scale geochemical esti-
mates of diazotrophic N inputs, which have generally found the global N budget to be
in deficit, with total N sources significantly lower than the N sinks (Gruber, 2008). The
database can also be expected to provide useful information with which to investigate
the controlling mechanisms for marine diazotrophic distribution and activities.20

In this paper we present a database compiling data on the abundance, biomass and
N2 fixation rate of diazotrophs in the global ocean. This effort is part of the Marine
Ecosystem Model Inter-comparison Project (MAREMIP), in which field measurement-
based databases are constructed for biomass and related process rates for phytoplank-
ton functional types (PFTs) (Buitenhuis et al., 2012). The databases, named “MA-25

Rine Ecosystem DATa” (MAREDAT), include nine PFTs: diatoms, Phaeocystis, coc-
colithophores, diazotrophs, picophytoplankton, bacterioplankton, mesozooplankton,
macrozooplankton and pteropods, and also a database for dissolved organic carbon.
In addition to the database for diazotrophs presented in this paper, other databases
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are presented in other papers of this special volume. The MAREDAT databases will be
used for the future model inter-comparison studies in the MAREMIP projects, and are
also available for public use.

In Sect. 2, the database is described, including information about database construc-
tion, data measurement methods, data quality control and conversion from diazotroph5

abundances to C biomass. In Sect. 3, we present and discuss synthesized results
from the database, including (1) the results of quality control, (2) spatial and temporal
distribution of cell counts of diazotrophs, N2 fixation rates and nifH-based abundances,
(3) general characteristics of the datasets including mean N2 fixation rates and car-
bon biomass as a function of geographical location and depth, (4) estimates for global10

N2 fixation rates and C biomass, and (5) the sensitivity of biomass estimate on the
conversion factors. In Sect. 4, we draw conclusions and provide recommendations for
appropriate use of this database.

2 Data and methods

The database is available at PANGAEA (http://doi.pangaea.de/10.1594/PANGAEA.15

774851).

2.1 Database construction

2.1.1 Database summary

Data comprised of three types of direct measurements, cell counts of diazotrophs, N2
fixation rates, and nifH-based abundances via quantitative polymerase chain reaction20

(qPCR) assays, were compiled from the scientific literature and personal communica-
tion with researchers working in the field. The database contains a total of 11 928 data
points including three sub-databases: (1) cell counts of diazotrophs with 5191 data
points (Table 1a), (2) N2 fixation rates with 3536 data points (Table 1b) and (3) dia-
zotrophic abundances estimated from nifH copy abundances (referred to as nifH-based25
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abundances hereafter) with 3201 data points (Table 1c). Note that the counts for Tri-
chodesmium were reported in number of colonies, trichomes or cells, yet we maintain
usage of the term “cell counts” to distinguish count-based methods from nifH-based
abundances. The diazotroph abundances based on cell counts and nifH genes were
converted into C biomass using conversion factors (discussed below). In each sub-5

database, the data were grouped into three taxonomic types, Trichodesmium, UCYN
and heterocystous cyanobacteria (Table 1). A separate grouping is maintained for
those N2 fixation rates measured from whole seawater samples (Table 1b).

Each volumetric data point is identified by its sampling date, geographic location
(latitude and longitude) and depth. Depth-integrated values were calculated for those10

vertical profiles with measurements available at three or more depths. By doing this,
the profiles were linearly interpolated from surface to bottom sampling depth, i.e. N2 fix-
ation rates and diazotrophic abundances are considered to be negligible below the bot-
tom depth. These calculated depth-integrated data points were not counted in the total
points in Table 1 as they are derived values. An additional 408 data points of diazotroph15

cell counts and N2 fixation rates that were originally reported as depth-integrated val-
ues were also included. These 408 depth-integrated data points are counted in the
total in Table 1 as they are independent from other data points. Each depth-integrated
data point is identified by its sampling date, geographic location and integral depth.

The database also provides total diazotrophic C biomass (from cell counts and nifH-20

based abundances) for each sample by summing values from the three defined dia-
zotrophic types: Trichodesmium, unicellular and heterocystous cyanobacteria. Total
N2 fixation rates are also provided: when whole seawater N2 fixation rates are avail-
able, they are used as total N2 fixation rates, otherwise the total N2 fixation rates are
calculated by summarizing values from the three defined diazotroph types. In many25

samples measurements were not available for all the three defined diazotrophic types.
Also, these three defined types do not represent the full diazotrophic community. Thus
the derived totals (via summation) can be considered as the lower limits of diazotrophic
biomass and activity.
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Accessory data, including temperature, salinity and concentrations of nitrate, phos-
phate, iron and chlorophyll are also provided if available.

2.1.2 Cell counts

Cell counts for diazotrophs (Table 1a) were largely performed by standard light mi-
croscopy whilst a number of samples were counted using epifluorescence microscopy5

with blue or green excitation (Orcutt et al., 2001; Chen et al., 2003, 2008, 2011; Car-
penter et al., 2004; Sohm et al., 2011a; Villareal et al., unpublished North Pacific data).
The cell counts are limited to Trichodesmium and heterocystous cyanobacteria but no
cell counts available for UCYN (Table 1a), as UCYN-B can only be directly identified
by epifluorescence microscopy and UCYN-A have not been microscopically identified.10

UCYN-C has only recently been microscopically identified (Taniuchi et al., 2011).
Most counts for Trichodesmium were reported in number of colonies or trichomes

per volume, and in a few datasets in cell densities. In order to use a unified biomass
conversion factor for Trichodesmium (discussed later), all the Trichodesmium counts
were converted to number of trichomes assuming commonly used conversion factors15

of 200 trichomes colony−1 and 100 cells trichome−1 (Carpenter, 1983; Letelier and
Karl, 1996; LaRoche and Breitbarth, 2005; Benavides et al., 2011). An exception is
for the dataset of Carpenter et al. (2004) where conversion factors were measured in
selected vertical profiles in three cruises in the tropical North Atlantic with averages of
137 (71–267), 224 (89–411) and 148 (56–384) trichomes per colony, respectively. In20

this case, the measured conversion factors are used for this specific dataset. Notably,
the assumed conversion factor of 200 trichomes colony−1 is consistent with values
reported in Carpenter et al. (2004).

The cell counts for heterocystous bacteria were grouped into two major genera,
Richelia and Calothrix. Counts for the Richelia and Calothrix are provided as hete-25

rocyst abundances. There are several datasets (Brzezinski et al., 1998; Gómez et
al., 2005; Poulton et al., 2009; Villareal et al., unpublished Gulf of Mexico data; Vil-
lareal et al., 2011) in which abundances of host diatom Hemiaulus and Rhizosolenia
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were reported while Richelia heterocysts were not counted. As a Hemiaulus diatom
typically contains 2 Richelia filaments whereas a Rhizosolenia diatom can contain 1–
32 Richelia filaments (Sundström, 1984; Villareal, 1989, 1990; Foster and O’Mullan,
2008), the abundances of heterocysts for these datasets were derived from cell counts
of their host diatoms by assuming that each Hemiaulus or Rhizosolenia cell contains 25

or 5 Richelia filaments, respectively. In one dataset (Gómez et al., 2005), abundances
of Chaetoceros were counted but the associated heterocystous cyanobacteria were
found to be Richelia. An average ratio of 0.5 Richelia heterocyst per Chaetoceros cell
were reported by the dataset and was used to calculate the Richelia abundance. The
trichomes or filaments of Richelia or Calothrix are typically composed of 3–4 vegeta-10

tive cells and 1 terminal heterocyst (Foster and Zehr, 2006). Thus abundances of cells
within these genera are estimated by multiplying the heterocyst abundances by 5, i.e.
assuming 5 cells per filament. Note that it may underestimate heterocystous cell abun-
dances as the Richelia symbionts of Rhizosolenia in some cases can contain more
vegetative cells (near 10) (Villareal, 1989; Villareal, 1992; Janson et al., 1999).15

2.1.3 N2 fixation rates

N2 fixation rates were measured directly by 15N-labelled N2 gas (15N2) assimilation
(Montoya et al., 1996) or indirectly by the acetylene (C2H2) reduction assay (Capone,
1993) (Table 1b). The 15N2 assimilation method tracks the conversion of 15N2 to par-
ticulate N. The 15N2 tracer is added into the ambient pool of N2, the 15N/14N ratio is20

measured in the particulate N after incubation and compared to the natural abundance
of N isotopes in unlabeled particulate material. The C2H2 method estimates N2 fixation
rate indirectly by measuring the reduction of C2H2 (a competitive inhibitor of N2) to ethy-
lene (C2H4) which is then converted to a N2 fixation rate assuming of 3 or 4 moles C2H2
reduced per 1 mole N2 fixed, depending on the extent of nitrogenase linked hydrogen25

production (Postgate, 1998). Generally, the direct 15N2 assimilation is a precise and
sensitive method; hence, it has been used to generate the majority of rates (Table 1b).
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Direct comparison of these two methods showed the direct 15N2 assimilation method
generally yields lower rates than those estimated from C2H2 reduction assay (see sum-
mary in Mulholland, 2007). Discrepancies between these measures could be because
the 15N2 assimilation method measures the net rate of conversion of reduced N to cel-
lular N, or net N2 fixation, while the C2H2 reduction method measures gross N2 fixation,5

which includes the reduced N both stored in cells and excreted as ammonium or dis-
solved organic N during incubation (Mulholland et al., 2004; Mulholland, 2007). More
recently, it has been suggested that the direct 15N2 assimilation method significantly
underestimates the N2 fixation rates because the 15N2 bubbles injected in seawater
do not attain equilibrium with surrounding water (Mohr et al., 2010). However, there is10

no significant difference between our collected depth-integrated and volumetric, whole
seawater N2 fixation rates by the 15N2 assimilation method (3.3±18 µmol N m−3 d−1,
n= 1950) and those by the C2H2 reduction assays (2.1±4.1 µmol N m−3 d−1, n= 125)
(two-sample Student’s t-test, p= 0.48) (Fig. 1). Thus data acquired by either method
are included in the database. But this analysis does not consider different sampling15

sites. Further investigations using pair-wise comparison of the methods are needed to
evaluate effects of these two methods on N2 fixation rate measurement. Users have
to be careful when using the database to study N2 fixation rates aggregated from two
different methods.

The collected N2 fixation rates were mostly measured for whole seawater samples20

(Table 1b). Some samples were filtered and N2 fixation rates were measured for or-
ganisms in the <10 µm size-fraction, which we have assigned to unicellular diazotrophs
(Table 1b). Note that UCYN-B can form colonies and may not be included in this size
fraction. It is also possible that some diatoms with associated heterocystous cyanobac-
teria may be included in <10 µm fractions. N2 fixation rates were also measured in25

some datasets specifically for Trichodesmium and heterocystous cyanobacteria. Most
N2 fixation data were reported as daily rates, except for 11 datasets that were reported
as hourly rates. Trichodesmium fixes N2 exclusively during the light period, while the
diel patterns of N2 fixation are unclear for other diazotrophs (Carpenter and Capone,
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2008 and references therein). Thus those hourly N2 fixation rates were converted to
daily rates by multiplying with 12 h, which, however, could be conservative if the dia-
zotrophs other than Trichodesmium could fix N2 during night (e.g. Montoya et al., 2004;
Zehr et al., 2007).

2.1.4 NifH-based abundances5

NifH abundances were estimated by qPCR targeting the nifH gene (Church et al.,
2005a, b; Foster et al., 2007). Cellular DNA was extracted, and the gene sequences
were targeted for different diazotrophic groups. Most nifH-based abundances were
estimated for the three major diazotroph types: Trichodesmium, UCYN groups and
heterocystous groups (Table 1c). Gene copies for UCYN were identified as UCYN-10

A, UCYN-B and/or UCYN-C groups. NifH-based abundances were also estimated for
different groups of heterocystous cyanobacteria based on three nifH gene sequences
(het-1, het-2 and het-3), which have been identified in symbioses with diatoms: Riche-
lia-Rhizosolenia, Richelia-Hemiaulus and Calothrix-Chaetoceros, respectively (Church
et al., 2005b; Foster and Zehr, 2006). Note that there is one dataset (Boström et al.,15

2007) that reports the abundance of heterocystous genus Nodularia. The qPCR de-
tection limit varies according to several factors specific to each lab including sample
volume, final extraction volume, and the volume of the DNA extract used in the qPCR
reaction, but is typically in the range of 6–12 nifH copies l−1. The limit of quantitation
is significantly higher, typically on the order of 50–100 nifH copies l−1. Thus we have20

assigned a value of 10 nifH copies l−1 to those data points reported as “detected but
not quantifiable”.

To estimate diazotrophic abundances, nifH gene copies are converted to number of
diazotrophic cells on 1:1 basis, as it is for those diazotrophic genomes that have been
sequenced (e.g. Trichodesmium and UCYN-B), that there is one nifH gene copy per25

genome (Zehr et al., 2008) and assuming one genome copy per cell. NifH genes are
present in both the vegetative cells and the heterocysts of heterocystous cyanobacteria
(Foster et al., 2009b). Thus, this estimate accounts for abundances of the total cells,
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not just the heterocysts, of the heterocystous cyanobacteria. Limitations are associ-
ated with this extrapolation. Evidence indicates that this extrapolation overestimate the
diazotrophic abundances and can only be treated as an upper limit of the cell density
because of the presence of multiple nifH gene copies per cell in some diazotrophs such
as Clostridium pasteurianum (Langlois et al., 2008). Little information is available on5

the variability of genome copies per cell for all nifH phylotypes (Langlois et al., 2008).
It is possible that when there is excess phosphorus or if diazotrophic cells are car-
bon/energy limited rather than nutrient limited, they might accumulate more than one
genome copy per cell. However, this extrapolation can also underestimate diazotrophic
abundances as it is known that DNA and RNA extractions are not 100 % efficient and10

may vary among species (Foster et al., 2009b). The extraction efficiencies, and even
genome copies per cell, are currently under investigation (J. Zehr, personal communi-
cation, 2011).

In addition, non-replicating deoxyribonucleic acid (DNA) can comprise up to 90 % of
the total DNA in the oligotrophic regions (Winn and Karl, 1986) and DNA sampled in15

natural environments may represent non-living (detrital or non-replicating) particulate
matter (Holm-Hansen et al., 1968; Holm-Hansen, 1969; Winn and Karl, 1986; Bailiff
and Karl, 1991; Arin et al., 1999). There is also evidence suggesting the non-living
DNA is less important than originally thought (Dortch et al., 1983).

2.2 Log-normal distribution and quality control20

Diazotrophic abundances and N2 fixation rates in the ocean can range from 0 when
diazotrophs are below detection or truly absent at that location and time, to very high
values during diazotrophic bloom phases. Cell abundances and N2 fixation rates hence
vary by several orders of magnitude, and are often not normally distributed and are pos-
itively skewed (long tail of high values). However, the datasets (excluding zero-value25

data points) are approximately log-normally distributed (Figs. 2 and S1) as is typical of
many biological and ecological properties that are induced by biological mechanisms
(Koch, 1966; Campbell, 1995). Mathematically, calculating the (arithmetic) mean and

59

http://www.earth-syst-sci-data-discuss.net
http://www.earth-syst-sci-data-discuss.net/5/47/2012/essdd-5-47-2012-print.pdf
http://www.earth-syst-sci-data-discuss.net/5/47/2012/essdd-5-47-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ESSDD
5, 47–106, 2012

Database of
diazotrophs in global

ocean

Y.-W. Luo et al.

Title Page

Abstract Instruments

Data Provenance & Structure

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

standard error of the log-transformed data and then back-transforming them exponen-
tially results in geometric mean x̄g and geometric standard error SEg, which should be
used in estimating the mean and the error of the mean for a log-normal distribution
in format of x̄g×/SEg (x̄g multiplied and divided by SEg) instead of using x̄a±SEa (x̄a:
arithmetic mean; SEa: arithmetic standard error) (Limpert et al., 2001; Doney et al.,5

2009).
We control for data quality by using Chauvenet’s criterion to remove outliers (Glover

et al., 2011), which generally applies to normally distributed datasets and rejects data
whose probability of deviation from the mean is less than 1/(2n), where n is the num-
ber of data points. However, considering (1) the datasets are log-normally distributed10

and (2) valid diazotrophic abundances and N2 fixation rates can be infinite low or zero,
Chauvenet’s criterion in our practice is applied to the log-transformed non-zero data
to remove the outliers only on the high side. Those nifH-based abundances that were
reported as “detected but not quantifiable” are not included in the application of Chau-
venet’s criterion. Although not used in the application of Chauvenet’s criterion, data15

with zero values are kept in the database, as they represent valuable ecological infor-
mation. Note that the criterion is processed separately for the volumetric data points
of each taxonomic type. The criterion is also applied to the depth-integrated total N2
fixation rates and the depth-integrated total biomass estimated from cell counts and
nifH-based abundances, as these depth-integrated values are used later for the global20

estimates. First the mean x̄log and the standard deviation σlog of the log-transformed
data are calculated, which are used to calculate the critical value x∗

log with a probability
of a half of 1/(2n) that values would exceed the mean x̄log by this amount assuming
normal distribution (in log-transformed space). One half of 1/(2n) is used because
Chauvenet’s criterion is two-tailed test, and we only reject data at one tail on the high25

side. Thus all data with log-transformed values higher than x̄log+x∗
log are removed.
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2.3 Biomass conversion

The cell counts and nifH-based abundances are converted to C biomass using conver-
sion factors (Table 2). As discussed above, for C biomass estimates all the counts of
Trichodesmium in colonies and cells have been converted to number of trichomes by
assuming 200 trichomes colony−1 and 100 cells trichome−1. To determine the biomass5

conversion factor for trichomes of Trichodesmium, we utilize size measurements of cul-
tured cells of different Trichodesmium species (Hynes et al., 2012) and estimate car-
bon content using the model of Verity et al. (1992) (Table 3). The format of the Verity
et al. (1992) model is:

C=0.433 ·V 0.863, (1)10

where C is the cell carbon content in pg and V is the cell volume in µm3. This model was
used because it was based on many data points across a wide range of cell sizes and
species type, including cyanobacteria. T. erythraeum is the smallest Trichodesmium
species, with estimated C content of 65 pg C cell−1 (Table 3) or 6.5 ng C trichome−1

(using 100 cells trichome−1). The estimated carbon content for other Trichodesmium15

species is 110–250 pg C cell−1 (Table 3) or 11–25 ng C trichome−1 (using 100 cells
trichome−1). Carbon content for Trichodesmium was derived from elemental analy-
sis coupled with direct trichome counts at 40 stations in the tropical Atlantic in 1994
and 1996 (see the dataset associated with Carpenter et al., 2004 in our database),
yielding a conversion factor of 10±12 ng C trichome−1. Some other studies observed20

higher C contents for Trichodesmium colonies, such as 9.7 µg C colony−1 in the Pa-
cific (Mague et al., 1977) and 10.9 and 11.6 µg C colony−1 for Trichodesmium puffs and
tufts in Atlantic (McCarthy and Carpenter, 1979), which results in a conversion factor
∼50 ng C trichome−1 by assuming 200 trichomes colony−1. Another direct analysis of
Trichodesmium C content at the BATS station in the Sargasso Sea in 1995–1997 shows25

8.3±3.5 µg C colony−1 (n= 23) for Trichodesmium puffs, 9.9±2.5 µg C colony−1 (n=
14) for Trichodesmium tufts and 4.5±2.4 µg C colony−1 (n= 6) for T. erythraeum (Or-
cutt and Gundersen, unpublished data), which, by assuming 200 trichomes colony−1,
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leads to a conversion factor of 41, 49 and 22 ng C trichome−1, respectively. To ac-
commodate all these estimates, we use conversion factors of 30 ng C trichome−1 and
300 pg C cell−1 (using 100 cells trichome−1) for Trichodesmium (Table 2). The latter is
used for nifH-based Trichodesmium abundances as they are reported as number of
cells.5

UCYN-A cells are spherical in shape with a diameter of about 1 µm (Goebel et al.,
2008), which gives a cell size estimate of 0.5 µm3 and a carbon content of about
0.2 pg C cell−1 using the Verity et al. (1992) model (Table 2). UCYN-B (Crocosphaera)
cells are also spherical in shape with a reported diameter range of 3–5 µm in laboratory
isolates (Goebel et al., 2008) and 3–8 µm in natural samples and cultures (Webb et al.,10

2009; Moisander et al., 2010). Thus UCYN-B cells have a range in volume from 14–
270 µm3 and cellular carbon content between 4–54 pg C cell−1 (Verity et al., 1992). By
assuming a diameter of 5 µm and thus a volume of 65 µm3, we calculate a conversion
factor of 20 pg C cell−1 for UCYN-B (Table 2). The only successful isolation and labo-
ratory culture of a UCYN-C strain, designated TW3 (Taniuchi et al., 2011), show that15

the cells are 2.5–3.0 µm in width and 4.0–6.0 µm in length, which gives cellular volume
of 30 µm3 by using the middle values of the ranges and leads to a conversion factor of
10 pg C cell−1 for UCYN-C by using the Verity et al. (1992) model (Table 2).

The trichomes of Richelia and Calothrix are comprised of three to ten vegetative
cells and one terminal heterocyst (Janson et al., 1999; Foster and Zehr, 2006). The20

sizes of vegetative cells and heterocysts have been measured for multiple Richelia and
Calothrix samples (Foster et al., 2011). We use these values to estimate the C contents
of vegetative cells and heterocysts by using the Verity et al. (1992) model (Table 4). As
the sizes and the C contents are different in vegetative cells and heterocysts, average
C content per Richelia or Calothrix cell are calculated by assuming each trichome25

is comprised of one heterocyst and three, five or ten vegetative cells (Table 4). The
number of vegetative cells per trichome does not greatly impact the estimate of average
C content per cell (Table 4), and a biomass conversion factor of 10 pg C cell−1 is used
for both Richelia and Calothrix (Table 2).
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The uncertainties related to these conversion factors will be discussed below.

3 Results and discussion

3.1 Results of quality control

Most data types are well approximated by a log-normal distribution (Figs. 2 and S1),
except for Calothrix cell counts and Calothrix nifH-based abundances which only have5

limited non-zero data points (Fig. S1b and S1h). By applying Chauvenet’s criterion,
there are only 8 data points rejected as their values are higher than the critical values,
including 1 data point of volumetric Trichodesmium cell count which are greater than
the geometric mean by 6 orders of magnitude (Fig. 2a), 1 data point of volumetric Tri-
chodesmium N2 fixation rate which are greater than the geometric mean by 5 orders10

of magnitude (Fig. 2b), 2 data points of volumetric N2 fixation rate by UCYN which are
greater than the geometric mean by 3 orders of magnitude (Fig. 2c), 1 data point of vol-
umetric whole seawater N2 fixation rate which are greater than the geometric mean by 3
orders of magnitude (Fig. 2d) and 3 data points of volumetric UCYN-B nifH genes which
are greater than the geometric mean by 5 orders of magnitude (Fig. 2e). Thus from a15

statistical point of view, most data are acceptable. The underlying assumption of apply-
ing Chauvenet’s criterion is that the samples are from similar biogeographic domains.
The rejected 1 data point of Trichodesmium cell count of 4.4×1010 trichomes m−3 and
1 data point of Trichodesmium N2 fixation rate of 31 391 µmol N m−3 d−1 were sampled
simultaneously in the western Indian Ocean near the Kenyan coast (Fig. 3a and b)20

(Kromkamp et al., 1997). The authors reported that a massive bloom, which seemed
to be associated with a front, was encountered and large streaks with Trichodesmium
colonies were floating at the surface. As both the high abundance and N2 fixation rate
were observed, these two data points were very likely real. The rejected data points
of UCYN’s N2 fixation rate of 360 and 960 µmol N m−3 d−1 (Montoya et al., 2004) are25

from ∼10◦ S, ∼130–135◦ E, the western tropical Pacific in the Arafura Sea (Fig. 3b).
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High N2 fixation rates are commonly found in this region, such as another rejected
whole seawater N2 fixation rate of 610 µmol N m−3 d−1 (Bonnet et al., 2009) found in
the nearby sea region at 6◦ S, 147◦ E, near Papua New Guinea (Fig. 3b). Recent mea-
surements in the southwestern Pacific near New Caledonia also show extremely high
N2 fixation rates (Bonnet, unpublished data). The possible reason for these high N25

fixation rates could be the iron supply from volcanoes or via upwelling. The rejected 3
data points of UCYN nifH-based abundances of ∼2–9×1011 copies m−3 (Orcutt et al.,
unpublished data) are from the Mississippi Sound (Fig. 3c), although most other nifH
gene data were sampled from the open ocean. Mississippi Sound is a very shallow,
partially land-locked coastal environment and is very different from open ocean wa-10

ters. Also, the 3 rejected data points of the extreme peaks in nifH-based abundance
were sampled in June and July 2009 during extremely high water temperature events
(∼30 ◦C) towards the end of the summer. This is also a time of the year when the
lowest seasonal dissolved inorganic N:P-ratios (approximately 0.5) occurred, although
the ratio is increasing towards 3–6 by the end of the late summer period (likely due to15

N2 fixation). The extreme peaks in nifH-based abundance also coincided with peaks in
phytoplankton Chl-a (5–6 µg l−1). Thus we believe the rejected data points are due to
the specific environment and not necessarily related to the data quality, hence we have
retained these values in the database. These points, however, are not included in our
later analyses because their extremely high values would influence the mean values.20

It is also important to note that we have not excluded data based on an assessment of
the protocols of sampling, handling, preservation or measurement.

3.2 Data distribution

Figure 3 shows the spatial distribution of the three sub-databases. The Atlantic Ocean
has the best data coverage in all three sub-databases, especially in the North Atlantic.25

In the Pacific Ocean, the coverage is limited especially in the South Pacific. There is
almost no data coverage for the Indian Ocean except four datasets that in the Arabian
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Sea (Capone et al., 1998; Mazard et al., 2004), near the Kenyan coast (Kromkamp et
al., 1997) and in the Madagascar Basin (Poulton et al., 2009). There are also some
data points in inner seas. N2 fixation rates were measured almost every month at the
BATS station in 1995–1997 and at Station ALOHA from 2005–2010. These are the
only two sites with continuous time-series of N2 fixation measurements.5

Most data were collected in the tropical and subtropical regions, with latitudinal cov-
erage of 50◦ S–50◦ N for cell counts of diazotrophs, 40◦ S–60◦ N for N2 fixation rates
and 30◦ S–60◦ N for nifH-based abundances (Fig. 4). Most data were collected in the
1990s and 2000s, with some cell counts and N2 fixation rates collected in 1960s and
1970s and very limited data points of cell counts collected in 1980s (Fig. 5a, c and e).10

The monthly distribution of the data tends to be random for cell counts (Fig. 5b) and N2
fixation rates (Fig. 5d), while most of nifH gene data were collected in spring and early
summer (Fig. 5f).

3.3 N2 fixation rates

After being binned onto 3×3◦ grids and calculating the geometric means of the data15

in each bin, depth-integrated N2 fixation rates are found to be highest in the western
tropical Atlantic near the Caribbean Sea and in the subtropical North Pacific near the
Hawaiian Islands, on an order of 100–1000 µmol N m−2 d−1 (Fig. 6a). In most other
regions, depth-integrated N2 fixation rates are on an order of 1–100 µmol N m−2 d−1

(Fig. 6a).20

The volumetric N2 fixation rates are also analyzed on 3×3◦ grids in the five vertical
layers of 0–5, 5–25, 25–62.5, 62.5–137.5 and 137.5–250 m. The geometric mean
values of each grid box are illustrated in Fig. 6b–f. Note that the depth-integrated and
volumetric values are not from exactly the same data sources. They overlap for some
data sources but also have locations that are not in common, as some of the data were25

originally reported as depth-integrated values and the other depth-integrated values
were calculated herein. N2 fixation rates generally decrease with depth (Fig. 6b–f).
When compared horizontally in each layer, the database reveals that there are several
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regions with high N2 fixation rates: the subtropical North Pacific in all the layers, surface
waters of the western Pacific and the tropical Atlantic (especially in the west) in 0–25 m
(Fig. 6b–f).

3.4 Diazotrophic abundance and biomass

Cell counts and nifH-based abundances are used to estimate diazotrophic C biomass5

using the default biomass conversion factors (Table 2), except for a few datasets where
the contributors measured the conversion factors. The geometric mean of cell counts
in both the depth-integrated and volumetric datasets demonstrates that Trichodesmium
is the dominant diazotrophs with abundances 1 order of magnitude higher than hete-
rocystous cyanobacteria (Richelia and Calothrix), except that the abundance of depth-10

integrated Calothrix is in same order as Trichodesmium (Table 5). But number of
depth-integrated cell count samples for Calothrix are very limited (Table 5) and are
limited to one cruise in the subtropical North Pacific (Villareal et al., unpublished data).
As the average Trichodesmium cell size, and thus the biomass conversion factor, is
much larger than heterocystous cyanobacteria (Table 2), Trichodesmium constitute15

more than 97 % of diazotrophic biomass based on cell count data (Table 5). Cell count
data do not include UCYN groups. The geometric mean of nifH-based abundances
shows that UCYN-A is the most abundant among all the diazotrophic groups including
Trichodesmium, and the abundances of UCYN-B, UCYN-C and Richelia are also com-
parable to Trichodesmium in the volumetric data (Table 5). However, Trichodesmium20

still dominate the diazotrophic biomass (Table 5) because of their higher biomass con-
version factor than other groups. Comparison of the geometric means show that nifH-
based abundances are mostly one order of magnitude higher than cell-count-based
abundances for Trichodesmium and heterocystous cyanobacteria, except that the vol-
umetric Trichodesmium abundances are comparable in both cell-count-based and nifH-25

based geometric means (Table 5). In the North Atlantic Ocean where both cell counts
and nifH-based abundances were frequently measured (Fig. 3a and c), histograms of
Trichodesmium abundances derived from both the cell count data (assuming 100 cells
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trichome−1) and nifH-based data are in agreement (Fig. 7). This evidence provides
some support for the reliability of nifH-based abundance for Trichodesmium and our
assumption of converting nifH gene copies to cell numbers on 1:1 basis.

For comparison, the arithmetic mean and standard error are also calculated for each
diazotrophic group (Table 5). Note that zero-value data points have to be excluded for5

calculating geometric means, while these data points can be used to calculate arith-
metic means. The arithmetic means are mostly one to several orders of magnitude
larger than the geometric means, especially in the nifH-based datasets (Table 5). The
estimated biomass of UCYN groups increases greatly and becomes comparable to that
of Trichodesmium if the arithmetic means are used (Table 5), which, however, is cer-10

tainly due to the high values within the approximate log-normal distributions dominating
the calculation of the arithmetic mean.

Total diazotrophic C biomass estimated from cell counts is displayed in spatial maps
for a given depth-integral and for the five vertical layers of 0–5, 5–25, 25–62.5, 62.5–
137.5 and 137.5–250 m by showing the geometric means of each 3× 3◦ grid bin15

(Fig. 8a–f). The depth-integrated cell-count-based diazotrophic biomass is higher in
the western than in the eastern Atlantic (Fig. 8a). The depth-integrated cell-count-
based diazotrophic biomass is also high in the subtropical North Pacific near Hawai’i,
while it is low in other regions of the subtropical North Pacific because mostly only
hetercystous cyanobacteria were counted in these sampling sites (Fig. 8a). The cell-20

count-based diazotrophic biomass shows maxima in the surface and decreases with
depth (Fig. 8b–f). The surface cell-count-based diazotrophic biomass is high in the
tropical Atlantic (Fig. 8b and c), which is consistent to the high N2 fixation rates found
in the same region. In the southern Atlantic, the cell-count-based diazotrophic biomass
is low in all layers (Fig. 8b–f). The high cell-count-based diazotrophic C biomass in25

the Arabian Sea is from one dataset (Capone et al., 1998) reporting an extensive Tri-
chodesmium bloom, which may not represent mean level of diazotrophic biomass in
the Arabian Sea.
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The total diazotrophic biomass estimated from nifH-based abundances is presented
for a given depth-integral and for the five vertical layers of 0–5, 5–25, 25–62.5, 62.5–
137.5 and 137.5–250 m by showing the geometric means of each 3× 3◦ grid bin
(Fig. 9a–f). Both the depth-integrals and results for vertical layers show high nifH-
based C biomass in the tropical Atlantic (Fig. 9a–f), which is consistent with the high5

N2 fixation rates found in the same region. High nifH-based biomass was also found in
the southwestern Pacific (Fig. 9a, c and d), where the diazotrophic cell count data are
not reported. The nifH-based biomass is generally high in 0–62.5 m (Fig. 9b–d) and
decreases below 62.5 m (Fig. 9e and f).

3.5 First-order estimates for global N2 fixation rate and diazotrophic biomass10

Many analyses can be conducted with ∼12 000 data points in the database as per the
objectives of the users. Here we show a simple example using the database to conduct
first-order estimates of the global N2 fixation rate and diazotrophic biomass. We divide
the global ocean into 6 regions, the North and the South Atlantic Ocean, Mediterranean
Sea, the North and the South Pacific Ocean and the Indian Ocean (Tables 6, 7 and 8).15

Two methods, geometric mean and arithmetic mean, were used for the estimation.
As the data are not evenly distributed in space and intensive samplings were made
in some regions (Fig. 3), the depth-integrated values are first binned to 3×3◦ grid to
partially avoid this bias. Geometric and arithmetic means are calculated for each bin,
which are then used to calculate geometric and arithmetic means for each region. Areal20

sum of the total N2 fixation rate for each region is calculated by multiplying geometric or
arithmetic means with ocean area of that region. Note that the volumetric data points
are not used in this simple example, although they can also provide valuable informa-
tion for the global estimates. Global N2 fixation rate and diazotrophic biomass are then
estimated by summing the estimates from all the 6 regions. As 99 % of the data in25

the database were collected within a latitudinal span of ∼40◦ S–55◦ N, we assume the
oceanic N2 fixation is negligible outside of this latitudinal range. Given known temper-
ature constraints on diazotrophy, this seems like a reasonable assumption, however,
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one could further refine global estimates if significant N2 fixation is found outside this
latitudinal range in the future.

In the estimates for N2 fixation rate, geometric mean of the depth-integrated rates for
the North Atlantic Ocean surprisingly is lower than that for the North and the South Pa-
cific (Table 6), although the North Atlantic has attracted most studies of diazotrophs. By5

using the geometric means, the total N2 fixation rate in the North Atlantic is estimated
to 1.7 Tg N yr−1, one order lower than the estimates for the North and the South Pacific
Ocean (35 and 24 Tg N yr−1, respectively) (Table 6). The arithmetic mean of N2 fixa-
tion rate in the North Atlantic, however, is one order higher than the geometric mean,
which makes the total arithmetic rate of 32 Tg N yr−1, more comparable to the North10

Pacific (56 Tg N yr−1) and the South Pacific (46 Tg N yr−1) (Table 6). The data indicate
that although high N2 fixation rates were obtained in the North Atlantic, especially in
the western tropical North Atlantic (Fig. 6a), low N2 fixation rates were more frequently
found in this region. More measurements are needed to confirm the high estimates of
N2 fixation rate for the Pacific Ocean, as the measurements in the North Pacific were15

mostly in the subtropical gyre near the Hawai’i Islands (Fig. 6a), and the sampling in
the South Pacific has been limited to data mostly from two cruises (Garcia et al., 2007;
Raimbault and Garcia, 2008). The N2 fixation rates were also low in the South Atlantic
(Table 6). There are no depth-integrated N2 fixation rate collected in the Indian Ocean.
By summing the geometric mean rates from all the regions, the global N2 fixation rate20

(not including the Indian Ocean) is estimated to 62 (error range: 53–73) Tg N yr−1 (Ta-
ble 6), which is consistent with the current geochemical estimates of 100–200 Tg N yr−1

for marine pelagic N2 fixation (Gruber and Sarmiento, 1997, 2002; Karl et al., 2002;
Galloway et al., 2004; Deutsch et al., 2007; Gruber, 2008). The estimate of global
N2 fixation rate using arithmetic mean is higher at 140 (standard error: 9.2) Tg N yr−1

25

(Table 6), which is within the range of the current geochemical estimates.
In a manner similar to our global estimates of the N2 fixation rate, we have also calcu-

lated global mean diazotrophic biomass from cell-count-based biomass data (Table 7).
As in many sampling sites in the Pacific Ocean only heterocystous cyanobacteria are
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counted (Table 1a) and thus very low total diazotrophic biomass was reported for these
sites (Fig. 8a), we take a special handling for the Pacific by estimating mean biomass
for Trichodesmium and heterocystous cyanobacteria separately before summing the
values from these two taxonomies (Table 7). The average diazotrophic biomass in the
North Atlantic is higher than that in the North Pacific as shown by both geometric and5

arithmetic means (Table 7), which is inconsistent with the pattern of N2 fixation rates.
This finding could indicate that specific N2 fixation rates are higher in the North Pacific
than in the North Atlantic, or it could simply be a result of undersampling in the vast
North Pacific. The global diazotrophic biomass is estimated from the cell-count-based
data as 4.7 (error range: 2.3–9.6) Tg C using geometric mean or 33 (standard error:10

8.4) Tg C using arithmetic mean (Table 7).
The global diazotrophic biomass is also estimated from depth-integrated nifH-based

data, which are available in the North Atlantic Ocean, the North and the South Pacific
Ocean and the Indian Ocean. First, the depth-integrated data points of nifH-based
biomass are limited (Table 8), and thus the estimate could be highly biased. The15

geometric mean nifH-based diazotrophic biomass is extremely high in the South Pacific
compared to other regions (Table 8). The global estimate (not including the South
Atlantic) of diazotrophic biomass from nifH-based data is 89 (error range: 40–200) Tg C
using geometric mean or 640 (standard error: 150) Tg C (using arithmetic mean), which
are dominated by the estimate of the South Pacific (Table 8).20

By comparing the global estimate of N2 fixation rates with the global estimates of cell-
count-based or nifH-based diazotrophic biomass (using geometric means) (Tables 6, 7
and 8) and assuming molar C:N ratio of 106:16 for diazotrophic cells, the turnover time
of diazotrophic cellular N due to N2 fixation is estimated to be 5 days and 92 days,
respectively.25

However, there are a number of limitations with these estimates. Foremost, these
data points are not uniformly distributed in the world’s ocean. Historically, scientists
have also sought out regions with high diazotrophic abundances and hence, there is
a higher possibility of artificially elevated N2 fixation activity and diazotrophic biomass
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relative to true regional means. As the current database does not cover some regions
such as the coastal upwelling zones, our estimate could be changed substantially if
values differ within these biogeographic domains. The log-normal distributions also
reveal high variance of the measurements. As indicated by the geometric error range
(Tables 6, 7 and 8), high uncertainties of the global estimated mean still exist espe-5

cially for the diazotrophic biomass. Based on depth-integrated data, the global mean
estimate of diazotrophic biomass from cell counts is 1 order of magnitude lower than
that from nifH-based abundances (Tables 7 and 8), which are mostly contributed by
the dominated taxonomy, Trichodesmium (Table 5). But considering the log-normal
distributions, difference of one order of magnitude is relatively small compared to the10

span of the distribution especially when number of samples is limited (see Fig. 7 as
an example). More samples are needed in order to confidently validate the usage of
nifH data for estimating diazotrophic abundances and the assumption of 1:1 conversion
from nifH to cell densities.

3.6 Uncertainties of biomass conversion factors15

As described above, the default biomass conversion factor for Trichodesmium was
selected by merging estimates from cell sizes of cultured Trichodesmium with di-
rect carbon content measurements for Trichodesmium colonies. A compilation of
the available data has shown that ∼100 cells per trichome was widely used as an
estimate for Trichodesmium (LaRoche and Breitbarth, 2005). Thus we do not con-20

sider the variations for the conversion factors between Trichodesmium cells and tri-
chomes, focusing instead on the variations of Trichodesmium cell carbon content.
T. erythraeum carbon content was back-calculated to 42±1 pg C cell−1 from mea-
surements of the iron to carbon ratio and iron content per cell (Tuit et al., 2004;
Goebel et al., 2008), which is consistent with our estimates from cell sizes for this25

species (Table 3). Thus the cell size-carbon content model we used, the Verity
et al. (1992) model, appears to be suitable for Trichodesmium. However, T. ery-
thraeum is relatively small compared to other Trichodesmium species. The carbon
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content for other Trichodesmium species is at least 110 pg C cell−1 (Table 3). Also,
direct elemental analysis for Trichodesmium by Carpenter et al. (2004) report val-
uess of 10 000±12 000 pg C trichome−1 or 100±120 pg C cell−1 (100 cells trichome−1

assumed). Of course, the overall conversion factor depends on the composition of Tri-
chodesmium species, which is unknown and could be variable, temporally and spatially5

(Hynes, 2009). Thus we estimate 100 pg C cell−1 and 10 000 pg C trichome−1 as the low
end for the conversion factor for Trichodesmium (Table 9). Direct measurements made
at the BATS station yield the conversion factor of 450 pg C cell−1 as described above.
The synthesis of laboratory and field data by LaRoche and Breitbarth (2005) provides
values of 50 000–58 000 pg C trichome−1, which equals ∼500 pg C cell−1 when assum-10

ing 100 cells trichome−1. These lines of evidence indicate that the Trichodesmium
cell size in the field may be larger than that of cultured species. Thus, we estimate
500 pg C cell−1 and 50 000 pg C trichome−1 (assuming 100 cells trichome−1) as the up-
per limits for the Trichodesmium-specific biomass conversion factors (Table 9).

The biomass of UCYN-A is difficult to calculate because there is no isolate in culture.15

The estimate of ∼1 µm in diameter by Goebel et al. (2008) is the only measurement
for UCYN-A cell size, which was determined using fluorescence-activated cell sorting
(FACS) coupled with real time-qPCR. Thus a range for the biomass conversion factor
is estimated for UCYN-A by varying the default conversion factor by ±50 %, i.e. 0.1–
0.3 pg C cell−1 (Table 9). Also, as discussed above, the size of UCYN-B ranges from20

3–8 µm in diameter, which leads to a conversion factor range of 4–50 pg C cell−1 by
using the Verity et al. (1992) model (Table 9). The size range of the isolated UCYN-C
strain of 2.5–3.0 µm in width and 4.0–6.0 µm in length (Taniuchi et al., 2011) results in
a conversion factor of 5–9 pg C cell−1 by using the Verity et al. (1992) model. However,
this range is an estimate from only one UCYN-C strain. For example, the nifH gene of25

UCYN-C is most similar to the nifH gene of the benthic Cyanothece (Zehr, 2011), and
the cell dimensions of two Cyanothece strains BH63 and BH68 have been reported
as 4–5 µm width by 7–8 µm length (Reddy et al., 1993), which equals 90–160 µm3 and
leads to a conversion factor of 15–24 pg C cell−1 by using the Verity et al. (1992) model.
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By merging these two estimates, a conversion factor range of 5–24 pg C cell−1 is used
for UCYN-C (Table 9).

Based on the estimates made in Table 4, the ranges of the biomass conversion
factors of 2–80 pg C cell−1 and 5–20 pg C cell−1 are used for Richelia and Calothrix,
respectively (Table 9).5

In order to show the effects of the variation of the biomass conversion factors in a
more straightforward manner, we have applied the upper and lower bounds of these
conversion factors for all diazotrophic subtypes in order to revise global diazotrophic
biomass estimates following the same procedure described in the previous section.
The estimated global geometric mean diazotrophic biomass can vary by about ±70 %10

from default estimates, ranging in 1.6–7.7 Tg C 9 (default 4.7 Tg C) based on cell count
data, or in 27–170 Tg C (default 89 Tg C) based on nifH-based data (Table 9).

4 Conclusions and recommendations for use

The first global database of oceanic diazotrophic measurements has been constructed
with sub-databases for N2 fixation rates, cell counts for diazotrophs and nifH-based15

abundances. This database provides useful information on the spatial patterns of N2
fixation and diazotrophic biomass in the world ocean. Depth-integrated values were
used to conduct a first-order estimate of the global N2 fixation rate and diazotrophic
biomass. Spatial coverage is the main limitation of the database, as there are still vast
oceanic areas where diazotrophic activity and biomass have never been measured. For20

example, measurements in the Indian Ocean, the South Atlantic and the subtropical
southern Pacific are a high priority in this regard. A finer understanding of the range and
applicability of fixed biomass conversion factors are another concern. Although careful
analyses have been conducted to derive a reliable global biomass, our estimates may
vary by 5–6 fold depending on the conversion factor. More direct elemental analyses25

are required to further narrow the range of biomass conversion factors. Relatively
higher abundances tend to be found from nifH-based data than from the cell count
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data. The estimated global mean diazotrophic biomass from nifH-based abundances
is 1 order of magnitude higher than that derived from cell counts. However, in the well
sampled region of the North Atlantic, the Trichodesmium abundances estimated from
these two types of data match each other better. Further investigations and more data
are needed to identify what causes the discrepancies between these two estimates.5

However, it is clear that microscopic cell counts cannot, at present, account for the
UCYN-A, which is very abundant in the ocean.

The database is stored permanently at PANGAEA and can be easily accessed by
users. It will be routinely updated with new measurements. The database can be used
to study the level of oceanic N2 fixation activity and its temporal and spatial variations10

on local, regional and global scales, as well as for constraining the relative contribution
of new nitrogen inputs from N2 fixation and other sources. The diazotrophic biomass
data, along with data from other functional groups, can be used to study phytoplankton
community structure. The database can also be used to validate geochemical esti-
mates of N2 fixation and to parameterize and validate biogeochemical models.15

Supplementary material related to this article is available online at:
http://www.earth-syst-sci-data-discuss.net/5/47/2012/
essdd-5-47-2012-supplement.pdf.
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Benavides, M., Agawin, N. S. R., Aŕıstegui, J., Ferriol, P., and Stal, L. J.: Nitrogen fixation by10

Trichodesmium and small diazotrophs in the subtropical northeast Atlantic, Aquat. Microb.
Ecol., 65, 43–53, doi:10.3354/ame01534, 2011.
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Table 1a. Summary of data points for cell counts of diazotrophs, including volumetric measure-
ments of Trichodesmium, unicellular cyanobacteria and heterocystous cyanobacteria and their
depth-integrals.

Investigator Cell counts for diazotrophs Region References
Trichodesmium Unicellular Heterocystous Depth Total

Integrala Pointsc

Benavides 29b 29 Subtropical N. Atlantic Benavides et al. (2011)
Borstad 521 73 521 Tropical W. Atlantic Borstad (1978)
Brzezinski 7 1 7 Subtropical N. Pacific Brzezinski et al. (1998)
Carpenter 377 44 377 Tropical/subtropical W. Atlantic Carpenter and Price (1977)
Carpenter/Romans 15 15 Subtropical N. Atlantic Carpenter and Romans (1991)
Capone/Carpenter/Subramaniam 94b 94 Subtropical N. Pacific Sohm et al. (2011a)
Capone/Carpenter/Subramaniam 402 176 101b+166 679 Tropical/subtropical N. Atlantic Carpenter et al. (2004);

Capone et al. (2005)
Capone 22 22 Arabian Sea Capone et al. (1998)
Chang 85 61b 146 East China Sea Chang et al. (2000)
Chen 47b 47 South China Sea Chen et al. (2003)
Chen 20 20 upstream Kuroshio and South China Sea Chen et al. (2008)
Chen 35b 35 Northwest Pacific (Kuroshio) Chen et al. (2011)
Dong 36b 36 South China Sea Dong et al. (2008)
Dugdale 15 15 Subtropical N. Atlantic (Stn. S) Dugdale et al. (1961)
Fernández/Mouriño- 201 201 Cross N.-S. Atlantic Fernández et al. (2010, 2012);
Carballido/Marañón Mouriño-Carballido et al. (2011)
Furuya/Kitajima 30 30 60 Tropical/subtropical N. Pacific Kitajima et al. (2009)
Goering 51 6 51 Tropical Atlantic Goering et al. (1966)
Gómez 439 33 439 Tropical/subtropical N. Pacific Gómez et al. (2005)
Gómez 83 12 83 Tropical/subtropical S. Pacific unpublished data
Hulburt 19 19 Subtropical N. Atlantic Hulburt (1962)
Hulburt 8 8 Subtropical N. Atlantic Hulburt (1966)
Hulburt 26 26 Caribbean Sea Hulburt (1968)
Kromkamp 44 2 44 W. Indian Ocean (African Coast) Kromkamp et al. (1997)
Lugomela 98 12 98 W. Indian Ocean (African Coast) Lugomela et al. (2002)
Letelier/Karl 23 23 Subtropical N. Pacific (ALOHA) Letelier and Karl (1996)
Marumo/Asaoka 26b 26 Cross N.-S. Pacific Marumo and Asaoka (1974)
McCarthy/Carpenter 65 13 65 Subtropical N. Atlantic McCarthy and Carpenter (1979)
Moore 6 6 Tropical/subtropical Atlantic Moore et al. (2009)
Orcutt/Gundersen 35 2 37 Subtropical N. Atlantic (BATS) Orcutt et al. (2001)
Poulton 341 341 682 Madagascar Basin Poulton et al. (2009)
Sato 9 9 Tropical Atlantic Sato et al. (1966)
Scranton 7 7 Subtropical N. Atlantic Scranton (1984)
Steven/Glombitza 69 69 Tropical Atlantic Steven and Glombitza (1972)
Tyrrell 315 16 315 Cross N.-S. Atlantic (AMT1-10) Tyrrell et al. (2003)
Villareal 242 242 62 484 Subtropical N. Pacific Villareal et al. (2011)
Villareal 186 9b +25 195 Subtropical N. Pacific Villareal et al. (unpublished data)
Villareal 20 30 50 Gulf of Mexico Villareal et al. (unpublished data)
Whilte 52 52 22 104 Gulf of California White et al. (unpublished data)
Wu 21 3 21 South China Sea Wu et al. (2003)
Zeev 26 26 Mediterranean Sea Zeev et al. (2008)

Total 3139 0 1612 930 5191

a Computed from vertical profiles unless marked for those reported by data providers as depth-integrals.
b Data are reported by data providers as depth-integrated biomass.
c Do not include depth-integrated profiles unless they are reported by data providers as depth-integrated values (as marked by b).
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Table 1b. Summary of data points for N2 fixation rates, including volumetric measurements
of Trichodesmium, unicellular cyanobacteria and heterocystous cyanobacteria and their depth-
integrals.

Investigator N2 Fixation Rates Region References
Tricho Uni- Hetero- Whole Depth Total method
-desmium cellular cystous Seawater Integrald Pointsf

Benavides 53 60 32e 145 C2H2 reduction and Subtropical N. Atlantic Benavides et al. (2011)
15N2 assimilation

Bonnet 27 20 10 47 15N2 assimilation Tropical Pacific Bonnet et al. (2009)
Bonnet 80 9 80 15N2 assimilation Mediterranean Sea Bonnet et al. (2011)
Church/Karl 332 50 332 15N2 assimilation Subtropical N. Pacific (ALOHA) Church et al. (2009)
Carpenter 157 39 157 C2H2 reduction Tropical/subtropical W. Atlantic Carpenter and Price (1977)
Capone/Carpenter/Subramaniam 180 40e+33 220 C2H2 reduction and Subtropical N. Pacific Sohm et al. (2011a)

15N2 assimilation
Capone/Carpenter/Subramaniam 410 185 119e+118 714 C2H2 reduction Tropical/subtropical N. Atlantic Capone et al. (2005)
Church 7 7 15N2 assimilation Subtropical N. Pacific Fong et al. (2008)
Dore 13 24 6 37 15N2 assimilation Subtropical N. Pacific (ALOHA) Dore et al. (2002)
Falcón 24 6 24 15N2 assimilation Subtropical N. Pacific (ALOHA) and Falcón et al. (2004)

Subtropical N. Atlantic
Fernández/Mouriño 115 32 115 15N2 assimilation Cross N.-S. Atlantic Fernández et al. (2010, 2012);
-Carballido/Marañón Mouriño-Carballido et al. (2011)
Foster 1 1 15N2 assimilation Subtropical N. Pacific Needoba et al. (2007)
Furuya/Kitajima 24 29 53 C2H2 reduction Tropical/subtropical N. Pacific Kitajima et al. (2009)
Furuya/Shiozaki 103 11 103 15N2 assimilation Tropical/subtropical Pacific Shiozaki et al. (2010)
Goering 40 4 40 15N2 assimilation Tropical Atlantic Goering et al. (1966)
Gunderson 24 2 24 C2H2 reduction Subtropical N. Pacific Gundersen et al. (1976)
Karl 12 12 12 9 36 15N2 assimilation Subtropical N. Pacific (ALOHA) Grabowski et al. (2008)
Kromkamp 15 15 C2H2 reduction W. Indian Ocean (African Coast) Kromkamp et al. (1997)
Mague 8 1 8 C2H2 reduction Subtropical N. Pacific Mague et al. (1974)
Mague 46 8 46 C2H2 reduction Subtropical N. Pacific Mague et al. (1977)
McCarthy/Carpenter 24 5 24 C2H2 reduction Subtropical N. Atlantic McCarthy and Carpenter (1979)
Montoya 16 1 16 15N2 assimilation Subtropical N. Pacific Montoya et al. (2004)
Montoya 5 5 15N2 assimilation Arafura Sea (near Australia) Montoya et al. (2004)
Moore 46 10 46 15N2 assimilation Tropical/subtropical Atlantic Moore et al. (2009)
Mulholland 30e 30 15N2 assimilation Subtropical NW. Atlantic Mulholland et al. (2012)
Mulholland 181 26 181 15N2 assimilation Subtropical NW. Atlantic Mulholland et al. (2012)
Mulholland 185 36 185 15N2 assimilation Subtropical N. Atlantic Mulholland et al. (2012)
Orcutt/Gundersen 31 31 15N2 assimilation Subtropical N. Atlantic (BATS) Orcutt et al. (2001)
Raimbault 158 24 158 15N2 assimilation Tropical/subtropical S. Pacific Raimbault and Garcia (2008)
Raimbault 197 33 197 15N2 assimilation Subtropical S. Pacific Garcia et al. (2007)
Raimbault 71 12 71 15N2 assimilation Mediterranean Sea Sandroni et al. (2007)
Rees 5 5 15N2 assimilation Eastern Mediterranean Sea Rees et al. (2006)
Rees 21 7 21 15N2 assimilation Subtropical N. Atlantic (FeeP) unpublished data
Rees 70 70 15N2 assimilation Cross N.-S. Atlantic (AMT14&15) unpublished data
Rees 2 2 15N2 assimilation Western English Channel Rees et al. (2009)
Rees 57 5 57 15N2 assimilation Tropical E. Atlantic Turk et al. (2011)
Turk/Zehr 11 2 11 15N2 assimilation Tropical Atlantic Goebel et al. (2010)
White/Letelier 11 12 4 23 15N2 assimilation Subtropical N. Pacific White et al. (unpublished data)
White/Letelier 10 43 53 15N2 assimilation Subtropical N. Pacific Watkins-Brandt et al. (2011)
White 134 19 134 15N2 assimilation Gulf of CA and Tropical Pacific White et al. (2011)
Zeev 12 12 C2H2 reduction Mediterranean Sea Zeev et al. (2008)

Total 689 275 205 2146 743 3536

d Computed from vertical profiles unless marked for those reported by data providers as depth-integrals.
e Data are reported by data providers as depth-integrated N2 fixation rates.
f Do not include integrated profiles unless they are reported by data providers as depth-integrated values (as marked by e).
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Table 1c. Summary of data points for nifH-based abundances from qPCR assays, includ-
ing volumetric measurements of Trichodesmium, unicellular cyanobacteria and heterocystous
cyanobacteria and their depth-integrals.

Investigator nifH-based abundances Region References
Trichodesmium Unicellular Hetero-cystous Depth Integral Total Pointsg

Bonnet 12 23 12 47 Tropical/subtropical S. Pacific Bonnet et al. (2008)
Boström/Riemann 58 58 Baltic Sea Boström et al. (2007)
Church 5 16 3 21 Subtropical N. Pacific (ALOHA) Church et al. (2005a)
Church 24 48 24 8 40 Subtropical N. Pacific (ALOHA) Church et al. (2005b)
Church 8 16 8 50h 82 Subtropical N. Pacific Fong et al. (2008)
Foster/Zehr 66 198 66 50 330 Tropical Atlantic Foster et al. (2007)
Foster/Needoba/Zehr 18 3 18 Subtropical N. Pacific Needoba et al. (2007)
Foster/Zehr 6 6 Red Sea Foster et al. (2009a)
Foster/Subramaniam/Zehr 19 40 18 10 95 Tropical E. Atlantic Foster et al. (2009b)
Foster/Zehr 17 42 17 14 76 Gulf of California White et al. (unpublished data)
Liu 25 49 14 15 88 South China Sea Kong et al. (2011)
Langlois/LaRoche 140 420 80 560 Tropical/subtropical N. Atlantic Langlois et al. (2008)
Mazard/Scanlan 24 4 24 Arabian Sea Mazard et al. (2004)
Moisander/Zehr 54 105 36 18 195 South China Sea Moisander et al. (2008)
Moisander/Zehr 178 367 110 81 655 Tropical/subtropical S. Pacific Moisander et al. (2010)
Mulholland 22 51 37 110 Subtropical NW. Atlantic Mulholland et al. (2012)
Orcutt/Gundersen 18 18 Gulf of Mexico Orcutt et al. (unpublished data)
Rees/Turk 29 58 27 114 Tropical E. Atlantic Turk et al. (2011)
Turk/Zehr 154 300 154 80 608 Tropical Atlantic Goebel et al. (2010)

Total 759 1793 599 416 3201

g Do not include integrated profiles unless they are reported by data providers as depth-integrated values
(as marked by h).
h Data are reported by data providers as depth-integrated values.
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Table 2. Default biomass conversion factors.

Trichodesmium (pg C trichome−1) 30 000
Trichodesmium (pg C cell−1) 300
UCYN-A (pg C cell−1) 0.2
UCYN-B (pg C cell−1) 20
UCYN-C (pg C cell−1) 10
Heterocystous Richelia (pg C trichome−1) 10
Heterocystous Calothrix (pg C trichome−1) 10

90

http://www.earth-syst-sci-data-discuss.net
http://www.earth-syst-sci-data-discuss.net/5/47/2012/essdd-5-47-2012-print.pdf
http://www.earth-syst-sci-data-discuss.net/5/47/2012/essdd-5-47-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ESSDD
5, 47–106, 2012

Database of
diazotrophs in global

ocean

Y.-W. Luo et al.

Title Page

Abstract Instruments

Data Provenance & Structure

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 3. Biomass conversion factors estimated for Trichodesmium cells based on size mea-
surements of cultured Woods Hole Trichodesmium species (Hynes et al., 2012) Carbon con-
tents are calculated using the Verity et al. (1992) model.

Biovolume (µm3) Carbon content (pg C cell−1)
Species mean ± standard deviation range mean ± standard deviation range

T. thiebautii 680 ± 380 280–1200 120 ± 57 55–190
T. tenue 610 110
T. pelagicum 1100 ± 130 1000–1200 190 ± 18 170–200
T. hildebrandtii 1600 ± 140 1500–1700 250 ± 9 240–250
T. erythraeum 340 ± 200 190–920 65 ± 32 42–160
T. contortum 1300 ± 51 1300–1400 210 ± 7 210–220
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Table 4. Biomass conversion factors estimated for Richelia and Calothrix trichomes based on
biovolume measurements by Foster et al. (2011) and assuming trichome composition of one
heterocyst and three, five or ten vegetative cells. Carbon contents are calculated using the
Verity et al. (1992) model. Numbers are mean ± standard deviation when applicable.

Species Heterocyst Vegetative cell Vegetative cells Biomass conversion (pg C cell−1)
Biovolume (µm3) C content (pg C cell−1) Biovolume (µm3) C content (pg C cell−1) per trichome mean range

Richelia (n=26) 3 13 ± 18 2–86
110 ± 180 22 ± 31 42 ± 76 9 ± 14 5 12 ± 16 2–78

10 11 ± 15 2–71

Calothrix (n=5) 3 12 ± 5 7–18
45 ± 35 11 ± 8 47 ± 19 12 ± 4 5 12 ± 5 7–17

10 12 ± 4 8–17
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Table 5. Abundances and estimated biomass (using default conversion factors in Table 2) of
each diazotrophic group from cell counts and nifH-based data, shown by geometric and arith-
metic mean. Note that data points with zero-values are excluded when calculating geometric
means. Error ranges for geometric means shown in parentheses are estimated by dividing
and multiplying the geometric means by one geometric standard error. Standard errors for
arithmetic means are shown in parentheses. Depth-integrated and volumetric data points are
analyzed separately.

Depth-integrated Data n n of zero-value data Abundance (109 cells m−2) Biomass (mg C m−2)
Geometric Arithmetic Geometric Arithmetic

cell-count-based data

Trichodesmium∗ 620 59 0.16 (0.14–0.18) 1.2 (0.12) 43 (38–49) 310 (27)
Richelia 288 41 0.010 (0.008–0.013) 3.3 (0.88) 0.099 (0.078–0.13) 33 (8.8)
Calotrhix 17 9 0.084 (0.050–0.14) 0.096 (0.050) 0.84 (0.50–1.4) 0.96 (0.50)

nifH-based data

Trichodesmium 103 10 1.4 (1.1–1.9) 8.8 (1.5) 400 (310–530) 2,600 (440)
UCYN-A 104 24 1.5 (0.88–2.4) 3,400 (2,200) 0.29 (0.18–0.48) 680 (450)
UCYN-B 103 20 0.11 (0.071–0.16) 3.1 (0.93) 2.1 (1.4–3.2) 63 (19)
UCYN-C 31 18 0.055 (0.020–0.16) 0.32 (0.16) 0.55 (0.20–1.6) 3.3 (1.6)
Richelia 63 2 0.24 (0.15–0.38) 34 (12) 2.4 (1.5–3.9) 340 (120)
Calotrhix 11 0 0.21 (0.093–0.46) 0.58 (0.15) 2.1 (0.93–4.6) 5.8 (1.5)

Volumetric Data n n of zero-value data Abundance (106 cells m−3) Biomass (µg C m−3)
Geometric Arithmetic Geometric Arithmetic

cell-count-based data
Trichodesmium∗ 3087 1019 3.3 (3.1–3.5) 30 (3.8) 1100 (990–1100) 9700 (1200)
Richelia 1564 781 0.11 (0.097–0.12) 11 (1.5) 1.1 (0.97–1.2) 110 (15)
Calotrhix 48 28 0.091 (0.060–0.14) 0.13 (0.043) 0.91 (0.60–1.4) 1.3 (0.43)

nifH-based data

Trichodesmium 759 163 2.8 (2.5–3.2) 87 (12) 850 (740–970) 26 000 (3700)
UCYN-A 771 334 5.5 (4.5–6.8) 23 000 (9,400) 1.1 (0.89–1.4) 4600 (1900)
UCYN-B 792 322 1.1 (0.95–1.3) 280 (75) 22 (19–27) 5600 (1500)
UCYN-C 226 141 1.2 (0.90–1.7) 4.8 (1.1) 12 (9.0–17) 48 (11)
Richelia 535 160 1.6 (1.3–1.9) 240 (63) 16 (13–19) 2400 (630)
Calothrix 64 52 0.33 (0.17–0.62) 0.24 (0.10) 3.3 (1.7–6.2) 2.4 (1.0)

∗ Assuming 100 cells trichome−1.
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Table 6. Estimates of N2 fixation rate for the global oceans based on geometric and arithmetic
means. Note that data points with zero-values are excluded when calculating geometric means.
Depth-integrated N2 fixation rates are first binned to 3×3◦ grid and geometric and arithmetic
means are calculated for each bin, which are then used to calculate geometric and arithmetic
means for each region. Areal sum is calculated by multiplying geometric or arithmetic means
with ocean area. Error ranges for geometric means shown in parentheses are estimated by
dividing and multiplying the geometric means by one geometric standard error. Standard errors
for arithmetic means are shown in parentheses. Error range for global geometric mean is
estimated by simply summing lower and upper bounds of the error ranges of each region.
Errors for global arithmetic means are propagated from (independent) errors in each region.
ND: no data.

Region Latitudinal range Ocean area n of n of zero- N2 fixation rate (µmol N m−2 d−1) Areal Sum (Tg N yr−1)
(×1012 m2) bins value bins Geometric Arithmetic Geometric Arithmetic

North Atlantic Ocean 0–55◦ N 36 125 0 9.2 (7.0–12) 170 (40) 1.7 (1.3–2.2) 32 (7.4)
South Atlantic Ocean 40–0◦ S 27 16 0 7.6 (6.1–9.3) 12 (4.1) 1.1 (0.86–1.3) 1.8 (0.58)
Mediterranean Sea 30–45◦ N 6.3 7 0 21 (11–41) 60 (29) 0.67 (0.34–1.3) 1.9 (0.92)
North Pacific Ocean 0–55◦ N 89 45 3 78 (67–90) 120 (22) 35 (30–41) 56 (9.8)
South Pacific Ocean 40–0◦ S 72 26 0 64 (54–76) 130 (46) 24 (20–28) 46 (17)
Indian Ocean 40◦ S–25◦ N 62 ND ND ND ND ND ND
Global 62 (53–73) 140 (9.2)
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Table 7. Estimates of diazotrophic biomass for the global oceans using cell-count-based data.
Same method as Table 6 is used, except that the estimates for Trichodesmium and Heterocys-
tous cyanobacteria (CYN) are calculated separately in the North and South Pacific Ocean. ND:
no data.

Region Latitudinal range Ocean area n of n of zero- Cell-count-based diazotrophic biomass (mg C m−2) Areal Sum (Tg C)
(×1012 m2) bins value bins Geometric Arithmetic Geometric Arithmetic

North Atlantic Ocean 0–55◦ N 36 103 4 24 (18–32) 310 (66) 0.87 (0.67–1.2) 11 (2.4)
South Atlantic Ocean 40–0◦ S 27 9 4 13 (8.4–19) 9.2 (3.8) 0.35 (0.23–0.53) 0.25 (0.10)
Mediterranean Sea 30–45◦ N 6.3 ND ND ND ND ND ND

North Pacific Ocean 0–55◦ N 89
Trichodesmium 48 15 10 (6.3–17) 78 (21)
Heterocystous CYN 61 11 0.03 (0.02–0.04) 0.44 (0.12)
Total 10 (6.3–17) 78 (16) 0.93 (0.56–1.53) 6.92 (1.5)

South Pacific Ocean 40–0◦ S 72
Trichodesmium 4 1 0.11 (0.09–0.13) 0.09 (0.03)
Heterocystous CYN 25 20 0.04 (0.03–0.06) 0.012 (0.006)
Total 0.15 (0.12–0.20) 0.10 (0.01) 0.011 (0.008–0.014) 0.007 (0.001)

Indian Ocean 40◦ S–25◦ N 62 3 0 41 (8.5–190) 240 (130) 2.5 (0.52–12) 15 (7.8)
Global 4.7 (2.0–15) 33 (2.0)
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Table 8. Estimates of diazotrophic biomass for the global oceans using nifH-based data. Same
method as Table 6 is used. ND: no data.

Region Latitudinal range Ocean area n of n of zero- nifH-based diazotrophic biomass (mg C m−2) Areal Sum (Tg C)
(×1012 m2) bins value bins Geometric Arithmetic Geometric Arithmetic

North Atlantic Ocean 0–55◦ N 36 39 6 310 (160–620) 3900 (1300) 11 (5.7–22) 140 (46)
South Atlantic Ocean 40–0 ◦S 27 ND ND ND ND ND ND
Mediterranean Sea 30–45◦ N 6.3 ND ND ND ND ND ND
North Pacific Ocean 0–55◦ N 89 6 0 68 (15–300) 1800 (1100) 6.0 (1.3–27) 160 (96)
South Pacific Ocean 40–0◦ S 72 22 0 880 (560–1400) 4200 (1500) 63 (40–100) 310 (110)
Indian Ocean 40◦ S–25◦ N 62 6 0 140 (71–270) 510 (210) 8.5 (4.4–16) 31 (13)
Global 89 (52–170) 640 (73)
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Table 9. Estimated default and the upper and lower bounds for the biomass conversion factors,
and their impacts on global biomass estimates (based on geometric mean).

Conversion Factor (pg C cell−1) Global Biomass Estimateb (Tg C)
default lower upper default lower upper

Cell-count-based biomass

Trichodesmiuma 300 100 500
Richelia 10 2 80
Calothrix 10 5 20

4.7 1.6 7.7

nifH-based biomass

Trichodesmium 300 100 500
UCYN-A 0.2 0.1 0.3
UCYN-B 20 4 50
UCYN-C 10 5 24
UCYN all groupsb

Richelia 10 2 80
Calothrix 10 5 20

89 27 170

a Assuming 100 cells trichome−1.
b The low/high biomass are calculated when all their subtypes use low/high conversion factors.
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Fig. 1. Histogram of volumetric, whole seawater N2 fixation rates (non-zero values) from 15N2
assimilation assays and C2H2 reduction assays. Data values are on logarithmic scale.
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(a) (b)

(c) (d)

(e)

Fig. 2. Histogram of data points on logarithmic scale (blue bars) and the critical values for quality control using
Chauvenet’s criterion (dashed red lines). Values higher than the critical values are rejected. (a) Trichodesmium cell
counts, (b) Trichodesmium N2 fixation rates, (c) UCYN N2 fixation rates, (d) whole seawater N2 fixation rates, and
(e) UCYN-B nifH-based abundance. See Supplement Fig. S1 for figures for other types.
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(a)

(b)

(c)

Fig. 3. Spatial distributions of collected diazotrophic data in number of data points (binned
on to 1×1◦ grid), including cell counts (panel a), N2 fixation rates (panel b) and nifH-based
abundances (panel c). Blue diamonds mark the location for the data rejected by Chauvenet’s
criterion.
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(a) (b)

(c)

Fig. 4. Latitudinal distribution of the data for (a) cell counts for diazotrophs, (b) N2 fixation rates,
and (c) nifH-based abundances.
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Fig. 5. Temporal distribution of the data points in year and month for (a)–(b) cell counts for
diazotrophs, (c)–(d) N2 fixation rates, and (e)–(f) nifH-based abundances.
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(a) (b)

(c) (d)

(e) (f)

Fig. 6. (a) Geometric mean depth-integrated N2 fixation rates binned on 3×3◦ grid. Also
geometric mean N2 fixation rates on 3×3◦ grid for 5 vertical layers of (b) 0–5 m, (c) 5–25 m,
(d) 25–62.5 m, (e) 62.5–137.5 m and (f) 137.5–250 m. The color bar is in logarithmic scale.
Zero values are marked with black triangles.
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(a) (b)

Fig. 7. Histogram of depth-integrated (panel a) and volumetric (panel b) non-zero data points of
cell-count-based (blue) and nifH-based (red) Trichodesmium abundances in the North Atlantic
(10◦ S–50◦ N). Each Trichodesmium trichome is assumed to be comprised of 100 cells. Data
values are on logarithmic scale. Those “detected but not quantifiable” nifH-based abundances,
which are assigned 5×103 cells m−3 (see text for details), are not included.
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(a) (b)

(c) (d)

(e) (f)

Fig. 8. (a) Geometric mean depth-integrated cell-count-based diazotrophic carbon biomass
binned on 3×3◦ grid. Also geometric mean cell-count-based diazotrophic carbon biomass on
3×3◦ grid for 5 vertical layers of (b) 0–5 m, (c) 5–25 m, (d) 25–62.5 m, (e) 62.5–137.5 m and
(f) 137.5–250 m. The color bar is in logarithmic scale. Zero values are marked with black
triangles.
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(a) (b)

(c) (d)

(e) (f)

Fig. 9. (a) Geometric mean depth-integrated nifH-based diazotrophic carbon biomass binned
on 3×3◦ grid. Also geometric mean nifH-based diazotrophic carbon biomass on 3×3◦ grid for 5
vertical layers of (b) 0–5 m, (c) 5–25 m, (d) 25–62.5 m, (e) 62.5–137.5 m and (f) 137.5–250 m.
The color bar is in logarithmic scale. Zero values are marked with black triangles.
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