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Abstract. Marine N, fixing microorganisms, termed di- and variations of marine Nfixation, to validate geochemi-
azotrophs, are a key functional group in marine pelagiccal estimates and to parameterize and validate biogeochem-
ecosystems. The biological fixation of dinitrogenzfNo ical models, keeping in mind that future rate measurements
bioavailable nitrogen provides an important new source ofmay rise in the future. The database is stored in PANGAEA
nitrogen for pelagic marine ecosystems and influences pri{doi:10.1594PANGAEA.77485).

mary productivity and organic matter export to the deep
ocean. As one of a series offerts to collect biomass and
rates specific to dierent phytoplankton functional groups,

we have constructed a database on diazotrophic organismy, fixation is the biological conversion of dinitrogenNjas

in the global pelagic upper ocean by compiling about 12 000jnto two molecules of ammonia by diazotrophic organisms.
direct field measurements of Cyanobacterial diaZOtrOph abunOVer geologica' time Sca|es’zmxation is important for reg-
dances (based on microscopic cell counts or gPCR assaygating fixed N concentrations in the ocean and thereby sus-
targeting thenifH genes) and MNfixation rates. Biomass con-  taining ocean fertility (Tyrrell, 1999). The rate of pelagie N
version factors are estimated based on cell sizes to convefxation in the contemporary ocean has been estimated to be
abundance data to diazotrophic biomass. The database is lim-gg—200 Tg nitrogen (N)y#, which constitutes about half
ited spatially, lacking large regions of the ocean especiallyof the total external source of bioavailable N to the ocean
in the Indian Ocean. The data are approximately log-norma|Gruber and Sarmiento, 1997, 2002; Karl et al., 2002; Gal-
distributed, and large variances exist in most sub-databasggway et al., 2004; Deutsch et al., 2007; Gruber, 2008). It is
with non-zero values diering 5 to 8 orders of magnitude. generally accepted that cyanobacteria are the majdixihg
Reporting the geometric mean and the range of one geomefnjcroorganisms in the ocean (Karl et al., 2002; Zehr, 2011).
ric standard error below and above the geometric mean, thejowever, non- cyanobacterial prokaryotic plankton may also
pelagic N fixation rate in the global ocean is estimated to be conduct N fixation in the ocean as revealed by the presence
62 (52-73) Tg N yr* and the pelagic diazotrophic biomassin and transcription ofifH genes (encoding the iron protein
the global ocean is estimated to be 2.1(1.4-3.1) Tg C fromgomponent of the nitrogenase enzyme) (Zehr et al., 1998;
cell counts and to 89 (43-150) Tg C fromifH-based abun-  Riemann et al., 2010; Farnelid et al., 2011; Remdez et al.,
dances. Reporting the arithmetic mean and one standard errgi11), albeit their relative contribution to globaj Kixation
instead, these three global estimates are14@ Tg N yr?, remains to be determined.

18+1.8TgC and 59@ 70 Tg C, respectively. Uncertainties  There are three major types of marine planktonic dia-
related to biomass conversion factors can change the estimai®trophic cyanobacteria (Sohm et al., 2011b; Zehr, 2011):
of geometric mean pelagic diazotrophic biomass in the global1) non-heterocystous filamentous cyanobacteria; (2) hete-
ocean by about 70 %. It was recently established that the rocystous cyanobacteria; and (3) unicellular cyanobacteria.
most commonly applied method used to measyrétion  Among them, most field and laboratory research has focused
has underestimated the true rates. As a result, one can expegh non-heterocystous filamentolischodesmiun{Oscilla-

that future rate measurements will shift the mearfikation toriales) (Dugdale et al., 1961; Carpenter and Romans, 1991;
rate upward and may result in significantly higher estimatescapone et al., 1997)Trichodesmiumis an abundant dia-

for the global N fixation. The evolving database can never- zotroph in the open ocean (Capone et al., 2005; LaRoche
theless be used to study spatial and temporal distributiongng Breitbarth, 2005), which can be found as large colonies

Introduction
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known as “pdits” or “tufts” or as free trichomes (Carpenter, In Sect. 2, the database is described, including informa-
1983). tion about database construction, data measurement meth-
Heterocystous cyanobacteribldstocales of the genera ods, data quality control and conversion from diazotroph
Richelia and CalothriX) are frequently found in several abundances to carbon (C) biomass. In Sect. 3, we present
oceanic diatom genera, includirighizosoleniaand Hemi- and discuss synthesized results from the database, including
auluswhere cyanobacteria live within the diatom frustule but (1) the results of quality control, (2) spatial and temporal
outside the cell wall, or as epiphytes Ghaetocerosliatoms  distribution of cell counts of diazotrophs,Nixation rates
(Mague et al., 1974, 1977; Venrick, 1974; Villareal, 1990; andnifH-based abundances, (3) general characteristics of the
Foster and O’Mullan, 2008). datasets including meamnNixation rates and diazotrophic C
The most recently characterized diazotrophic phylotypeshiomass as a function of geographical location and depth,
are the unicellular cyanobacteria (UCYN). Zehr et al. (2001) (4) estimates for global Nfixation rates and diazotrophic C
first successfully amplified a fragment of th#H gene and  biomass and (5) limitations of the database and the global
nifH transcripts from the< 10um size fraction of the whole estimates. In Sect. 4, we draw conclusions and provide rec-
water samples that demonstrated the presence of unicellemmendations for appropriate use of this database.
lar diazotrophs. Subsequently, Montoya et al. (2004) mea-
sured high rates of Nfixation by UCYN in the Pacific
Ocean. Three distinct phylogenetic groups have been ideng Data and methods
e el T dabase s avaible st PANGAEA
A (UCYN-A) (Zehr et al., 2001). and Group C (UCYN-C) \J0-10-1594PANGAEA. 77485).
(Langlois et al., 2005; Foster et al., 2007) which have only
recently been cultured (Taniuchi et al., 2012). 2.1 Database construction
Although marine cyanobacterial diazotrophs play a criti-
cal role in the oceanic N cycle, primary productivity and or-
ganic matter export (e.g., Karl et al., 1997, 2002; CaponeData comprised of three types of direct measurements,
2000; Gruber, 2008), there is still no database synthesizingell counts of diazotrophs, Nfixation rates, andnifH-
the many field measurements of diazotrophic abundances artthsed abundances via quantitative polymerase chain reac-
N, fixation rates in the global ocean. Such a database is funtion (QPCR) assays, were compiled from the scientific lit-
damental to understand the spatial distribution and tempoerature and personal communication with researchers work-
ral variability of diazotrophic biomass and activity. More- ing in the field. The database contains a total of 12 151 data
over, a more comprehensive set of direct measurements mayoints including three sub-databases: (1) cell counts of di-
be useful in evaluating basin- and global-scale geochemiazotrophs with 5326 data points (Table 1a), (2)fNation
cal estimates of diazotrophic N inputs, which have gener-rates with 3624 data points (Table 1b) and (3) diazotrophic
ally found the global N budget to be in deficit, with total N abundances estimated framfH copy abundances (referred
sources significantly lower than the N sinks (Gruber, 2008).to asnifH-based abundances hereafter) with 3201 data points
The database can also be expected to provide useful inforTable 1c). Note that the counts fdirichodesmiumwere
mation with which to investigate the controlling mechanismsreported in number of colonies, trichomes or cells, yet we
for marine diazotrophic distribution and activities. maintain usage of the term “cell counts” to distinguish count-
In this paper we present a database compiling data on thbased methods fromifH-based abundances. The diazotroph
abundance, biomass and fixation rate of diazotrophs in abundances based on cell counts aiftl genes were con-
the global ocean. Thidkert is part of the Marine Ecosystem verted into C biomass using conversion factors (discussed be-
Model Intercomparison Project (MAREMIP), in which field low). In each sub-database, the data were grouped into three
measurement-based databases are constructed for biomaagonomic typesTrichodesmiumUCYN and heterocystous
and related process rates for phytoplankton functional typegyanobacteria (Table 1). A separate grouping is maintained
(PFTs) (Buitenhuis et al., 2012). The databases, named “MAfor those N fixation rates measured from whole seawater
Rine Ecosystem DATa” (MAREDAT), include nine PFTs: di- samples (Table 1b).
atoms,Phaeocystiscoccolithophores, diazotrophs, picophy-  Each volumetric data point is identified by its sampling
toplankton, bacterioplankton, mesozooplankton, macrozoodate, geographic location (latitude and longitude) and depth.
plankton and pteropods, and also a database for dissolveDepth-integrated values were calculated for those vertical
organic carbon. In addition to the database for diazotrophgrofiles with measurements available at three or more depths.
presented in this paper, other databases are presented in ottigy doing this, the profiles were linearly interpolated from
papers of this special volume. The MAREDAT databases will surface to bottom sampling depth, i.e; fikation rates and
be used for the future model intercomparison studies in thediazotrophic abundances are considered to be negligible be-
MAREMIP projects, and are also available for public use. low the bottom depth. These calculated depth-integrated data
points were not counted in the total points in Table 1 as

2.1.1 Database summary
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Table 1a. Summary of data points for cell counts of diazotrophs, including volumetric measurememittoddesmium unicellular
cyanobacteria and heterocystous cyanobacteria and their depth-integrals.

Investigator Cell counts for diazotrophs Region References
Trichodesmium Unicellular  Heterocystous Depth Total
Integraf  Point$
Bar-Zeev 26 26 Mediterranean Sea Bar-Zeev et al. (2008)
Benavides 29 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 Tropigsilibtropical Carpenter and Price (1977)
W. Atlantic
CarpenteifRomans 15 15 Subtropical N. Atlantic Carpenter and Romans (1991)
Capong¢Carpentef o4p 94 Subtropical N. Pacific Sohm et al. (2011a)
Subramaniam
Capong¢Carpenter 402 176 101+ 166 679 Tropicgbubtropical Carpenter et al. (2004);
Subramaniam N. Atlantic Capone et al. (2005)
Capone 22 22 Arabian Sea Capone et al. (1998)
Chang 85 61 146 East China Sea Chang et al. (2000)
Chen 47 47 South China Sea Chen et al. (2003)
Chen 20 20 Upstream Kuroshio and Chen et al. (2008)
South China Sea
Chen 35 35 Northwest Pacific (Kuroshio) ~ Chen et al. (2011)
Dong 36 36 South China Sea Dong et al. (2008)
Dugdale 15 15 Subtropical N. Atlantic Dugdale et al. (1961)
(Stn. S)
FerrandezMourifio- 201 201 Cross N.-S. Atlantic Feandez et al. (2010);
CarballidgMaraiion Mourifio-Carballido et al. (2011);
Ferrandez et al. (2012)
FuruyaKitajima 30 30 60 Tropicgbubtropical Kitajima et al. (2009)
N. Pacific
Goering 51 6 51 Tropical Atlantic Goering et al. (1966)
Gomez 439 33 439 Tropigalubtropical N. Gomez et al. (2005)
Pacific
Gomez 83 12 83 TropicAlubtropical S. Pacific  unpublished data
Hegde 135 135 Indian Ocean Hegde et al. (2008)
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 Kromkamp et al. (1997)
(African coast)
Lugomela 98 12 98 W. Indian Ocean Lugomela et al. (2002)
(African coast)
LetelieyKarl 23 23 Subtropical N. Pacific Letelier and Karl (1996)
(ALOHA)
MarumgAsaoka 28 26 Cross N.-S. Pacific Marumo and Asaoka (1974)
McCarthyCarpenter 65 13 65 Subtropical N. Atlantic McCarthy and Carpenter (1979)
Moore 6 6 Tropicgbubtropical Moore et al. (2009)
Atlantic
OrcutfGundersen 35 2 37 Subtropical N. Atlantic Orcutt et al. (2001)
(BATS)
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)
SteveriGlombitza 69 69 Tropical Atlantic Steven and Glombitza (1972)
Tyrrell 315 16 315 Cross N.-S. Atlantic Tyrrell et al. (2003)
(AMT1-10)
Villareal 242 242 62 484 Subtropical N. Pacific Villareal et al. (2011)
Villareal 186 $+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)
Total 3274 0 1612 930 5326

@ Computed from vertical profiles unless marked for those reported by data providers as depth-ifitBgr@isre reported by data providers as depth-integrated biomass.

¢ Do not include depth-integrated profiles unless they are reported by data providers as depth-integrated values (asarked by
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Table 1b. Summary of data points for Nixation rates, including volumetric measurementsia€hodesmiumunicellular cyanobacteria

and heterocystous cyanobacteria and their depth-integrals.

Investigator N Fixation Rates Region References
Tricho- Uni- Hetero- Whole Depth Total Method
desmium cellular cystous Seawater Integral Pointd
Bar-Zeev 12 12 ¢H, reduction Mediterranean Sea Bar-Zeev et al. (2008)
Benavides 53 60 32 145 GH, reduction and  Subtropical N. Atlantic Benavides et al. (2011)
15N, assimilation
Berman-FraniRahav 15 1 15  ®N, assimilation Red Sea Rahav et al. (2012b)
Berman-FranjRahav 45 6 45 15N, assimilation Mediterranean Sea Rahav et al. (2011);
Yogev et al. (2011);
Rahav et al. (2012a)
Bonnet 27 20 10 47 N, assimilation Tropical Pacific Bonnet et al. (2009)
Bonnet 80 9 80 N, assimilation Mediterranean Sea Bonnet et al. (2011)
ChurchKarl 332 50 332 15N, assimilation Subtropical N. Pacific Church et al. (2009)
(ALOHA)
Carpenter 157 39 157 8, reduction Tropicgbubtropical Carpenter and Price (1977)
W. Atlantic
Capong¢Carpentef 180 40 +33 220 GH; reduction and  Subtropical N. Pacific Sohm et al. (2011a)
Subramaniam 15N, assimilation
Capong¢Carpentefr 410 185 119+118 714 GHj, reduction Tropicgbubtropical Capone et al. (2005)
Subramaniam N. Atlantic
Church 7 7 15N, assimilation Subtropical N. Pacific Fong et al. (2008)
Dore 13 24 6 37 15N, assimilation Subtropical N. Pacific Dore et al. (2002)
(ALOHA)
Faldn 24 6 24 15N, assimilation Subtropical N. Pacific Faldn et al. (2004)
(ALOHA) and
Subtropical N. Atlantic
FerrandezMourifio- 115 32 115 SN, assimilation Cross N.-S. Atlantic Feandez et al. (2010);
CarballidgMaraion Mourifio-Carballido et al.
(2011); Ferandez et al.
(2012)
Foster 1 1 15N, assimilation Subtropical N. Pacific Needoba et al. (2007)
FuruyaKitajima 24 29 53 GH, reduction Tropicgbubtropical N. Kitajima et al. (2009)
Pacific
FuruygShiozaki 103 11 103 5N, assimilation Tropicgbubtropical Pacific ~ Shiozaki et al. (2010)
Gandhi 28 7 28 15N, assimilation Indian Ocean Gandhi et al. (2011)
Goering 40 4 40  '®N, assimilation Tropical Atlantic Goering et al. (1966)
Gunderson 24 2 24 £Bi, reduction Subtropical N. Pacific Gundersen et al. (1976)
Karl 12 12 12 9 36 !N, assimilation Subtropical N. Pacific Grabowski et al. (2008)
(ALOHA)
Kromkamp 15 15 @H, reduction W. Indian Ocean Kromkamp et al. (1997)
(African coast)
Mague 8 1 8 GH, reduction Subtropical N. Pacific Mague et al. (1974)
Mague 46 8 46 ¢H, reduction Subtropical N. Pacific Mague et al. (1977)
McCarthyCarpenter 24 5 24 4£E1, reduction Subtropical N. Atlantic McCarthy and Carpenter
(1979)
Montoya 16 1 16 SN, assimilation Subtropical N. Pacific Montoya et al. (2004)
Montoya 5 5 15N, assimilation Arafura Sea (near Montoya et al. (2004)
Australia)
Moore 46 10 46 N, assimilation Tropicgsubtropical Moore et al. (2009)
Atlantic
Mulholland 30 30 15N, assimilation Subtropical NW. Atlantic Mulholland et al. (2012)
Mulholland 181 26 181 15N, assimilation Subtropical NW. Atlantic Mulholland et al.
(unpublished data)
Mulholland 185 36 185 15N, assimilation Subtropical N. Atlantic Mulholland et al.
(unpublished data)
OrcutfGundersen 31 31 !N, assimilation Subtropical N. Atlantic Orcutt et al. (2001)
(BATS)
Raimbault 158 24 158 15N, assimilation Tropicgsubtropical Raimbault and Garcia
S. Pacific (2008)
Raimbault 197 33 197 N, assimilation Subtropical S. Pacific Garcia et al. (2007)
Raimbault 71 12 71 5N, assimilation Mediterranean Sea Sandroni et al. (2007)
Rees 5 5 15N, assimilation Eastern Mediterranean Sea  Rees et al. (2006)
Rees 21 7 21 15N, assimilation Subtropical N. Atlantic unpublished data
(FeeP)
Rees 70 70 N, assimilation Cross N.-S. Atlantic unpublished data
(AMT14&15)
Rees 2 2 15N, assimilation Western English Channel Rees et al. (2009)
Rees 57 5 57 15N, assimilation Tropical E. Atlantic Turk et al. (2011)
Turk/Zehr 11 2 11 N, assimilation Tropical Atlantic Goebel et al. (2010)
White/Letelier 11 12 4 23 15N, assimilation Subtropical N. Pacific White et al.
(unpublished data)
White/Letelier 10 43 53 15N, assimilation Subtropical N. Pacific Watkins-Brandt et al.
(2011)
White 134 19 134 5N, assimilation Gulf of CA and Tropical ~ White et al. (2011)
Pacific
Total 689 275 205 2234 757 3624

51

d Computed from vertical profiles unless marked for those reported by data providers as depth-iStBgtalsre reported by data providers as depth-integrasdikation rates.
f Do not include integrated profiles unless they are reported by data providers as depth-integrated values (as Rarked by
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Table 1c. Summary of data points farifH-based abundances from gPCR assays, including volumetric measureménthadesmium
unicellular cyanobacteria and heterocystous cyanobacteria and their depth-integrals.

Investigator nifH-based abundances Region References

Trichodesmium Unicellular Hetero- Depth Total
cystous Integral Points

Bonnet 12 23 12 47 Tropigalubtropical Bonnet et al. (2008)
S. Pacific
BostidnyRiemann 58 58 Baltic Sea Bo#étn et al. (2007)
Church 5 16 3 21 Subtropical Church et al. (2005a)
N. Pacific
(ALOHA)
Church 24 48 24 8 40 Subtropical Church et al. (2005b)
N. Pacific
(ALOHA)
Church 8 16 8 50 82 Subtropical Fong et al. (2008)
N. Pacific
FosterZehr 66 198 66 50 330 Tropical Atlantic Foster et al. (2007)
FostefNeedobaZehr 18 3 18 Subtropical Needoba et al. (2007)
N. Pacific
FostefZehr 6 6 Red Sea Foster et al. (2009a)
FostefSubramaniagh 19 40 18 10 95 Tropical E. Atlantic ~ Foster et al. (2009b)
Zehr
FostefZehr 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)
LangloigLaRoche 140 420 80 560 Tropigaibtropical  Langlois et al. (2008)
N. Atlantic
MazardScanlan 24 4 24 Arabian Sea Mazard et al. (2004)
MoisandefZehr 54 105 36 18 195 South China Sea Moisander et al.
(2008)
MoisandefZehr 178 367 110 81 655 Tropigalibtropical Moisander et al.
S. Pacific (2010)
Mulholland 22 51 37 110 Subtropical Mulholland et al.
NW. Atlantic (2012)
OrcutfGundersen 18 18 Gulf of Mexico Orcultt et al.
(unpublished data)
ReegTurk 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

9 Do not include integrated profiles unless they are reported by data providers as depth-integrated values (as farked by
h Data are reported by data providers as depth-integrated values.

they are derived values. An additional 709 data points of di-are used as total Nfixation rates. Otherwise, the totabN

azotroph cell counts and Nixation rates that were origi- fixation rates are calculated by summarizing values from

nally reported as depth-integrated values were also includedhe three defined diazotroph types. In many samples, mea-

These 709 depth-integrated data points are counted in the tsurements were not available for all the three defined dia-

tal in Table 1 as they are independent from other data pointszotrophic types. Also, these three defined types do not repre-

Each depth-integrated data point is identified by its samplingsent the full diazotrophic community. Thus, the derived totals

date, geographic location and integral depth. (via summation) can be considered as the lower limits of di-
The database also provides total diazotrophic C biomasszotrophic biomass and activity.

(from cell counts andnifH-based abundances) for each Accessory data (including temperature, salinity and con-

sample by summing values from the three defined dia-centrations of nitrate, phosphate, iron and chlorophyll) are

zotrophic typesTrichodesmiumunicellular and heterocys- also provided if available.

tous cyanobacteria. Total,Nixation rates are also provided:

when whole seawater Nfixation rates are available, they

Earth Syst. Sci. Data, 4, 47-73, 2012 www.earth-syst-sci-data.net/4/47/2012/
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2.1.2 Cell counts abundances by 5, i.e., assuming 5 cells per filament. Note that
it may underestimate heterocystous cell abundances as the
Cell counts for diazotrophs (Table 1a) were largely per- Richeliasymbionts ofRhizosolenidn some cases can con-
formed by standard light microscopy whilst a number of tain more vegetative cells (near 10) (Villareal, 1989, 1992;
samples were counted using epifluorescence microscopyanson et al., 1999).
with blue or green excitation (Orcutt et al., 2001; Chen et
al., 2003, 2008, 2011; Carpenter et al., 2004; Sohm et al.
2011a; Villareal et al., unpublished North Pacific data). The
cell counts are limited tdrichodesmiunand heterocystous N, fixation rates were measured directly ByN-labeled N
cyanobacteria, but no cell counts are available for UCYNgas ¢°N,) assimilation (Montoya et al., 1996) or indirectly
(Table 1a), as UCYN-B can only be directly identified by by the acetylene (§4,) reduction assay (Capone, 1993) (Ta-
epifluorescence microscopy and UCYN-A have not been mi-ble 1b). The'®N, assimilation method tracks the conversion
croscopically identified. UCYN-C has only recently been mi- of 1°N, to particulate N. Thé®N, tracer is added into the
croscopically identified (Taniuchi et al., 2012). ambient pool of N; the 1°N/**N ratio is measured in the
Most counts forTrichodesmiunwere reported in number particulate N after incubation and compared to the natural
of colonies or trichomes per volume, and in a few datasetsaabundance of N isotopes in unlabeled particulate material.
in cell densities. In order to use a unified biomass conver-The GH, method estimates Nfixation rate indirectly by
sion factor forTrichodesmiumndiscussed later), all th&ri- measuring the reduction of,8, (a competitive inhibitor of
chodesmiuntounts were converted to number of trichomes N;) to ethylene (GH4) which is then converted to a;Nixa-
assuming commonly used conversion factors of 200 tri-tion rate assuming 3 or 4 molesid, reduced per 1 moleN
chomes colony* and 100 cells trichonté (Carpenter, 1983; fixed, depending on the extent of nitrogenase-linked hydro-
Letelier and Karl, 1996; LaRoche and Breitbarth, 2005; Be-gen production (Postgate, 1998). Generally, the ditds
navides et al., 2011). An exception is for the dataset of Car-assimilation is a precise and sensitive method; hence, it has
penter et al. (2004) where conversion factors were measurebdeen used to generate the majority of rates (Table 1b). Di-
in selected vertical profiles in three cruises in the tropicalrect comparison of these two methods showed the ditBict
North Atlantic with averages of 137 (71-267), 224 (89—411) assimilation method generally yields lower rates than those
and 148 (56—384) trichomes per colony, respectively. In thisestimated from gH, reduction assay (see summary in Mul-
case, the measured conversion factors are used for this sphelland, 2007). Discrepancies between these measures could
cific dataset. Notably, the assumed conversion factor of 200e because th&N, assimilation method measures the net
trichomes colony! is consistent with values reported in Car- rate of conversion of reduced N to cellular N, or netfix-
penter et al. (2004). ation, while the GH, reduction method measures gross N
The cell counts for heterocystous bacteria were groupedixation, which includes the reduced N both stored in cells
into two major generaRicheliaand Calothrix. Counts for  and excreted as ammonium or dissolved organic N during in-
the Richeliaand Calothrix are provided as heterocyst abun- cubation (Mulholland et al., 2004; Mulholland, 2007). More
dances. There are several datasets (Brzezinski et al., 1998cently, it has been suggested that the ditéit assim-
Gomez et al., 2005; Poulton et al., 2009; Villareal et al., ilation method significantly underestimates the fikation
2011; Villareal et al., unpublished Gulf of Mexico data) rates because tHéN, bubbles injected in seawater do not at-
in which abundances of host diatoremiaulusand Rhi- tain equilibrium with surrounding water (Mohr et al., 2010),
zosoleniawere reported whil&icheliaheterocysts were not  which will be discussed later. We include the Fixation
counted. As aemiaulusdiatom typically contains Riche-  rates acquired by either tHéN, assimilation method or the
lia filaments whereas &hizosoleniadiatom can contain C;H, reduction assays in the database, considering that they
1-32Richeliafilaments (Sundsirm, 1984; Villareal, 1989, distribute within a similar range of magnitude (Fig. 1). But
1990; Foster and O’Mullan, 2008), the abundances of heterothis analysis does not consideffdrent sampling sites. Fur-
cysts for these datasets were derived from cell counts of theither investigations using pair-wise comparison of the meth-
host diatoms by assuming that eadd¢bmiaulusor Rhizosole-  ods are needed to evaluatéeets of these two methods on
nia cell contains 2 or Richeliafilaments, respectively. In N, fixation rate measurement. Users have to be careful when
one dataset (@mez et al., 2005), abundanceOffaetoceros  using the database to study fikation rates aggregated from
were counted but the associated heterocystous cyanobactetiao different methods.
were found to beRichelia An average ratio of 0.Richelia The collected N fixation rates were mostly measured for
heterocyst peChaetocerosell was reported by the dataset whole seawater samples (Table 1b). Some samples were fil-
and was used to calculate tRécheliaabundance. The tri- tered and N fixation rates were measured for organisms
chomes or filaments dRicheliaor Calothrix are typically  in the <10um size-fraction, which we have assigned to
composed of 3—4 vegetative cells and 1 terminal heterocystinicellular diazotrophs (Table 1b). Note that UCYN-B can
(Foster and Zehr, 2006). Thus, abundances of cells withiform colonies and may not be included in this size frac-
these genera are estimated by multiplying the heterocystion. It is also possible that some diatoms with associated

2.1.3 Ny fixation rates
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Volumetric Whole Seawater N, Fixation Rates thermocyder is usually ir‘ the range of G—ﬂQH copies per .

140, reaction. When accounting for sample filtration volume, fi-
—— "®N,, Assimilation nal elution volume and the volume of the DNA extract used

1201 — ¢_H. Reduction in the qPCR reaction, the detection limit of the assay is sig-
22 nificantly higher. Due to the variety of factors that determine

100+ the assay detection limit, it varies between laboratories and

even datasets and is typically on the order of 25—aidd
80r copies t1. Thus, for those data points reported as “detected

but not quantifiable”, 1difH copies t* could be a conserva-

Number of non-zero Data Points

eor tive estimate.
a0l To estimate diazotrophic abundanagfii gene copies are
converted to number of diazotrophic cells on 1 : 1 basis, as it
20l is for those diazotrophic genomes that have been sequenced
(e.g., Trichodesmiummand UCYN-B) that there is onmeifH
0 2 o ! , gene copy per genome (Zehr et al., 2008) a_nd assuming one
10 10 10 10 genome copy per celNifH genes are present in both the veg-
pmol N m= d™ etative cells and the heterocysts of heterocystous cyanobac-

teria (Foster et al., 2009b). Thus, this estimate accounts for
Figure 1. Histogram of volumetric, whole seawater, Nixation  apyundances of the total cells, not just the heterocysts, of the
rates (non-zero values) froffN; assimilation assays andk, re-  peterocystous cyanobacteria. Limitations are associated with
duction assays. Data values are on logarithmic scale. this extrapolation. Evidence indicates that this extrapolation

overestimates the diazotrophic abundances and can only be

) ) ) treated as an upper limit of the cell density because of the

heterocystous cyanobacteria may be included<@Oum  ocence of multiplaifH gene copies per cell in some dia-
fractions. N f|?<gt|on rate; were qlso measured in some zotrophs such a€lostridium pasteurianurfLanglois et al.,
datasets spe_:cn‘lcally fo_Trlc_hodesmlurmnd heterocystou_s 2008). Little information is available on the variability of
cyanobacteria. Most Nfixation data were reported as daily genome copies per cell for alifH phylotypes (Langlois et

rates, except for 11 datasets that were reported as hourly) "5qng) |t is possible that, when there is excess phospho-
rates. Trichodesmiunfixes N, exclusively during the light ., o if giazotrophic cells are carbemergy limited rather
period, while the diel patterns ofzNixation are unclear for yoan nutrient limited, they might accumulate more than one
other d|azot_rophs (Carpenter and Capone, 2008 and refe'ijenome copy per cell. However, this extrapolation can also
ences therelr_w). Thus, those h(_)urI;_ym(atlon rates WEre con-nderestimate diazotrophic abundances as it is known that
verted to daily rates by multiplying by 12h, which, how- p\A ang RNA extractions are not 100 %fieient and may
ever, could be conservative if diazotrophs other taR 51y among species (Foster et al., 2009b). The extraction ef-
chodesmiuncould fix N, during night (e.g., Montoya et al., ficiencies, and even genome copies per cell, are currently un-
2004; Zehr et al., 2007). der investigation (J. Zehr, personal communication, 2011).
In addition, non-replicating deoxyribonucleic acid (DNA)

214 NifH-based abundances can compri_se up to 90 % of the total DNA in the oligqtrophic

regions (Winn and Karl, 1986) and DNA sampled in natu-
NifH abundances were estimated by qPCR targetingitie  ral environments may represent non-living (detrital or non-
gene (Church et al., 2005a, b; Foster et al., 2007). Cellureplicating) particulate matter (Holm-Hansen et al., 1968;
lar DNA was extracted, and the gene sequences were tatdolm-Hansen, 1969; Winn and Karl, 1986; Bfiland Karl,
geted for dfferent diazotrophic groups. MostifH-based  1991; Arin et al., 1999). There is also evidence suggesting
abundances were estimated for the three major diazotropthat the non-living DNA is less important than originally
types: Trichodesmium UCYN groups and heterocystous thought (Dortch et al., 1983).
groups (Table 1c). Gene copies for UCYN were identi-
fied as UCYN-A, UCYN-B angbr UCYN-C groupsNifH-
based abundances were also estimated fideréint groups
of heterocystous cyanobacteria based on thit¢ gene se-  Diazotrophic abundances ang Fixation rates in the ocean
quences (het-1, het-2 and het-3), which have been identifiedan range from 0 when diazotrophs are below detection or
in symbioses with diatom®icheliaRhizosoleniaRichelia truly absent at that location and time, to very high values
HemiaulusandCalothrix-Chaetocerosrespectively (Church  during diazotrophic bloom phases. Cell abundances and N
et al., 2005b; Foster and Zehr, 2006). Note that there is ondixation rates hence vary by several orders of magnitude,
dataset (Bostim et al., 2007) that reports the abundance ofare often not normally distributed and are positively skewed
heterocystous geniodularia The sensitivity of the g°PCR  (long tail of high values). However, the datasets (excluding

2.2 Log-normal distribution and quality control
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Table 2. 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 (pgCcel)  Global Biomass Estimat¢Tg C)
default lower upper default  lower upper

Cell-count-based biomass

Trichodesmiurh 300 100 500
Richelia 10 2 80
Calothrix 10 5 20
2.1 0.8 35
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 groups
Richelia 10 2 80
Calothrix 10 5 20
89 28 170

2 The lowhigh biomass is calculated when all their subtypes usghigir conversion factors.
b Assuming 100 cells trichomé.

zero-value data points) are approximately log-normally dis-integrated total M fixation rates and the depth-integrated to-
tributed (Figs. 2 and S1) as is typical of many biological andtal biomass estimated from cell counts anifiH-based abun-
ecological properties that are induced by biological mecha-dances, as these depth-integrated values are used later for the
nisms (Koch, 1966; Campbell, 1995). Mathematically, cal- global estimates. First, the meag, and the standard devi-
culating the (arithmetic) mean and standard error of the log-ation oog Of the log-transformed data are calculated, which
transformed data and then back-transforming them exponerare used to calculate the critical valm@g with a probabil-
tially results in geometric meag, and geometric standard ity of a half of 1/(2n) that values would exceed the mean
error Sk, which should be used in estimating the mean andx,g by this amount assuming normal distribution (in log-
the error of the mean for a log-normal distribution in format transformed space). One-half ¢gf2n) is used because Chau-
of Xy x /SEy (Xg multiplied and divided by Sg instead of  venet's criterion is two-tailed test, and we only reject data at
usingXa =+ SE; (Xa: arithmetic mean; SE arithmetic standard  one tail on the high side. Thus, all data with log-transformed
error) (Limpert et al., 2001; Doney et al., 2009). Thus in this values higher thamg + x,*og are flagged.
study, the error range for a geometric megtis represented All the data points not flagged by the Chauvenet's criterion
as betweerxy/SEy andxg x SE;. are accepted. However, not all the suspicious outliers flagged
We control for data quality by using Chauvenet's crite- by the Chauvenet’s criterion have to be rejected, as our
rion to flag suspicious outliers (Glover et al., 2011), which datasets are not strictly log-normal distributed and the dis-
generally applies to normally distributed datasets and rejectgribution estimated from the existing samples may not well
data whose probability of deviation from the mean is lessrepresent the true distribution, especially at the sites with un-
than ¥(2n), wheren is the number of data points. However, usual environmental conditions. Thus for each flagged out-
considering (1) the datasets are log-normally distributed andier, we evaluate whether its extraordinarily high value is
(2) valid diazotrophic abundances and fikation rates can  reasonable or spurious based on the specific environmental
be infinite low or zero, Chauvenet’s criterion in our practice conditions angbr the discussion with the original data con-
is applied to the log-transformed non-zero data to flag thetributor.
outliers only on the high side. Thos&H-based abundances
that were reported as “detected but not quantifiable” are
not included in the application of Chauvenet’s criterion. Al- 2.3 Biomass conversion

though not used in the application of Chauvenet’s criterion,_l_he cell counts anahifH-based abundances are converted

data with zero values are kept in the database, as they repr?- . . : o
L . 2 " Yo C biomass using conversion factors (Table 2). As dis

sent valuable ecological information. Note that the criterion ussed above. for G biomass estimates all the courisiof

is processed separately for the volumetric data points of eacﬁhodesmiumn' colonies and cells have been converted to

taxonomic type. The criterion is also applied to the depth-number of trichomes by assuming 200 trichomes cotény

www.earth-syst-sci-data.net/4/47/2012/ Earth Syst. Sci. Data, 4, 47-73, 2012



56 Y.-W. Luo et al.: Database of diazotrophs in global ocean

1001 25+
9}
ol » 2r
2 €
= 3
£ 70r o
2 2
& eof Q 15¢
: 2
N 50| N
§ S
5 40F 5 10
I} )
S £
=
>
=z =z
20+ Bl
10}
0 , a 0 “ L II L L I L
10° 10" 10° 10° 10* 10° 10° 10" 10° 10° 10" 10" 10° 10° 10* 10° 107 10" 10" 10" 10° 107 10t 10°
. ] ) : . . - 3 1
Trichidesmium Counts (trichomes m 3) (a) Trichodesmium N2 Fixation Rates (umol N m™ d™) (b)
18r 140
16
1200
@ 14r 2
E 2
s 'S 100
= 12F o
- ©
2 o
a] 3
o 10 ° 80+
R 8
g | x
g8 S eof
s =
s ¢ s
g £ 401
>
Z 4r b4
20
2,
o ~LLHH | I o .
10° 107 10" 10° 10" 10° 10° 10* 10° 107 10" 10 10" 102 10° 10 10°
UCYN N2 Fixation Rates (umol N m? d"1) (C) Whole Seawater N2 Fixation Rates (umol N m> d'1) (d)
25
201
@2
E
[=}
o
5
S 15k
2
[}
N
c
2
« 10
o
o]
Qo
£
=
z
5,
| I
0 4 5 6 7 8 9 10 11 12
100 10° 10° 10" 10° 10 107 10" 10
UCYN-B nifH-based Abundance (copies m'3) (e)

Figure 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 rejga)ettichodesmiuntell counts,(b) TrichodesmiuniN, fixation rates,

(c) UCYN N; fixation rates,(d) whole seawater Nfixation rates, ande) UCYN-B nifH-based abundance. See Supplement Fig. S1 for
figures for other types.
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Table 3. Biomass conversion factors estimatedTachodesmiuntells based on size measurements of cultured WoodsHialeodesmium
species (Hynes et al., 2012). Carbon contents are calculated using the Verity et al. (1992) model.

Biovolume um?3) Carbon content (pg C ceh)

Species meas standard range meanstandard range
deviation deviation

T. thiebautii 680+ 380 280-1200 12@ 57 55-190
T. tenue 610 110
T. pelagicum 1100+ 130 1000-1200 19@ 18 170-200
T. hildebrandtii 1600+ 140 1500-1700 2509 240-250
T. erythraeum 340+ 200 190-920 65 32 42-160
T. contortum 1300+ 51 1300-1400 21e 7 210-220

and 100 cells trichont@, which were widely used as an es- T. erythraeum(Orcutt and Gundersen, unpublished data),
timate for Trichodesmiun{LaRoche and Breitbarth, 2005). which, by assuming 200 trichomes colohyleads to a con-

To determine the biomass conversion factor for trichomesversion factor of 41, 49 and 22 ng C trichomhgrespectively.

of Trichodesmiumwe utilize size measurements of cultured The synthesis of laboratory and field data by LaRoche and
cells of diferentTrichodesmiunspecies (Hynes et al., 2012) Breitbarth (2005) provides values of 50-58 ng C trichoine
and estimate carbon content using the model of Verity etfTo accommodate all these estimates, we use default con-
al. (1992) (Tables 3 and S1). The format of the Verity et version factors of 300 pg C cel (30 ng C trichome!, using

al. (1992) model is 100 cells trichome!) for Trichodesmiumwith its range esti-
0563 mated to 100-500 pg C celi(Table 2).
C=0433-V™, 1) The biomass conversion factor for UCYN-A isfiitult

. . . to calculate because there is no isolate in culture. UCYN-

where C is _the ge" c_arbon content in pg ahdis t_he A cells are spherical in shape and the estimate- @fum
cell volume inum?®. This model was used because it Was ;. Jiameter by Goebel et al. (2008) is the only measure-
&fent for UCYN-A cell size, which was determined using
fluorescence-activated cell sorting (FACS) coupled with real
time-gPCR. This gives a cell size estimate of % and a
default conversion factor of 0.2 pg C céliffor UCYN-A us-
ing the Verity et al. (1992) model, with its range estimated
by varying the default conversion factor ;b0 %, i.e., 0.1—
0.3 pg Ccelt! (Table 2).

UCYN-B (Crocosphaergacells are also spherical in shape

and species type, including cyanobactefiaerythraeumis

the smallesfTrichodesmiunspecies, with estimated C con-
tent of 65 pg C ceti* (Table 3) or 6.5ngC trichomé (us-

ing 100 cells trichom&"), which is consistent with the back-
calculated 42 1 pg C celt! from measurements of the iron-
to-carbon ratio and iron content per cell (Tuit et al., 2004;
Goebel et al., 2008). Thus, the Verity et al. (1992) model

used here appears to be suitable ToichodesmiumHow- with a reported diameter range of 3% in laboratory iso-

ever,T. erythraeunis relatively small compared to othéri- lates (Goebel et al., 2008) and 3@ in natural samples and
chodesmiunspecies. The estimated carbon content for other j

. . S cultures (Webb et al., 2009; Moisander et al., 2010). Thus,
Trlchodesmlu_rrspemes 'S 110-250pg C céll(Table 3) or UCYN-B cells have a range in volume from 14-2#@° and
11-25ng C ‘T'Chomé (gsmg 100 g:ellstnchomé). Carbon cellular carbon content from 4-50 pg C célusing the Ver-
content forTrichodesmiunvas derived from elemental anal- ity et al. (1992) model (Table 2). By assuming a diameter
ysis coupled with direct trichome counts at 40 stations in the ¢ o . 'and thus a volume of ﬁﬁ;]g we also estimate the
tropical Atlantic in 1994 and 1996 (see the dataset associateaef‘,;:JIt conversion factor of 20 pg C’Céﬂfor UCYN-B
Wlth.Carpenter etal., 2004 in our database), yielding a con- The only successful isolation and laboratory culture of
version factor of 1@ 12 ng C trichome!. Some other stud- a UCYN-C strain, designated TW3 (Taniuchi et al., 2012)
ies observed higher C contents fiichodesmiuntolonies, (w4 iha cells are 2 5-3,61in width and 4.0-6 Qr'n in
such as 9.7ig C colony'® in the Facific (Mague et al., 1977) length, which gives cellular volume of 20—g&h?® and cellu-
ang 1?'9_ agdl 11_"69;/': cc(:)lonhy fodr C'I:'rlchodesrrilg%aﬁsh_ h lar carbon content of 5-11 pg C célifor UCYN-C by using
an :u t.s n tantlc.( (]f art 536&” c gr;;\entt—:{;rl,b ), Whic the Verity et al. (1992) model. However, this range is an es-
resu tsin aconversion actersOng trlc OME" by assum- i mate from only one UCYN-C strain. For example, tiiéH
ing 200 trichomes colony. Another direct analysis ofri-

chodesmiunC content at the BATS station in the Sargasso gene of UCYN-C is most similar to thefH gene of the ben-
. thicC thecéZehr, 2011), and the cell di i ft
Sea in 1995-1997 shows3& 35ugCcolony? (n=23) i CyanothecéZehr, 2011), and the cell dimensions of two

. . Cyanothecestrains BH63 and BH68 have been reported as
for Trichodesmiunpuffs, 99+ 2.5ug C colony! (n = 14) for 4 idth by 7— lenath (R tal 1 hich
Trichodesmiuntufts and 45+ 2.4ug C colony?! (n=6) for Sum width by 7-8um length (Reddy et al., 1993), whic
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Table 4. Biomass conversion factors estimatedRicheliaandCalothrixtrichomes based on biovolume measurements by Foster etal. (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 meastandard deviation when applicable.

Species Heterocyst Vegetative cell Vegetative cells Biomass conversion
Biovolume C content Biovolume C content per trichome (pg Cegll
(mun?¥)  (pgCecell?) (wmd) (pg C celt?) 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

equals 90-16am® and leads to a conversion factor of 15— and 1 data point ofTrichodesmiumN, fixation rate of
24 pg C celt! by using the Verity et al. (1992) model. By 31391umolNm3d-* were sampled simultaneously in the
merging these two estimates, the default conversion factowestern Indian Ocean near the Kenyan coast (Fig. 3a and b)
of 10 pg C celt! with a range of 5-24 pg C cellis used for ~ (Kromkamp et al., 1997). The authors reported that a mas-
UCYN-C (Table 2). sive bloom, which seemed to be associated with a front, was
The trichomes oRicheliaandCalothrix are comprised of  encountered and large streaks wittichodesmiuntolonies
three to ten vegetative cells and one terminal heterocyst (Jarwere floating at the surface. As both the high abundance and
son et al., 1999; Foster and Zehr, 2006). The sizes of vegeN, fixation rate were observed, these two data points were
tative cells and heterocysts have been measured for multipleery likely real. The flagged data points of UCYN'’s ffix-
RicheliaandCalothrix samples (Foster et al., 2011). We use ation rate of 360 and 960molN m—=3d-! (Montoya et al.,
these values to estimate the C contents of vegetative cell2004) were from- 10° S, ~ 130-138 E, the western tropical
and heterocysts by using the Verity et al. (1992) model (Ta-Pacific in the Arafura Sea (Fig. 3b). High,Nixation rates
bles 4 and S2). As the sizes and the C contents dferdi are commonly found in this region, such as another flagged
ent in vegetative cells and heterocysts, average C content pavhole seawater Nfixation rate of 61@umol N m—3d-* (Bon-
Richeliaor Calothrix cell is calculated by assuming each tri- net et al., 2009) found in the nearby sea region 8,6
chome is comprised of one heterocyst and three, five or teri47” E, near Papua New Guinea (Fig. 3b). Recent mea-
vegetative cells (Table 4). The number of vegetative cells pessurements in the southwestern Pacific near New Caledonia
trichome does not greatly impact the estimate of average @Glso show extremely high Nixation rates (Bonnet, unpub-
content per cell (Table 4). Based on these estimates, a defadished data). The possible reason for these higHikation
biomass conversion factor of 10 pg C célivith a range of  rates could be the iron supply from volcanoes or via up-
2-80pg Ccell! is used forRichelia and of 10 pg C cet! welling. Another flagged whole seawatep, fixation rate
with a range of 5-20 pg C celi for Calothrix (Table 2). of 13500umolNm=3d-? (Gandhi et al., 2011) was sam-
pled from surface water at 17° N, 73 E, near the Indian
coast (Fig. 3b). In the same vertical profile, the fika-

3 Results and discussion tion rates sampled in 2m and deeper were all less than
32umol Nm3d1, and all the other surface,Nixation rates
3.1 Results of quality control sampled in the surrounding area on this cruise were below

) _ 540pmolNm=3d1. We evaluate that this high rate is ex-
M_ost_data t.ypes are well approximated by a log-normal dls'traordinary and should be removed from the database. The
tribution (Figs. 2 and S1), except f@alothrix cell counts flagged three data points of UCYNfH-based abundances
andCalothrix nifH-based abundances which only have lim- ¢ "5 o 111 copies M (Orcutt et al., unpublished data)
ited n?n-z_ero_data points (Fig. S1b and h). BY applying Ch"?‘u'are from the Mississippi Sound (Fig. 3c), although most other
venets criterion, there are only 9 data points flagged, in-pig| gene data were sampled from the open ocean. Missis-
Cluding 1 yolumetrlcTrlchodesmmm:ell gount (Fig. 2a), sippi Sound is a very shallow, partially land-locked coastal
1 volumetricTrichodesmiumN fixation (Fig. 2b), 2 volu- o ironment and is very flerent from open ocean waters.
metric N, fixation rgteg, by UCYN (Fig. 2c), 2 volumetr!c Also, the three flagged data points of the extreme peaks in
whole seayvater &\Iflxatlpn rate (Fig. 2d) and 3 \./ol'umetrllc nifH-based abundance were sampled in June and July 2009
UCYN-B nifH genes (Fig. 2e). Thus from a statistical point during extremely high water temperature event8Q°C) to-

of view, most data are acceptable. The f(l)agged 1 dat% POINf ards the end of the summer. This is also a time of the year
of Trichodesmiumcell count of 44x 10trichomesm
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Distribution of Diazotroph Cell Count Data
{Number of Data Points)

Distribution of Nz Fixation Rate Data
(Number of Data Points)

(b)
Distribution of nifH-based Abundance Data
(Number of Data Points)

Figure 3. Spatial distributions of collected diazotrophic data in number of data points (binned 6nxtty Brid), including cell counts
(panela), N, fixation rates (paneb) and nifH-based abundances (pam@! Blue diamonds mark the location for the data rejected by
Chauvenet’s criterion.

when the lowest seasonal dissolved inorganic N:P-ratio{Gandhi et al., 2011), are due to the specific environment and
(approximately 0.5) occurred, although the ratio increases tonot necessarily related to the data quality. Hence, we have
wards 3-6 by the end of the late summer period (likely dueretained these values in the database. These points, however,
to N fixation). The extreme peaks imfH-based abundance are not included in our later analyses because their extremely
also coincided with peaks in phytoplankton chloroplay{b— high values would influence the mean values. It is also im-
6ug ). Thus, we believe most flagged data points, exceptportant to note that we have not excluded data based on an
the high surface Nfixation rate found near the Indian coast
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assessment of the protocols of sampling, handling, preserva- Cell Counts for Diazotrophs

tion or measurement. o0
50°

3.2 Data distribution :2
Figure 3 shows the spatial distribution of the three sub- ¢
databases. The Atlantic Ocean has the best data coverage iny¢
all three sub-databases, especially in the North Atlantic. In
the Pacific Ocean, the coverage is limited especially in the .
South Pacific. There is almost no data coverage for the In- o
dian Ocean except four datasets in the Arabian Sea (Capone 5
et al., 1998; Mazard et al., 2004), near the Kenyan coast
(Kromkamp et al., 1997) and in the Madagascar Basin (Poul-
ton et al., 2009). There are also some data points in inner
seas. N 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 long-term sus-
tained time series of Nfixation measurements.

Most data were collected in the tropical and subtropi-
cal regions, with latitudinal coverage of 58-50 N for
cell counts of diazotrophs, 4G—60 N for N, 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 M fixation rates collected in 1960s and 1970s

zZ Z Z2 Z Z2 Z

w_»m _n 0O 0

200 400 600 800 1000 1200
Number of Data Points (€]
N2 Fixation Rates

o

Z 2 Z Z2 Z2 Z

and very limited data points of cell counts collected in 1980s ¢ S
(Fig. 5a, ¢ and €). The monthly distribution of the data tends 20'S
to be random for cell counts (Fig. 5b) and Kixation rates 30°s
(Fig. 5d), while most ofmifH gene data were collected in 40°s
March, April and July (Fig. 5f). 50°S ‘ ‘ ‘ ‘
0 200 400 600 800 1000
Number of Data Points
3.3 N fixation rates nifH Gene Copies ®)
60 N T T T T

After being binned onto<3x 3° grids and calculating the ge- — i
ometric means of the data in each bin, depth-integrated N . |
fixation rates are found to be highest in the western trop- S |
ical Atlantic near the Caribbean Sea and in the subtropi- |
cal North Pacific near the Hawaiian Islands, on an order of 2OVN |
100-100Qumol Nm2d-! (Fig. 6a). In most other regions, ~ ™" ]
depth-integrated N fixation rates are on an order of 1- 0 ’
100umol N m2d-! (Fig. 6a). 10's 1

The volumetric N fixation rates are also analyzed on  20's 1
3°x 3 grids in the five vertical layers of 0-5m, 5-25m, 30's ]
25-62.5m, 62.5-137.5m and 137.5-250m. The geometric 40's 1
mean values of each grid box are illustrated in Fig. 6b—f. 5¢°g 1
Note that the depth-integrated and volumetric values are not ¢ 200 400 600 800 1000 1200
from exactly the same data sources. They overlap for some Number of Data Points (c)

data sources but also have locations that are not in COmﬁigure 4. Latitudinal distribution of the data fd@) cell counts for

mon, as some of the data were originqlly reported as depthEliazotrophs(b) N fixation rates, andc) nifH-based abundances.
integrated values and the other depth-integrated values were

calculated herein. Nfixation rates generally decrease with

depth (Fig. 6b—f). When compared horizontally in each .Iaye'r,3.4 Diazotrophic abundance and biomass

the database reveals that there are several regions with high

N fixation rates: the subtropical North Pacific in all the lay- Cell counts anahifH-based abundances are used to estimate
ers, surface waters of the western Pacific and the tropical Atdiazotrophic C biomass using the default biomass conver-
lantic (especially in the west) in 0-25 m (Fig. 6b—f). sion factors (Table 2), except for a few datasets where the

Earth Syst. Sci. Data, 4, 47-73, 2012 www.earth-syst-sci-data.net/4/47/2012/



Y.-W. Luo et al.: Database of diazotrophs in global ocean 61

Cell Counts for Diazotrophs version factor, is much larger than heterocystous cyanobac-
(@) ‘ ‘ ‘ ‘ ‘ teria (Table 2),Trichodesmiunconstitute more than 97 %
of diazotrophic biomass based on cell count data (Table 5).
Cell count data do not include UCYN groups. The geometric
mean ofnifH-based abundances shows that UCYN-A is the
Qe = pre T g SH most abundant among all the diazotrophic groups including
Year Trichodesmiumand the abundances of UCYN-B, UCYN-
(b) C andRichelia are also comparable tdrichodesmiumn
== the volumetric data (Table 5). Howevéirichodesmiunstill
dominate the diazotrophic biomass (Table 5) because of
their higher biomass conversion factor than other groups.
Comparison of the geometric means shows ttifki-based
O Sows Foio Miay fpr Wiag Jun' Jul sug Bap Got Rlow Des abundances are mostly one order of magn?tude higher than
Month cell-count-based abundances forichodesmiumand het-
N, Fixation Rates erocystous cyanobacteria, except that the voluméfrie
0%y ‘ ‘ ‘ ‘ ‘ chodesmiunabundances are comparable in both cell-count-
based andcifH-based geometric means (Table 5). In the
North Atlantic Ocean where both cell counts anfH-based
1 abundances were frequently measured (Fig. 3a and c), his-
05 970 1980 1990 5000 2010 tograms ofTrichodesmiumabundances derived from both
Year the cell count data (assuming 100 cells trichofandnifH-
based data are in agreement (Fig. 7). This evidence provides
some support for the reliability ofifH-based abundance for
Trichodesmium

For comparison, the arithmetic mean and standard error
are also calculated for each diazotrophic group (Table 5).
0 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Note that zero-value data points have to be excluded for cal-

_ Month culating geometric means, while these data points can be
nifH Gene Copies . . . .
‘ ‘ ‘ ‘ ‘ used to calculate arithmetic means. The arithmetic means
(e) are mostly one to several orders of magnitude larger than
the geometric means, especially in thiéH-based datasets
500} (Table 5). The estimated biomass of UCYN groups increases
ol ‘ ‘ ‘ - greatly and becomes comparable to thatra¢hodesmiunif
1960 1970 1980 1990 2000 2010 the arithmetic means are used (Table 5), which, however, is
Year certainly due to the high values within the approximate log-
normal distributions dominating the calculation of the arith-
metic mean.

Total diazotrophic C biomass estimated from cell counts is
displayed in spatial maps for a given depth-integral and for
o the five vertical layers of 0-5m, 5-25m, 25-62.5m, 62.5-

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 137.5m and 137.5-250 m by showing the geometric means
Month of each 3x3° grid bin (Fig. 8a—f). The depth-integrated cell-
Figure 5. Temporal distribution of the data points in year and count-based diazotrophic biomass is higher in the western
month for (a)~b) cell counts for diazotrophgc)—(d) N, fixation than in the eastern Atlantic (Fig. 8a). The depth-integrated
rates, ande)—(f) nifH-based abundances. 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
contributors measured the conversion factors. The cell counvnly heterocystous cyanobacteria were counted in these
data demonstrate thdrichodesmiunis the dominant dia- sampling sites (Fig. 8a). The cell-count-based diazotrophic
zotroph, except that the abundanceQalothrix can be as  biomass shows maxima in the surface and decreases with
large asTrichodesmiun{Table 5). But the number of depth- depth (Fig. 8b—f). The surface cell-count-based diazotrophic
integrated cell count samples f@alothrix are very lim-  biomass is high in the tropical Atlantic (Fig. 8b and c), which
ited (Table 5) and are limited to one cruise in the subtropi-is consistent with the high Nixation rates found in the same
cal North Pacific (Villareal et al., unpublished). As the av- region. In the southern Atlantic, the cell-count-based dia-
erageTrichodesmiuncell size, and thus the biomass con- zotrophic biomass is low in all layers (Fig. 8b—f). The high
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Geometric Mean Depth-Integrated N2 Fixation Rates (umol N m? d'1) Geometric Mean N2 Fixation Rates in 0 to 5 m (umol N m? d")
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Figure 6. (a) Geometric mean depth-integrateg fikation rates binned or°%x 3° grid. Also geometric mean Nixation rates on 3x 3° grid
for 5 vertical layers oflb) 0-5m,(c) 5-25m,(d) 25-62.5m|(e) 62.5-137.5m an¢f) 137.5-250 m. The color bar is in logarithmic scale.
Zero values are marked with black triangles.

cell-count-based diazotrophic C biomass in the Arabian Se®&.5 First-order estimates for global N, fixation rate and
is from one dataset (Capone et al., 1998) reporting an exten-  diazotrophic biomass
sive Trichodesmiunbloom, which may not represent mean

level of diazotrophic biomass in the Arabian Sea. Many analyses can be conducted with2 000 data points in

bThZ total digzotrophic l:éi?cmass estimgtedrfrpiﬁh-l-balsed dqf the database as per the objectives of the users. Here we show
abundances 1S presented for a given depth-integral and fog simple example using the database to conduct first-order
the five vertical layers of 0-5m, 5-25m, 25-62.5m, 62.5—

1375 d 137 5-250 m bv showing th . estimates of the global Nfixation rate and diazotrophic
=M an f-o—200 M by Showing the geomgtnc MeaNgismass. We divide the global oceaninto 6 regions: the North
of each 3 x 3° grid bin (Fig. 9a—f). Both the depth-integrals

q its f ical | h hitifd-based C and the South Atlantic Ocean, the North and the South Pa-
a.n resu_ ts for ve'rtlca aygrs S. ow  higfi L a_se . cific Ocean, the Indian Ocean and the Mediterranean Sea
biomass in the tropical Atlantic (Fig. 9a—f), which is consis-

) . o _ ) (Tables 6, 7 and 8). Two methods, geometric mean and arith-
tent with the high N fixation rates found in the same region.

Hiah nifd-based bi Iso found in th h metic mean, were used for the estimation. As the data are
Igh nifH-based biomass was also found in the southwestern, evenly distributed in space and intensive samplings were

Pacific (Fig. 9a, ¢ and d), where the diazotrophic cell count,Jye iy some regions (Fig. 3), the depth-integrated values
data are not reported. ThefH-based biomass is generally are first binned to 3x 3° grid to partially avoid this bias.

high in 0-62.5m (Fig. 9b—d) and decreases below 62.5 MGeometric and arithmetic means are calculated for each bin,

(Fig. 9e and ). which are then used to calculate geometric and arithmetic
means for each region. Areal sum of the total fikation
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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 arithmetic 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 ar
analyzed separately.

Depth-integrated Data n nof zero-value data Abundance @idlls nr?) Biomass (mg C 1)
Geometric Arithmetic Geometric Arithmetic

cell-count-based data

Trichodesmiurh 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)
Calothrix 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) 2600 (440)
UCYN-A 104 24 1.5(0.88-2.4) 3400 (2200) 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)
Calothrix 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 €liglls nT3) Biomass (ig C nT3)
Geometric Arithmetic Geometric Arithmetic

cell-count-based data

Trichodesmiurh 3222 1094 3.3(3.1-3.5) 29 (3.6) 1100 (990-1100) 9400 (1100)
Richelia 1564 781 0.11 (0.097-0.12) 11 (1.5) 1.1 (0.97-1.2) 110 (15)
Calothrix 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) 23000 (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 trichomeé.

rate for each region is calculated by multiplying geometric most studies of diazotrophs. By using the geometric means,
or arithmetic means with ocean area of that region. Note thathe total N fixation rate in the North Atlantic is estimated
the volumetric data points are not used in this simple examto 1.7 TgNyr?, one order lower than the estimates for the
ple, although they can also provide valuable information forNorth and the South Pacific Ocean (35 and 24 TgN,yr
the global estimates. GlobabNixation rate and diazotrophic respectively) (Table 6). The arithmetic mean of Fixa-
biomass are then estimated by summing the estimates frortion rate in the North Atlantic, however, is one order higher
all the 6 regions. As 99 % of the data in the database were colthan the geometric mean, which makes the total arithmetic
lected within a latitudinal span 6f40° S-53 N, we assume rate of 32 TgNyr! more comparable to the North Pacific
the oceanic M fixation is negligible outside of this latitudi- (56 Tg Nyr?') and the South Pacific (46 Tg N9 (Table 6).
nal range. Given known temperature constraints on diazotroThe data indicate that, although high fixation rates were
phy, this seems like a reasonable assumption; however, onebtained in the North Atlantic, especially in the western trop-
could further refine global estimates if significant fixation ical North Atlantic (Fig. 6a), low N fixation rates were
is found outside this latitudinal range in the future. more frequently found in this region. More measurements
In the estimates for Nfixation rate, geometric mean of are needed to confirm the high estimates ¢ffiXation rate
the depth-integrated rates for the North Atlantic Ocean surfor the Pacific Ocean, as the measurements in the North Pa-
prisingly is lower than that for the North and the South cific were mostly in the subtropical gyre near the Hawai'i
Pacific (Table 6), although the North Atlantic has attractedlslands (Fig. 6a), and the sampling in the South Pacific has
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been limited to data mostly from two cruises (Garcia et al., North Atlantic Trichodesmium Depth-integrated Abundance
2007; Raimbault and Garcia, 2008). The fikation rates 20
were also low in the South Atlantic (Table 6). There are inad- , 15}
equate depth-integrated; Mixation rates collected in the In-
dian Ocean to estimate the means of this basin. By summinc-
the geometric mean rates from all the regions, the global N & 14[
fixation rate (not including the Indian Ocean) is estimated toDc> 12}
be 62 (error range: 53—73) TgN'yr(Table 6), which is at @
the low end of the current geochemical estimates of 100-
200 TgNyr! for marine pelagic M fixation (Gruber and
Sarmiento, 1997, 2002; Karl et al., 2002; Galloway et al.,
2004; Deutsch et al., 2007; Gruber, 2008). Note that, as de€
scribed in Sect. 2.2, the error range for a geometric mear3
in this study is represented as between the geometric mes
multiplied/divided by the corresponding geometric standard
error. The estimate of global Nfixation rate using arith- 2

i is hi . . . cells.m . (a)
metic mean is higher at 140 (standard error: 9.2) TgNyr North Atlantic Trichodesmium Volumetric Abundance
(Table 6), which is within the range of the current geochem- 70,
ical estimates.

In a manner similar to our global estimates of theflX- ;
ation rate, we have also calculated global mean diazotrophig
biomass from cell-count-based biomass data (Table 7). A:g =0/
in many sampling sites in the Pacific Ocean, only hetero-O
cystous cyanobacteria are counted (Table 1a) and thus velg 401
low total diazotrophic biomass was reported for these sites &
(Fig. 8a). We give special consideration for the Pacific by es- 2
timating mean biomass fdirichodesmiunand heterocystous “§ ol
cyanobacteria separately before summing the values fron3
these two taxonomies (Table 7). The average diazotrophitg 1ol
biomass in the North Atlantic is similar to or higher than <
that in the North Pacific as shown by both geometric and g
arithmetic means (Table 7) The global diazotrophic biomass 10 10" 10° 10° 10
(not including Mediterranean Sea) is estimated from the cell- cells m™ (b)
count-based data as 2.1 (error range: 1.4—3.1) Tg C using ge-

ometric mean or 18 (standard error: 1.8) TgC using arith-'9uré 7. Histogram of depth-integrated (par@) and volumet-
metic mean (Table 7) ric (panelb) non-zero data points of cell-count-based (blue) and

The alobal di hic bi is al . df nifH-based (red)lrichodesmiunabundances in the North Atlantic
e global diazotrophic biomass Is also estimated from 10° S-50 N). Each Trichodesmiumtrichome is assumed to be

depth-integratedifH-based data. First, the depth-integrated .omprised of 100 cells. Data values are on logarithmic scale. Those

data points ofifH-based biomass are limited, with no or in- “getected but not quantifiabletifH-based abundances, which are

adequate data points in the South Atlantic, the Indian Oceanssigned 16 10° cells n73 (see text for details), are not included.

and the Mediterranean Sea (Table 8), and thus the estimate

could be highly biased. The geometric medfH-based di-

azotrophic biomass is extremely high in the South Pacificdue to N fixation is estimated to be 2 days and 92 days, re-

compared to other regions (Table 8). The global estimatespectively.

(the Pacific plus the North Atlantic) of diazotrophic biomass

from nlfH—ba_lsed data is 89 (error range: 52-150)TgC US-3 6 Limitations

ing geometric mean or 590 (standard error: 70) Tg C (using

arithmetic mean), which are dominated by the estimate of theThere are a number of limitations with the database and the

South Pacific (Table 8). global estimates. First and foremost, these data points are not
By comparing the global estimate of fixation rates with  uniformly distributed in the world ocean. Historically, sci-

the global estimates of cell-count-basedniiH-based di- entists have also sought out regions with high diazotrophic

azotrophic biomass (using geometric means) (Tables 6, Abundances and, hence, there is a higher possibility of artifi-

and 8) and assuming molar C:N ratio of 106:16 for dia- cially elevated N fixation activity and diazotrophic biomass

zotrophic cells, the turnover time of diazotrophic cellular N relative to true regional means. As the current database does

not cover some regions such as the coastal upwelling zones,
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Figure 8. (a) Geometric mean depth-integrated cell-count-based diazotrophic carbon biomass binfeBbgral. Also geometric mean
cell-count-based diazotrophic carbon biomassx3 grid for 5 vertical layers ofb) 0-5 m,(c) 5-25 m,(d) 25-62.5m(e) 62.5-137.5m
and(f) 137.5-250m. The color bar is in logarithmic scale. Zero values are marked with black triangles.

our estimate could be changed substantially if valugeidi imum estimates that may increase in the future. These mea-
within these biogeographic domains. surements are still valuable when comparingiXation rates

As mentioned above, it was recently established that then different regions, as they are approximately log-normally
most commonly applied method used to measusefika- distributed and range in 6 orders of magnitude (Fig. 1).
tion, the N, assimilation method (Table 1b), has under- It is also a notable issue that theffdrence between the
estimated the true rates because ¥, bubbles injected geometric and the arithmetic mean fikation rate is larger
in seawater do not attain equilibrium with surrounding wa- in the North Atlantic than those in the other basins (Table 6).
ter (Mohr et al., 2010). Two independent method compar-A strict log-normal distribution is symmetric in the log space
isons conducted in the Pacific and Atlantic Oceans demonand its geometric mean is located at the peak of the distri-
strated that the measured rates are significantly higher whehution, i.e., at the highest probability. However, the depth-
the 15N, tracer is added in a dissolved form to the incuba- integrated total Mfixation rates in our database, after binned
tions, resulting in an instantaneot®\ isotopic equilibrium  on 3 x 3° grid, are not strictly log-normally distributed in
in the seawater (GroRRkopf et al., 2012; Wilson et al., 2012).each basin (Fig. 10). The North Atlantic has highest spatial
The variability in the underestimation was linked to the com- coverage, and the Nixation rates in this basin fier in 6 or-
position of the diazotrophic community (Mohr et al., 2010; ders of magnitude from 18-10° umol N m2d-* (Fig. 10).
Grol3kopf et al., 2012) indicating that it will befitult to Its distribution is not symmetric, with more values observed
correct the historical rate measurements made witiiKg on the left (lower) side. Thus, the geometric mearfikation
method. However, these measurements can be treated as mirate for the North Atlantic is one order of magnitude lower
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Figure 9. (a) Geometric mean depth-integrateidH-based diazotrophic carbon biomass binnedox® grid. Also geometric meanifH-
based diazotrophic carbon biomass 6rk3° grid for 5 vertical layers of(b) 0-5m,(c) 5-25m,(d) 25-62.5m,(e) 62.5-137.5m and
(f) 137.5—-250 m. The color bar is in logarithmic scale. Zero values are marked with black triangles.

Table 6. Estimates of N 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-integrafiechtion rates are first binned tg  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. Area
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 o

each region. Errors for global arithmetic means are propagated from (independent) errors in each region. ND: no data. NQ: not qualified to
calculate areal sum because of too few samples.

Region Latitudinal Oceanareanof nofzero- N fixation rate (mol N m2d1) Areal Sum (Tg Nyrt)
range «102m?) bins value bins Geometric Arithmetic Geometric  Arithmetic
North Atlantic Ocean  0-53N 36 125 0 9.2 (7.0-12) 170 (40) 1.7 (1.3-2.2) 32(7.4)
South Atlantic Ocean  40=® 27 15 0 7.9 (6.3-9.8) 13 (4.4) 1.1 (0.9-1.4) 1.8 (0.6)
North Pacific Ocean 0-5m 89 45 3 78 (67-90) 120 (22) 35 (30-41) 56 (9.8)
South Pacific Ocean ~ 40=8 72 26 0 64 (54-76) 130 (46) 24 (20-28) 46 (17)
Indian Ocean 40S-25 N 62 4 0 120 (29-490) 590 (320) NQ NQ
Mediterranean Sea 3044 2.5 10 0 18 (12-28) 45 (21) 0.2 (0.1-0.4) 0.6 (0.3)
Global 62 (62-73 137 (9.2)

Earth Syst. Sci. Data, 4, 47-73, 2012 www.earth-syst-sci-data.net/4/47/2012/



Y.-W. Luo et al.: Database of diazotrophs in global ocean 67

Table 7. Estimates of diazotrophic biomass for the global oceans using cell-count-based data. Same method as Table 6 is used, except tha
the estimates forrichodesmiunand Heterocystous cyanobacteria (CYN) are calculated separately in the North and South Pacific Ocean.
ND: no data. NQ: not qualified to calculate areal sum because of too few samples.

Region Latitudinal Ocean areanof nofzero- Cell-count-based diazotrophic Areal Sum (TgC)
range «10”m?) bins value bins biomass (mg C#)

Geometric Arithmetic Geometric Arithmetic
North Atlantic Ocean 0-53N 36 103 4 24 (18-32) 310 (66) 0.87 (0.67-1.2) 11 (2.4)
South Atlantic Ocean  40<=(& 27 8 4 11 (6.7-18) 7.5(3.9) 0.30 (0.18-0.50) 0.21 (0.11)
North Pacific Ocean 0-5: 89
Trichodesmium 52 15 10 (6.5-16) 71(19)
Heterocystous CYN 63 11 0.02 (0.02-0.03)  0.42 (0.12)
Total 10 (6.6-16) 71 (16) 0.91 (0.58-1.4) 6.3 (1.5)
South Pacific Ocean 40=8 72
Trichodesmium 4 1 0.11 (0.09-0.13) 0.09 (0.03)
Heterocystous CYN 16 13 0.06 (0.04-0.11) 0.02 (0.01)
Total 0.17 (0.13-0.25)  0.10 (0.01) 0.013 (0.009-0.018) 0.007 (0.001)
Indian Ocean 40S-25 N 62 2 0 190 (160-240) 350 (110) NQ NQ
Mediterranean Sea 304N 2.5 ND ND ND ND ND ND
Global 2.1(1.4-3.) 18 (1.8)

Table 8. Estimates of diazotrophic biomass for the global oceans usfhigbased data. Same method as Table 6 is used. ND: no data. NQ:
not qualified to calculate areal sum because of too few samples.

Region Latitudinal Oceanarea n nof zero- nifH-based diazotrophic biomass Areal Sum (Tg C)

range «102m?) ofbins value bins (mgCm)

Geometric Arithmetic Geometric  Arithmetic

North Atlantic Ocean  0-53N 36 41 6 290 (150-560) 3800 (1200) 11 (5.5-20) 140 (44)
South Atlantic Ocean  40=( 27 ND ND ND ND ND ND
North Pacific Ocean 0-5% 89 12 0 170 (78-380) 1700 (630) 15 (6.9-34) 150 (56)
South Pacific Ocean 40=-8 72 22 0 880 (560-1400) 4200 (1500) 63 (40-100) 310 (110)
Indian Ocean 40S-25 N 62 4 0 33 (16-69) 81 (63) NQ NQ
Mediterranean Sea 304N 25 ND ND ND ND ND ND
Global 89 (52-15Q 590 (70)

than the peak of the distribution. The arithmetic mean in thisinant taxon,Trichodesmiun(Table 5). But considering the
basin is more than one order of magnitude higher than thdog-normal distributions, dierence of one or two orders of
geometric mean. In the North and South Pacific, thdik magnitude is relatively small compared to the span of the
ation rates only dfer in 2 orders of magnitude, without any distribution especially when the number of samples is lim-
data lower than 1@mol N m~2 d~* (Fig. 10). Thus, the dier- ited (see Fig. 7 as an example). More samples are needed in
ence between the geometric and arithmetic means is small@rder to confidently validate the usagerofH data for esti-
in the Pacific than in the North Atlantic. Although the geo- mating diazotrophic abundances and the assumption of 1: 1
metric mean N fixation rate in the North Atlantic is about conversion fromrmifH to cell densities.
one order of magnitude lower than those in the North and The above global estimates are based on default values of
South Pacific, the peaks of the distributions are actually muchthe biomass conversion factors. In order to show fieces
closer in these basins (Fig. 10; also see Table 6). Comparedf the variation of the biomass conversion factors, we have
to the North Atlantic, the Pacific is not intensively sampled applied the upper and lower bounds of these conversion fac-
for N, fixation. Thus, we need more samples with wider spa-tors for all diazotrophic subtypes in order to revise global di-
tial coverage from the Pacific to better evaluate the global N azotrophic biomass estimates following the same procedure
fixation rate. described above. The estimated global geometric mean di-
Based on depth-integrated data, the global mean estimata@zotrophic biomass can vary by abau?0 % from default
of diazotrophic biomass from cell counts is 1-2 orders of estimates, ranging in 0.8-3.5Tg C 9 (default 2.1 Tg C) based
magnitude lower than that fromfH-based abundances (Ta- on cell count data, orin 28-170 Tg C (default 89 Tg C) based
bles 7 and 8), which are mostly contributed by the dom-on nifH-based data (Table 2).
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near future using the new method by addiily, in a dis-
solved form. Each data record needs to be well documented
for the applied®N, method, so that future users can identify
which data records are likely underestimated.

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 Mfixation activity and its temporal and spa-
tial variations on local, regional and global scales, as well as
pe = 5 P for Constrainin_g th_e relative contribution of new nitrogen |n

Total N, Fixation Rate (umol N m d") puts from N fixation and other sources. The diazotrophic

biomass data, along with data from other functional groups,

Figure 10. Histograms of depth-integrated totap Kixation rates  can be used to study phytoplankton community structure.

(after binned on 3x 3" grid) in North Atlantic (blue), South At-  The database can also be used to validate geochemical es-

lantic (green), North Pacific (red) and South Pacific (black). For timates of N fixation and to parameterize and validate bio-

each basm,_fllled diamond am_j empt_y circle mark th_e location Ofgeochemical models, keeping in mind that fikation rate

the geometric mean and the arithmetic mean, respectively. measurements have been underestimating the tufixa

tion rates.

—N Atlantic
S Atlantic

—N Pacific

| |—S Pacific

-
N

=
=

Number of 3x3° Bins

4 Conclusions and recommendations for use

Supplementary material related to this article is
The first global database of oceanic diazotrophic measureavailable online at: http: //www.earth-syst-sci-data.ne#/
ments has been constructed with sub-databases flixét  47/2012essd-4-47-2012-supplement.pdf
tion rates, cell counts for diazotrophs amifH-based abun-
dances. This database provides useful information on the
spatial patterns of Nfixation and diazotrophic biomass in  acknowledgements.  Y.-W.L., S.C.D., D.B., M.J.C., D.MK,,
the world ocean. Depth-integrated values were used to COnP.H.M., K.A.T., A.E.W. and J.P.Z. are funded by C-MORE project
duct a first-order estimate of the globaj Rixation rate and  (NSF EF-0424599). L.A.A. and D.J.M. gratefully acknowledge
diazotrophic biomass. Spatial coverage is the main limita-support of NSF OCE-0925284. M.B. acknowledges funding
tion of the database, as there are still vast oceanic aredsom projects CAIBEX (CTM2007-66408-CO2-02) and CYFOD
where diazotrophic activity and biomass have never beedCTM2008-00915-E), and FPI fellowship (BES-2008-006985) by
measured. For example, measurements in the Indian OceaN”C”\'N (Spain). S.B. is funded by IRD and data are contributions

the South Atlantic and the subtropical southern Pacific are! the BOUM experiment and ISOFeRIX Project of the French

. L . . . national LEFE-CYBER program, the European IP SESAME and
a high priority ',n th',s_ regar_d' A f',ner understand!ng of the the international IMBER project. M.J.C., R.M.L. and D.M.K.
range and applicability of fixed biomass conversion factorsacknOwledgle NSF OCE OCE-08-50827 for supportingfikation

is another concern. Although careful analyses have been conpeasurements at Station ALOHA. R.J.L. and J.L. are funded by the
ducted to derive a reliable global biomass, our estimates may;erman BMBF project Sopran. D.M.K., P.H.M., K.A.T. and J.P.Z.,

vary by +70% depending on the conversion factor. More are funded by the Gordon and Betty Moore Foundation. C.M.M. is
direct elemental analyses are required to further narrow théunded by NERC, UK. B.M.-C. was supported by the Ramon y Ca-
range of biomass conversion factors. Relatively higher abunial program from the Spanish Ministry of Science and Technology.
dances tend to be found fromifH-based data than from A.P.R. received funding through NERC OCEANS2025. A.E.W.
the cell count data. The estimated global mean diazotrophi@cknowledges funding from NSF OCE-0726422 (to F. Prahl, OSU).
biomass frormifH-based abundances is 1—2 orders of mag_We thank_ Nlcola_ls Gruber and another anonymous referee for their
nitude higher than that derived from cell counts. However, SONStTUctive reviews.

in the we_II—sampIed region _of the North Atlantic, tHAei- #Edited by: S. Pesant

chodesmiunmabundances estimated from these two types o

data match each other better. Further investigations and more

data are needed to identify what causes the discrepancies bBeferences

tween these two estimates. However, it is clear that micro-

scopic cell counts cannot, at present, account for the UCYN—Arin' L., Berdalet, ., Marras C., Estrada, M., Guixa-Boixereu,
P ,atp ’ N., and Dolan, J.: Particulate DNA and protein relative to mi-

A, W,hiCh is very abt_mdgnt in the ocean. . croorganism biomass and detritus in the Catalano-Balearic Sea
,W'th the recent findings that most of the previousfix- (NW Mediterranean) during stratification, J. Plankton Res., 21,
ation rates have been underestimated when'tNe tracer 1299-1316, 1999.

was added to the incubations as gas bubbles, it can be exailift, M. D. and Karl, D. M.: Dissolved and Particulate DNA Dy-
pected that higher Nfixation rates will be reported in the namics during a Spring Bloom in the Antarctic Peninsula Region,
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