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Trichodesmium, 
a Globally Significant 

Marine Cyanobacterium 
Douglas G. Capone, Jonathan P. Zehr, Hans W. Paerl, 

Birgitta Bergman, Edward J. Carpenter 

Planktonic marine cyanobacteria of the genus Trichodesmium occur throughout the 
oligotrophy tropical and subtropical oceans. Their unusual adaptations, from the mo
lecular to the macroscopic level, contribute to their ecological success and biogeo-
chemical importance. Trichodesmium fixes nitrogen gas (N2) under fully aerobic con
ditions while photosynthetically evolving oxygen. Its temporal pattern of N2 fixation 
results from an endogenous daily cycle that confines N2 fixation to daylight hours. 
Trichodesmium colonies provide a unique pelagic habitat that supports a complex 
assemblage of consortial organisms. These colonies often represent a large fraction of 
the plant biomass in tropical, oligotrophic waters and contribute substantially to primary 
production. N2 fixation by Trichodesmium is likely a major input to the marine and global 
nitrogen cycle. 

I richodesmium, a colonial marine cya
nobacterium (I) (Fig. 1), has intrigued nat
uralists, biologists, and mariners for well 
over a century (2). These cyanobacteria 
have been reported throughout the tropical 
and subtropical Atlantic, Pacific, and Indi
an oceans, as well as the Caribbean and 
South China seas (Fig. 2) (3, 4). Modern 
interest in Trichodesmium dates to the early 
1960s with the recognition that the biolog
ical productivity of large expanses of the 
ocean is often limited by the availability of 
nitrogen (5) and the observation that Tri
chodesmium is diazotrophic (that is, an N2 
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fixer). The current focus in assessing the 
global role of the upper ocean in assimilat
ing atmospheric CO z has elevated the im
portance of quantifying marine N2 fixation. 

Although major advances in under
standing the biology of Trichodesmium have 
recently occurred on diverse fronts, several 
important questions remain largely unre
solved: (i) Where does Trichodesmium fit in 
the broader scheme of cyanobacterial phy-
logeny? (ii) How does Trichodesmium sus
tain simultaneous photosynthetic 0 2 evolu
tion with nitrogenase activity, and why 
does it fix N2 only during daylight periods? 
(iii) What physiological, morphological, 
and behavioral adaptations contribute to 
Trichodesmium's ecological success in the 
oligotrophic marine environment? (iv) 
What environmental and ecological fac
tors control production and N2 fixation in 
Trichodesmium in situ, and to what extent 
does it contribute to productivity, nutrient 
cycling, and trophodynamics in tropical 
and subtropical seas? (v) What is the over-
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all importance of Trichodesmium N2 fixa- 
tion and primary production in the global 
marine N and C cycles? 

the relatively recent isolation and mainte- 
nance of cultures of the organism (13, 14) 
and the development of structural and mo- 
lecular biological approaches to character- 

the differences in phylogenetic association 
based on the two genes is not yet clear but 
could involve convergent evolution (in 
nifH) or lateral transfer (of nifH or 16s 
ribosomal RNA genes). The rather distant 
relation of the Trichodesmium nifH gene to 

Molecular and Physiological 
Features 

izing natural populations, the taxonomic 
status of Trichodesmium populations has 
gained firmer footing. Sequence analysis of 
nifH and 16s ribosomal DNA (rDNA) has 
enabled inference of the taxonomic identity 
of the Trichodesmium sp. isolates and has 
provided additional bases for distinguishing 
Trichodesmium species as well as the means 
to determine the relative phylogenetic re- 
lation of Trichodesmium to other bacteria 
and cvanobacteria (15. 16). The data are 

. " 
that of other cyanobacteria suggests that 
Trichodesmium nijH evolution may be con- 
strained by the structural requirements for 
aerobic N2 fixation. 

One of the most intriguing aspects of 
Trichodesmium biology is the simultaneous 
occurrence of N2 fixation and photosynthe- 
sis. Several hypotheses explaining how Tri- 
chodesmium might fix N2 aerobically have 
been proposed. First, it is possible that the 
properties of Trichodesmium nitrogenase are 

Open-ocean marine N-cycle studies and ba- 
sic N2 fixation research converged in 1961 
when Dugdale et al. first identified Tri- 
chodesmium as a putative light-dependent 
N2 fixer (6). However, as a nonheterocys- 
tous N7 fixer. Trichodesmium re~resented a 
clear exception to the prevailing dogma (7) 
and, in the absence of a pure culture or 
other definitive evidence, its ability to fix 
N2 was viewed with some caution (8). A 
comparison of the DNA sequence of the 
gene that codes for the Fe protein of nitro- 
genase (nifH) obtained from natural popu- 
lations of Trichodesmium with that from a 
Trichodesmium isolate (9) provided the first 

. ,  . 
consistent with differences in trichome di- 
mensions and colony morphology that had 
been used in' previous taxonomic schemes 
(15). The nitrogenase DNA sequences of 
field samples of T. thiebautii and both field 
and culture samples of T. erythraeum were 
very similar (98% over 325 nucleotides), in 
contrast to comparisons of nitrogenase n i p  
gene sequences between species of other 
cyanobacterial genera, which are as low as 
75% similar. Trichodesmium nifH seauences 

unique with respect to their resistance to O2 
inactivation. Second. nitroeenase mav be - 
transiently modified to protect it from per- 
manent O2 deactivation, or it may be con- 
tinually synthesized to replace protein being 
inactivated by 0 2 .  Third, there may be 
intracellular 02-consumptive processes that 
maintain O2 at concentrations compatible 
with N2 fixation. Finally, N2 fixation and 
photosynthesis may be spatially segregated 
in some manner-for instance. either with- 

direct evidence of the cyanobacterial origin 
of the nitronenase activitv associated with w 

Trichodesmium. Later immunolocalization 
studies showed that the nitrogenase protein 
occurs within Trichodesmium cells (10-12). 

The diversity among forms of Trichodes- 
mium with respect to cellular and colonial 
morphology has prompted extended debate 
concerning its taxonomy and phylogenetic 
position within the cyanobacteria. With 

from three species form a deeply branching 
cluster within the cyanobacteria (Fig. 3), 

in specific regions in a colony or by cell 
differentiation within a trichomesuch 

implying a very early radiation in cyanobac- 
terial evolution. Although the nifH se- 
quence indicates that Trichodesmium sp. 
NIBB 1067 is distantly related to other 
cyanobacteria, it appears relatively closely 
related to an oscillatorian on the basis of its 
16s rDNA sequence (17). The reason for 

that N2 fixation and photosynthesis are mu- 
tuallv exclusive within individual cells. 

hiapping of the Trichodesmium nitroge- 
nase operon and subsequent sequencing of 
nitrogenase structural genes demonstrated 

Fig. 1. Examples of Trichodesmium colonies. (A) 
Fusiform or tuft of Trichodesmium culture IMS 
101 ; (B) radial or puff colony of T. thiebautii. Col- 
onies are typically -2 to 5 mm in length (fusiform) m 
or diameter (radial) and are composed of tens to Fig. 2 Locarlon or process-or~enrea sruales ana alsrrlaurlon or ~ncnwesmium in the world's oceans 
hundreds of aggregated filaments (trichomes). based on maps compiled by Carpenter (3) with reference to surface nutrient and productivity distribu- 
Each trichome consists of tens to hundreds of tions from Bergeret a/. (85) to exclude areas of coastal upwelling and equatorial divergence. Dashed line 
cells (typically -100); cells are generally 5 to 15 indicates approximate extent of Trichodesmium penetration into subtropical waters. Although Tri- 
pm in diameter but can range up to 50 pm in chodesmium is found in waters colder than 20°C, growth and activity are usually restricted to waters 
length (75)  (photos by H. Paerl). above 20°C (3, 4). See Table 1 for key to study locations. 
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that the  gene si:e and organlzatlon \yere 
simllar to  those of' other heterocystous and 
nonheterocvstous cvanobacteria i 1 6). hlod- ~, 

eling o t  the  three-dimensional structure of 
the  Fe motein from the  deduced anlnlo acid 
secluence did not reveal uniclue or unusual 
features of the  T~~choclesml~im nitrogenase 
Fe nrotein. relative to  those of other cva- 
nobacterla, that  might explain a higher 0, 
tolerance (18).  hloreover, elevated 0; tor- 

ce~ltrations lead rapidly to inhibition of N, 
f lxa t~on ,  Lvhereas decreased partial pressure 
o t  0, often stimulates activity (1 9):  hence, 
nitrogenase activity in  Tnchodesmit~in 1s 0,- 
sensltlve. 

Co~ltimlous nltrogellase s\-nthesis, as ob- 
served in  other nonheteroc\-stous c\-a- 
nobac te r~a  (7 ) .  could replace l~itrogelnaie 
~nac t lva ted  by 0: and thereby provide a 
mechanism for simultaneous N-. fixation 
and p l~o tosvn thes~s .  H o w e ~ ~ e r ,  nitrogenase 
activity in  T~lchodesmliiin 1s sustained for 
several hours 111 the  presence of the  cro- 
tein s\-nthes~s ~nh lb i to r  ch lo ran lphe~~ico l  
( 1  9 ,  217) anil well after the  clisappearance 
of nlJH messellger R N A  (21 ), n.hic11 indi- 
cates a relatively low turnover rate of nl-  
trogenase protein during the  active perloJ 
of N: fixation. I n  some diarotrophs, nitro- 
genase ma\- be protected from permanent 
inactivation by 0: throug11 conformation- 
a1 challges or covalent ~nodification (7).  
T h e  Fe protein of Tr~chodesm~t~m nitrooe- 
nase can  be lnodifieJ in  response to  0; 
stress ( 1 9 ,  22 ) ,  although the  nature of the  
~nod i f l ca t lo l~  and x h e t h e r  t h ~ s  ~ n o ~ l l t i c a -  
t ion confers protect io~l  have yet to  be 
determined. 

Experimental evidence exists for the  role 
of 0: removal processes in luaintaining Ion. 
intracellular 0: concentratiolls and thereby 
facllltating contelnporalleous K: fixation 
and photosyntl~esis. Resplratiol~ rates in 
Trichodesmi~tm appear high relative to other 
cyanobacteria, resulting i n  high compensa- 

t ion points (typically 100 to  200 bmol  mp' 
quanta s-') (23) .  Several other blocheml- 
cal or ph\-sical means of 0, consumption 

have bee11 suggested (24).  
Fogg (25) first offered the  provocative 

hypothesis that a spatial segregation of 0; 
e\ .o lut io~~ and nitrogel-case activity (analo- 
gous to that betn-een vegetative cells and " 

l~eterocysts) occurs nit11111 T~ichodesmitun 
colonies. He  postulateil that photosystem I1 
(PS 11)-assoclated O2 prod~lction took place 
in trichomes near the periphery of the colo- 
ny, n-hereas nltrogenase activity was con- 
filled to the inner portions of the colony that 
lacked PS 11. Experimental evidence sup- 
porting this Idea n.as provided (26,  27) so011 
after Fogg's original suggestloll. Holvever, 
other f~nci~ngs suggest that nitrogenase and 
oxygenic photosynthesis may co-occur In 
cells and that colony integrity is not an  
absohlte prereilulsite for activlty (28). Early 
suggestions that T~ichodesmi~im m ~ g h t  dlffer- 
entlate Kz-flxing and pl~otosy~ltl~eslzll~g 
cells along individual trichorues have recent- 
ly gained support (29). If cellular delegation 
of actlvltv t11rou.h differentiation 1s conclu- " 
sively demonstratecl as a general mechanism 
111 T~lchodesmi~~n~, it \voulil provide an  in- 
valuable model for molecular-level studies of 
a sinlple dlfferelltlatecl system. 

T h e  nronosed mecha~lisms summari:eil 
A L 

above are not nn~tually exc1us1r.e. T~~chodes- 
init~m   no st llkely uses several strategies to 
permit nitrogenase actlvity during photo- 
s\-nthesis. Other  lnechanlsms that enable 
the co-occurrence of nltrogenase actlvity 
and oxygenic photosynthesis In thls organ- 
lsnl may vet be identifled. Regardless of honl 
T~lchodesmium 1s able to fix X, 111 the  light, 
~t is equally curious that in  natural popula- 
tions Xl fixatlo11 occurs only dur i~lg  the  da\- 
and is not  performed during the night, as is 
cl~aracteristic for other nonheterocystous 
cyanobacterla (7 ) .  Saino and Hattori (39) 
first observed that nltrogenase was only ac- 

Fig. 3. Evolut:onar)/ reaton 
of the genus Trichodesmium Chrornat~um, 
to other diazotrophs on the sulfate reducers, Trichodesmiu 
bass  of n!fH amino acid se- 
quence data. The evouton- 
ary d~stances betiveen de- 
duced amino acld sequenc- Archaea 
es  were used to create a 
phenogram using the negh- 
bor-jonng method of nitrogenases 
PHYLP (96) The Fe protein y Proteobacterta 

gene it~ifH) of Trichodes- )-------I 
0 10 f~xed mum vtias amp~~fled from substitutions a Proteobacteria 

cultures by means of the per site 
polymerase chain react~on 
(9). Trichodesmiunl nifH sequences cus;er reatvey dlstanty from other cyanobacteria genera. Imply- 
ng iha; the Tr!chodesmium genus diverged early In evoluilon. The nifH DNA sequences obtalned from 
f e d  coectons  of T erythraeum and T thlebautii are very smiar (98%) and could be dstingulshed by 
only a few sgnature nuceotdes (short dstances among Trichodesnliunl specles nifH sequences 
cannot be distngulshed here). 

tive In samnles of T~ichodesmium collected 
during da\-llg11t hours: Samples collected a t  
n ~ g h t  were incapable of K 2  fixation under 
artliiclal light. They suggested. 8 \-ears be- 
fore circadian rhythms were identlfieil in 
any prokaryote ( 3  1) .  that the  daily cycle of 
NZ f i x a t ~ ~ n  in  T~ichodesmi~~ni might he at- 
trlbutable to  an  endogenous rhythm. Re- 
search illto the  dy l~a~n ics  of the  llitrogel~ase 
pool and 11ifH tra~lscription in natural pop- 
ulations revealed a dvl~amlc daily cvcle of 
svnthesls, activity, and degrada t io~~ ,  directly 
coupled to  the  light cycle (19-21). thus 
providing a m e c h a n ~ s t ~ c  exp la l~a t io l~  for the 
origlnal observations. 
A nrlmar\- criterion for establishing the  " 

endogenous nature of K ,  fixatloll in T T ~ -  
chodesmit~m-~ts ~ersistellce over several c\-- 
cles In collstallt light-has r e c e ~ l t l ~  beell 
p r o ~ ~ i d e d  in  T~ichodesmlt~m sp. IhlS 101 
(32).  T h e  ciscadla11 clock, ~11ich appears to 
be set b\- ~ l l u m m a t ~ o n  patterns, is Ilkel\- to 
be of adaptive sigllifica~lce 111 ensuring that 
synthesis 1s induced in ant ic~pat ion of the  
light periocl, thus optimizing the  efficiency 
of light-clrlr.en N ,  fixation in  the  re la t ivel~ 
stable environment of tropical and subtrop- 
ical seas. This is the first enclogenou 
rhvthm to be confirnled in  a nrokarvote 
other than a cocco~il  cyanobacte~ium (3 1 ). 

Ecology 

Trichodesmit~m nrimarllv inhabits surface 
waters of oligotrophic, tropical, and  sub- 
tropical oceans, and  is encountered 111 

high abu~lilance 111 n-estern boundary cur- 
rents (for example, the  Gulf Stream, KLI- 
roshio), In tropical portions of the  central 
gyres, and  111 several ocean margin seas ( 3 )  
iFiv. 2 ) .  T h e  water columll of these enci-  ~ , z ,  

ronments is generall\- very stable, n.it11 the  
urxTer mixed laver often around 100 m. 
This  zone is characterizecl by low llutrlellt 
concentrations,  Ires\- clear waters, anil 
deep l ~ g h t  pene t ra t~on .  

In  an  env~ronment  lvhere tlle densities 
of mlcroorganlsnls are very low and the  
n-aters 111g11l\- transparent, Trichodesmittm is 
unusual in  that it is visually promment,  
espec~ally iluring surface blooms. T h e  ob-  
served abundallce of T~ichodesniium in  n u -  
trient-depleted Lvaters prompts the  ques t~on  
of how ~t is uniquely adapted to  this envl- 
ronrnent. Characteristlcs of T~ichodesmitlrn 
that appear to contribute to ~ t s  success in  
the  ollgotrophlc open ocean Include its ca- 
pability to fix N,; its natural buoyancy, 
\vhlch positions i t l n  the  upper \rater col- 
umn; a p l~o tosyn the t~c  apparatus adapted to 
a high-llght regime; and a relatively low 
grorvth rate, urhich, coupled with a lack of 
rnajor grazers, allo\rs it to malntain relative- 
ly high biomass. 

Despite its al~llity to  iix N 2  and its hab- 
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itation in the high-light environment of the 
near surface, Trichodesm~uin has gro~vth 
rates that are low relative to those of manv 
eukaryotic phytoplal~kton (4) .  Even in cul- 
ture, the doubling times of Trichodesmium 
are slolv (-3 to 5 days), which suggests that 
a relatively low growth rate may 111 fact be 
an adaptation for exploitil~g the hlgh-ener- 
gy but low-nutrient conditions of the oligo- 
trophic oceans (33). Because of its diazotro- 
phic capacity, Trichodesmittm growth rates 
are presumably limited by the availability of 
non-N nutrients. Field and laboratorv data 
suggest that Fe is a key factor limitink TTi- 
chodesrniuin N z  fixatlon and growth rates 
(34-36). 

'4 key characteristic of Tr~chodesmtum 1s 
the presence of gas vesicles, nhich provide 
b~~oyancy (37) and help maintain T~ichodes- 
iniuin populations in the upper surface xva- 
ters. As has been noted in other planktonic 
cyanobacteria, the buoyancy of Trichodes- 
miuin is a dynamic property: A daily cycle of 
rising and sinkillg of colonies is often ob- 
served, and this may be a result of cell 
ballasting through the progressive Increase 
of relatively dense carbohydrate and protein 
accumulating from photosynthesis through 
the day (38). 

Wind stress at the surface affects the 
qualitative distribution of Trichodesmium 
populations. Relatively high and steady 
winds of the Trade Wind belts m~?: olank- 
ton pop~llat~ons throughout the upper eu- 
~ h o t i c  :one, but natural buovancv counter- 
icts mixing to the bottom ' of the mixed 
layer; population densities are generally 
greatest at relatively shallow depths (2C to 
4 C  m) in the upper water column (3 ,  4 )  
(Fie. 4). , " ,  

Localization of the population in the 
hlgh-~rradiance upper water column is an 
adaptation that may provide a solution to 
the constraint of high compensation points 
(23) (equivalent to co~npensatio~l depths of 
-5'2 to iL7 m in oligotrophic waters) and 
the added energetic demands of N, fixation. " 

Pigment co~nposition and photosynthetic 
parameters indicate a photosysteru adapted 
for both maximum efflclency and photopro- 

tection at high light (4 ,  39). hloreover, Fe 
enters the open ocean primarily through 
atmospheric deposition, and locatlon of 
these organisms In the upper water colun~n 
may be advantageous wit11 respect to Fe 
acauisition 135). ~, 

When wind stress 1s low for an extended 
period, the intrinsic buoyancy of Trichodes- 
mittm can have striking consequences, lead- 
ing to the development of extensive surface 
blooms or "red tides" 13. 39. 42). These 
phenomena, which range in actual color 
from yellow to  brow^^, are easily observed by 
satellite (Fig. 5 )  (41, 42). The accumula- 
tion of the population at the surface for an 
extended period may result in photoinhihi- 
tion (43) and, possibly, photooxidative 
damage (3 ,  4 .  39); however, bloom organ- 
isms appear to be metabolically active, 
growing (40, 41), and relatively resistant to 
photoinduced damage (39). 

Although physical processes rnost often 
dominate oceanic   lank ton distributions, 
large surface accumulations of T~ichodes- 
inittm may affect the bulk phys~cal and 
chemical oronerties of surface waters. Me- 

L L 

soscale sea-surface features of the extent 
and intensity characteristic of some Tri- 
chodesmittm bloolns likely modify light pen- 
etratlon and the quality of the in sitir light 
field 143) as well as heat and oas transfer ~, " 
across the ocean-atmosphere interface (44). 
Organic and inorganic nutrients accumu- " " 

late during blooms and can affect subse- 
quent pl~ytoplal~kton succession and pro- 
ductivity (4Q).  

Ecologically, Trichodesmiurn affects the 
structure and functlon of the oligotrophic 
ocean by contrlbutlng to ~ t s  productivity 
and trophodynamics, as \yell as by provid- 
i11g a unlque pelagic habitat. Upon close 
inspectLon, many colonies reveal a micro- 

cosm including bacteria, other cyanobac- 
teria, proto:oa, fungi, hydrozoans, and 
copepods (45) .  Nitrogen and carbon fixed 
by Trichodesin~um enters the food web, but 
not necessarily through increased C and N 
flux into classical food chains. Some spe- 
cies of T~ichodesmitiin produce a toxin that 
deters grazing by calanoid and cyclopoid 

copepods, considered to be the rnajor graz- 
ers in these systems (46) .  A special1:ed 
group of harpacticoid copepods appear 
adapted to the toxi11 and are capable of 
directly gra:ing T~ichodesmium (47) ,  al- 
though their ouantitative role in  the con- - 
sumption of Trichodesmiurn is unknown. 
Although there are anecdotal reports of 
the nresence of T~~chodesmitt in in the guts - 
of gelatinous zooplankton and fish (4) ,  
this does not appear to be a quantitatively 
i~nportant  fate for Trichodesmittm biomass, 
and much of the C and N fixed by Trl- 
chodesmtum likely enters upper trophic 
levels by other pathways. In  natural pop- 
ulations of Trichodesmium, a large propor- 
tion of recently fixed N is released as 
organic N (48) .  Besides provldlng a means 
of exchange between N,-fixing and 11011- 

Nz-fixing cells in  the colonies, this exu- 
datlon ma\- be a n  i m ~ o r t a n t  source of C 
and N for microbes inhabiting the colo- 
riles (49)  or free-living in the water col- 
umn. and ultimatelv ma\- be a source of , 1 

inorganic N for phytoplankton. 

Biogeochemistry 

Wlth its cosmopolitan distribution 
throughout much of the oligotrophic trop- 
ical and subtrop~cal oceans (3)  and its ca- 
pacity to form extensive surface blooms 
(40-42), Trichodesmittm may be one of the 
most globally important cyanobacteria and 
pl~ytoplankton. However, there 1s insuffi- 
cient quantitative informatio~l to substantl- 
ate this inference, possibly because of the 
unique proble~ns associated 1~1th assessing 
the biomass and productivity of T~ichodes- 
mittm by traditional methods as well as the 
inherent difficulty In sampling ephemeral 
blooms (50). As a result, the contribution 
of Trichodesm~um to marine C and N input 
has generally been considered relatively 
small (51). Recent data, however, suggest 
otherwise. 

Accurately quantifying N: fixation in 
the seas has direct bearing on our under- 
standing of C flux in the tropical oceans. 
According to the "new production" concept 

Fig. 4. Average depth dstrbut~ons Trrchodesmrum dens~ty (trlchomes per Ilter) 
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(52), in steady-state marine systems the 
amount of organic N removed from the 
system (that is, the euphotic zone) should 
equal external ("new") N inputs entering 
that system. Although N, fixation is a po- 
tential source of new N, NO3- from depth 
is generally considered the quantitatively 
dominant source of new N in most open- 
ocean systems (52). Areal rates of total 
production in tropical oligotrophic regions 
are typically very low (53), and the relative 
amount of vroduction devendent on new N 
(that is, "new" production) is thought to be 
small; nonetheless, the export of organic N 
and C from the upper water column of 
oligotrophic regions is important in the ma- 
rine C and N budgets because the total area 
involved is vast (53). 

The increase in atmospheric CO, has 
provided added impetus to the quest to 
quantify oceanic primary production and its 
rate of removal to depth (54). N, fixation 
and vertical NO3- flux from depth have 
different potentials for supporting primary 
production and effecting net removal of 
CO, from the atmosphere. Vertical NO3- 
flux occurs with a concurrent upward flux of 
CO, and PO:- from depth, often close to 
the stoichiometric reauirement of ~ h v t o -  . , 
plankton. Thus, relative to N2 fixation, 
NO3- derived from depth has limited capac- 
ity for effecting net removal of atmospheric 
CO,. N, fixation represents a source of new 
N entering the system that can account for 
a net sequestering of atmospheric CO, into 

Location 

export production (55). 
Recently, several independent lines of 

evidence have prompted speculation that 
marine N2 fixation has been severely un- 
derestimated and may play a larger role in 
global C and N fluxes. Large imbalances in 
the estimated N budgets for the North At- 
lantic, central North Pacific, Indian, and 
global oceans have prompted speculation as 
to unknown or poorly quantified N inputs, 
and N2 fixation may provide the missing 
source of N (56). . , 

For nonupwelling regions of the tropical 
and subtropical North Atlantic, the vertical 
flux of NO3-, assumed to represent the bulk 
of the influx of new N into the eu~hot ic  
zone (52), is estimated to range from 30 to 
150 umol N rn-, dav-' (57). However. , . .  
such estimates of new N inputs are often 
insufficient to satisfy the calculated demand 
for new N and organic export from the 
euphotic zone (57), which suggests the ex- 
istence of sources of combined N in addi- 
tion to vertical NO3- flux. Other biogeo- 
chemical approaches also reveal N demand 
in, or losses from, the upper water column 
exceeding current estimates of N inputs, 
further indicating unquantified inputs (58). 

Indevendent evidence that N, fixation 
may be of greater relevance than currently 
believed derives from studies of the natural 

mium has a low 615N, typical of N,-fixing 
organisms (59). Relative to the isotopic 
composition of PON in more nutrient-rich 
areas, the 615N of suspended particles and 
zoo~lankton in surface waters of the west- 
ern and central tropical Pacific and in the 
Caribbean is often low and inversely related 
to the abundance of Trichodesmium. This 
suggests that the isotopically light PON in 
these waters is a result of N, fixation by 
Trichodesmium (59). 

Relative to conventional assessments of 
planktonic standing crop, primary produc- 
tivity, and inorganic N uptake, there are 
few direct estimates of Trichodesmium bio- 
mass and its rate of N, fixation (50) (Table . , .  
1) and even fewer estimates of its contribu- 
tion to primary production. The most com- 
prehensive studies to date have been made 
in the subtropical Sargasso Sea and in the 
tropical Caribbean and far western Pacific 
(Kuroshio, South and East China Sea) (Fig. 
2), ocean margin regions that may not be 
representative of the tropical oceans. More 
limited data are available for the tropical 
North Atlantic and the vicinity of Hawaii. 
Virtuallv no information exists for laree - 
expanses of the tropical oceans, particularly 
in the Southern Hemis~here. Nonetheless. 
several of the studies conducted over the 
vast two decades have vrovided direct evi- 

isotopic abundance of 15N in surface partic- dence of the importance of Trichodesmium 
ulate organic nitrogen (PON). Trichodes- relative to other phytoplankton (60). With 

Table 1. Summary of direct areal estimates of N, fixation, as originally reported or as derived. Studies 
based on C2H2 reduction determinations of N, fixation used a 3 : 1 conversion from C,H, reduced to N, 
fixed, unless otherwise noted. N, number of discrete obse~ations. 

Fig. 5. (A) Image of chlorophyll and (6) relative 
Trichodesmium abundance derived from a coast- 
al zone color scanner (CZCS) image of the north- 
western coast of Australia in- the vicinity of the 
Dampier Archipelago and confirmed by contem- 
poraneous sea-truth data [adapted from (42)]. A 
protocol based on reflectivity and absorption at 
550 nm was used. Chlorophyll is reported as de- 
tected by CZCS, with lowest to highest chloro- 
phyll a concentrations ranging from purple ( ~ 0 . 0 5  
mg m-3) to red (>3.0 mg m3) .  For Trichodes- 
mium, dark colors indicate its absence; lighter col- 
ors (light blue through orange) indicate its pres- 
ence. Differences in color represent varying re- 
sponses to the protocol, not necessarily differenc- 
es in Trichodesmium concentration. 

Areal estimates 

Average 5 SE Map Refer- 

Date (umol N m-2 N 'Ode 

28"N, 155"W (North Pacific) 
27" to 34'N (NW Sargasso Sea) 
22" to 36"N (Sargasso Sea) 
22" to 23"N (Caribbean 

passages) 
30°N (Atlantic transect) 

0" to 24ON, 45" to 66'W (SW 
North Atlantic) 

21 O N ,  159"W (North Pacific) 

Subtropical 
Aug 73 
SepOct 73 
Aug 74 
Feb-Mar 74, 

Aug 74 
MayJun 75 

Tropical 
Fall 64 

Spring 65 
Oct, Dec 72 

12" to 22'N (Caribbean) Feb-Mar 74, 77' 2 9.7 12 3 (92) 
Aug 74 

10" to 25"N (SE East China Sea) Summer 77 126 32 7 (63) 
23"N, 158"W (North Pacific) Jun 90, 85 2 6b (89) 

Feb 91 
7" to 1 O0N (Arabian Sea) May 95 35 + 7.4 9 8 (87) 
14" to 22ON (SW North Atlantic) May 94 73 2 22 12 9 (64) 
NE Caribbean May 94 278 + 129 3 9 (64) 
Tropical, grand average 106 5 24 

'Data as originally presented using a 6.3:l conversion ratio. tData based on direct 15N, uptake. Average rates 
from 0 and 15 m are assumed over the top 20 m and have been increased by 50% to account for activity below 20 m, 
on the basis of data for the region from Fig. 4 and (64). 
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respect to subtropical 15-aters such as the  
Sargasso Sea, previous studies have detecteil 
appreciable populations of T~iciiodesrniiim 
ollly for limited periods during the  summer, 
and the  calculated contributions of T7i- 
chodris~nili~n to C and N input \\'ere relative- 
ly small (Table 1 )  (61 ) .  

In tropical studies, despite lon. gro~l-th 
rates, the  relatively high biomass of Tri- 
chotfesini~l.in in  these regions inlplies that it 
may account for a quant~tatively i~nportant  
input of organic C, and data from se\-era1 
studies have provideil support for this ~ciea 
(62)  (Fig. 4). K o t  surprisingly, the  lliost 
data esist for estiillates of K, fisation (Ta-  
ble 1) .  T h e  average rate of N, fixation 
reported for a suite of statlons throughout - - 
the  Caribbean Sea \vas i 1 p1~1o1 K ln-' 

O n e  station in the  tropical North  
Pacific \-ielded a n  N: fisation rate of 134 
pmol  N mp'  i laj: .  (62-65). W e  calculated 
126 pmol  N m p -  dayp'  on the  hasis of data 
(63)  for the  C h ~ n a  Sea anil Kilroshio cilr- 
rent near the  southern tip of Japan (Table 
1) .  Our  recent results from the  open tropi- 
cal -4tla1ltic Ocean (Fig. 4 )  are generall\- 
consistent 'ix-ith earlier data from this and 
other t rop~cal  regions (Table 1 ) .  Scaling the  
average (nonbloom) tropical rate of 1C6 
pmol  N m-' day-' t o  tropical oligotrophic 
n-aters that cover about 152 X 12%in2 (53) 
yielils a n  annual input of -8C Tg  K ,  con- 
siiierably greater than prel-ious estilnates or' 
pelagic K ,  fixation input (3 .  42) .  

These esti~nates of K input through N1 
fixation in tropical areas are roughly eiluiv- 
alent to  the  estimates of 1-ertical NO,- flilx 
given above and suggest that these t\\-o 
processes are of comparable importance in 
new N input. hloreol-er, recent el-idence 
inciicates that actual ediiv diff~~si\.ities are at 
tile lower range of those 1-alues cilrrently 
assilmed (66) .  If this is correct, it \voulil 
loxver the  estimate of K Innut bv 1-ert~cal 
flus o t  KO3-- anti corresponiiingly increase 
the  relative importance of upper IT-ater col- 
umn K l  fisation to overall N input. T h e  
extreme depth of the  euphotic zone in  the  
oligotrophic open ocean ( > l 2 2  ~ n ) ,  and the  
absence of measurable KO3- throughout 
much of the  upper water column of the  
highly oligotrophic tropical areas, imply a n  
uncoupling between the  reservoirs of K O i -  
at depth and productivity in the  near sur- 
face. Any N O ,  that penetrates up from 
depth is 11kelv to  be ass~milated at the  chlo- 
ropllyll maximilm, typically located near 
the  l o b  light level near the  nitracline. 

L41though ni~merous bloonls have been 
ciocumented and their spatial extent and 
b~omass density have been es t i~na te~ l  (4P- 
4 2 ) ,  the  effect of a given bloom o n  C and K 
input has been de te r~n ine~ l  on1;- o n  a fen. 
occasions. For three studies that ilirectly 
measured N: f~xa t ion  In surface blooms, the  

in t~u t  of N in the bloom 15-as about three 
times that occurring throughout the  rest of 
the  water col~ul ln  (67). 

Taken tooether. these ol-servations 
strongly iniiicate that K l  fixation is a n  im- 
portant colllponent of the  marine K budget 
that needs to be consiiiered in basin-scale 
studies of N cycling and in calculations of 
global K budgets. In aclilition to  N ,  fixa- 
tion, other potentially significant "nexx-" N 
inputs, such as atmospher~c deposition of 
dissolveii inorganic anil organic K ,  have 
been poorly i~uantifieii or ignored in the  
past (68). More accurate assessillent o i  their . , 

contributions to  the  oceanic N cycle ni l l  
f~urther help to rectify current discrepanc~es 
in basill-scale and oceanic N budgets. 

Future Research and Prospects 

Research efforts fro111 a molecular to a glob- 
al perspective provide a ne\\- basls for u11- 
iierstaniiing the  biology and ecolog7- of T7i- 
chotlesn~iurn and inferring its role in global 
biogeochemical cycles. Phys~ological, ge- 
netic, and immunological e\-idence have 
confirmed T~ici~odesmilirn. rather than asso- 
ciated microorganisms, as the  main K 2  fixer 
in its colonial aggregates. T~ichodesini~im 
fixes K 2  aerobically, possibly in the  saine 
cell anil at the  same time as it evoll-es 0, 
through photosynthesis, making it a ~ ~ n i q u e  
and valuable   nod el orgallisln for the  study 
of N 2  fixation in photosynthetic organisms. 
.As one of the  ien. prokaryotic systems iden- 
tified as ha\-ing an enilogenous rhythm, TTI- 
ii~odes~lii~cm has a relatlve hiochem~cal sim- 
plic~t\-  that makes it a n  attracti1-e sybtem for 
iiientif\-lng the  genetic anii physiological 
factors regulating components of it5 biolog- 
ical clock. 

klultiple characteristics have been iden- 
t ifmi that contribute to the  ability of TTi- 
shoLles.inuon to fix N1 aerol~lcally, hilt a k111- 

gle critical component that allows simillta- 
neous photosynthesis anil nitrogellase ac- 
tivity of llitrogenase has \-et to be f o ~ ~ n d ,  
and seeming1;- conflicting results need to be 
reconcilecl. T h e  dichotomy in gro~vth rate 
esti~nates based o n  C or N in natural pop- 
ulations neeils also to be resolved. T h e  
availability of robust cultures n-ill greatly 
improve our knon.ledge of the  biochemical 
functioning of these unusual diazotroyhs. 

X l~arietl-  of recognized ~norphological 
and filllctiollal features de~uonstrate Tri- 
chodesniili~n to be well aiiapted to the  K -  
poor o l ~ g o t r o p h ~ c  ocean environment. Of 
particular ecological relevance ma\- be its 
cyclic patterns of vertical migration, N, 
fixation, and photoprotective processes. 
Hon-el-er, we have yet to develop a n  inte- 
grati1-e physiological model directly linking 
these ecological helm-ion in cultures or in 
natural lwpulatio~ls. blore rigorous defini- 

tion of the  ~nter'lay of anti chem- 
ical li~lliting factors will prc~vide ilnportant 
constra~nts for moileling and predicting the 
in situ clyl~am~cs of these yopillations. 

T h e  accumulating eviiience strongly in- 
dicates J I ~ L I C ~  Inore ilnportant role of Trl- 
choifesn~i~i,n in  oceanic biogeochemistry 
than it is currentl\- affordeil. Synoptic esti- 
mates of the  areal and temuor,ll extent of 
T ~ ~ i i ~ o t l e s m i ~ i ~ n  populations anti, particular- 
ly, blooms by new and planneil satellite 
sensors [for example, the  ocean color and 
temperature scanner (OCTS) and the  sea- 
:.ie\ving wide field-of-vie\\. sensor (Sea- 
WiFS)], coupleci 1~1 th  the  development of 
in  sitit methoils of enillneratillg these pop- 
ulations (for example, fluorescence-based 
optical plankton counters and laser-indi~ce~l 
fluorescence imagers). will f~urther refine 

L7 , 

anil ailvance our kno~vlecige of occurrence 
in  t r o ~ i ~ c a l  and subtrouical seas. This  in- 
formation n i l l  be useful in deterilllning 
the  potential role of blooms in  the  modi- 
f ~ c a t i o n  of svstem-scale features such as 
heat ,  material flus,  and albedo. T h e  more 
comprehensir~e database o n  T~icho t l e s i~ i i t~~~i  
~ ~ o n u l a t i o n  l~iomass anti distribution de- 
L L 

ri~reii f r o ~ n  satellite studies, along nit11 ex- 
panded direct inforlnation o n  its in situ 
contributions to  C and K cycling, will also 
a l lon for more precise extrapolation of its 
oceanic contribiltions to  ne11- K inputs a5 
\\;ell as the  inclusion of Trichodes~niiiin as 
a n  esplicit component of large-scale moil- 
eling of oceanic productivity. 

\7, : a ~ ~ a t i o n s  in oceanic productivity over 
glacial-interglacial time scales have been 
directly related to subtle variations in  the  
extent of iienitrification and cyanobacterial 
( that  IS, T~ici~otlesmitcln) K I  fisation in the  
sea (69) .  T h e  possll\ility exlsts for use of 
nilcleotide probes of nij'H to  esalnine paleo- 
ecological trends of T~icizodermiiim poPula- 
t iom in oceanic secl~ment cores (72). De- ~, 

veloping a firm uncierstanil~ng of the  ily- 
na~llics and controls of Trlclioilesmiiin~ par- 
ulations in the  contemporaneous ocean, 
along lvith intormation o n  its population 
tre~lils over geological time scales, \\.ill lead 
to important new insight5 al~oilt controls o t  
oceanic productivity. 
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rus, and the source of t s  phosphorus requirement 
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50 Cruises through reglons n v ~ h ~ c h  Trichoa'esmium 
blooms occur are infrequent, and convent~onal 
oceanographic cruses seldom allow t m e  for oppor- 
t ~ l n s t c  sampng of boolns Moreover, because of 
ther size and buoyancy, t radtona methods of ml- 
croplankton sampng are strongly biased agalnst 
accurate assessment of Trichoa'esmium even ~lnder 
nonblooln cond~t~ons Trichoa'esmium 1s often 
vlewed as a nulsance organlsln In plankton net- 
based salnping focused on mcropankton c o e c -  
t on  and qLlanttaton, as hgh  densites clog nets. Net 
salnpl~ng, unless pe6ormed caref~~lly at o w  towng 
speeds and with fne-mesh nets ( 5 1  00 pml. V~II d s -  
rupt the reatvely decate  colones. Routne proto- 
cols for plankton counting, lneasurlng chlorophyll 
and prmary productvty on samples drawn from wa- 
ter bottles, may also Impose bases Because coo-  
nes are buoyant, they rapldy rise to the top of water 
sample bottles (sample water IS drawn from the bot- 
tom]. Reatvely s l n a  sample volumes are used In 
most of these procedures (-300 m and often less] 
and would ke ly  undersalnpe large colon~al phyto- 
plankton, such as Trichodesmium, that typcaly oc- 
cur at concentratons at or below one colony per t e r  
(under nonboom condtions). Prescreenng of water. 
commonly peflormed to remove large zooplankton. 
also removes Trichoa'esmium colones, thereby e m -  
natng their contrlbuton to estlnates of bolnass or 
C f~xat~on Moreover, unless discharged by acid 
treatment, gas vesces prevent cells from snkng 11: 

Uterlnoh set tng chalnbers (used for countng phy- 
toplankton: or sedlmentlng during cent r~ f~~gat~on 
Results froln convent~onal oceanograph~c phkqo- 
plankton surveys in tropca areas should therefore 
be vewed cautousy ~511th regard to ther accuracy In 
quanttatvey estimatng Trichoo'esmium abundance 
and total C and N flxaton unless salnpng and han- 
d n g  protocols were specficaly adapted to account 
for these organisms Recent satellite evldence (41. 
423 renforces the proposton that panktonc dia- 
zotrophs are ~~ndersampled 
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chem. Cycles 9, 235 (19951 The relatively small 
global estmate 1s attrbutabe to the general accep- 
tance of Carpenter's (3: calculat~on for Trichodes- 
mium N nput by N, fxat on, which, for large expans- 
es of the ocean, depended on historlca plankton 
suheys that ke l y  underestimated abundances of 
Trichoa'esmium (50). 

52. Primary product~v~ty 1s dependent on two dlstinct 
sources of N "recycled" N, whch results from the 
cycling of autochthonous organc and norganc ma- 
ter~al, and "new" N, whch s deflned as aochtho- 
nous N that arrves de novo Into a system. Sources of 
new N Include NO,- advectng or dffusng up from 
the large resen8o1rs of NO, at depth, comblned 
forms of N from wet or dry atlnospherc deposton, 
and N enter ng Into the system through N, flxation 
[R C Dugdae and J J. Goerng, Limnol. Oceanogr 
12. 196 (1 96711. Reatlve to other sources of new N. 
nltrate from depth 1s generally consdered the most 
Important (82-84) 

53. D. G. Capone. Mitt. In;. \/er Theor Angel/,/ Limnol 
25. 105 (1 996); (82, 851. 

51. The oceans i key  pay a key role In the global C cycle 
[U Slegenthaer and J Sarmlento, /Nature 365, 11 9 
(1 99311 It IS post~lated that the marne bota  sene as 
a "b~ological pump'' for sequesterng C Into the deep 
ocean [A. R. Longhurst and Vsl G. Harrison, Ping 
Oceanogr 22. 17 (1 98911. 

55. D M. Karl et a / ,  Nature 373, 230 (1995). (821. If 
PO," I ~ m t s  Trichoa'esmium, t s  supply from depth 
would co-occur with deep CO,. However. Fe 1s cur- 
rently thought to be the most crltica i m t n g  nutrient 
for Trichoa'esmium (34-3E:. In t hs  regard, the atmo- 
sphere supply of Fe would u t lna tey  constran Tri- 

chooksmi~im's capacty to sequester CO,. 
56. A budget for the upper water column of North Pacflc 

waters near Hav~ail (36) requred an input by N, f~x-  
aton about eq~lvalent to vertical N flux n order to 
acheve balance. Mchaes et a1 (861 estmated an 
nput of N betv~een 50 and 75 Tg y e a r 1  to account 
for obser~ed excesses of combned N In the North 
Atlantc, M. Furnas et a/ [Great Barrier Reef Re- 
search Coinmission Res Pub. 3 5  (199511 Invoked 
extensve N, fxatlon to balance nutrent budgets for 
two sectons of the Australan shelf-Coral Sea along 
the Great Barrer Reef. The Arabian Sea budget pre- 
sented by K. Solnasundar et a/. [!iiar Chem 30.363 
(199011 ndcates a deflclt of -28 Tg N, whch they 
suggest may be pa r tay  offset by N, fixaton Global 
budgets generally reveal an excess of losses over 
nputs (51: [J. Clir~stensen et a / .  Global Biogeo- 
chem Cycles 1 ,  97 (1 9871. D G. Capone. In !iiicro- 
bial Proo%ction ana' Consumpti011 o f  Greenhouse 
Gases ldethane, Nitrogen Oxio'es ana' Haloineth- 
anes, \td. B V,lhtman and J E Rogers. Eds (Amer- 
can Soclety for M~crobiology. \tdash~ngton. DC, 
1991). pp. 255-2753. D. Hansel and T. Y ?Vater- 
house [EOS (suppl I 76. 0 5 1  7 (199611 reported an 
anomaly in suflace total organc N n the oigotrophio 
North Pacfc, whch they attrbuted to N, flxaton 

57. Vertca NO3- flux is computed as the product of the 
NO,- gradent at the n t racne and the vertca eddy 
dffusvty (K,] Ntrate gradients used to calculate t hs  
term do not vary w~dely v511thn the lnaor oceanc 
basins (74). Although :here s consderabe debate 
regardng approprate va l~~es  for dapycna eddy d f -  
ius~v~t~es,  values n the range of 1 x 10-5 to 5 x 
1 0-5 m-' s-' are commonly reported or used (74. 
83, 8E:. Eddy d f fusv tes  for open-ocean systems 
have been estllnated by varlous approaches, and 
larger va l~~es  have been reported [for example. (74, 
88)]. Depth-~ntegrated uptake of '"NO3-, used to 
estmate t:ev/ N delnand In the euphotc zone, often 
exceeds NO, flux n t o  the upper water col~l lnn in 
troplcal waters (83, 87) [F. K~ng  and A. H. Devol, 
Limnol Oceanogr 24, 645 (1 979)] However. tracer 
ncubaton methods may cause asubstanta nutrent 
perturbat~on In h~ghly nutrient-depleted waters. 
thereby artif~c~ally s tmuatng N O ,  uptake [P. M. 
Gber t  and D G Capone, In Mtrogen Isotope Tech- 
nioues. R. Knowes and T H. Backburn Eds (Aca- 
delnic Press Nev~York. 19931, pp 243-2721, More- 
over, although t s often assumed that photonhb-  
tlon of n~triflcatlon prevents recycl~ng of NHLt to 
N O ,  wlthn the euphotc zone [R. Olset:, J, idar, 
Res 39, 227 (1 981 11, n t r~ f~cat~on occurs in the lower 
euphotc zone and some N O ,  uptake may be con- 
sldered recycled production [B B. Ward, K A. K -  
patrlck. E H Renger. R. \td. Eppey. Limnol Ocean- 
ogr 34. 493 (1 989)]. 

58. Estllnates of net productivity Inferred from 0, dy- 
namcs n the upper vmter column exceed estlnates 
of nput fluxes (88); PON export can exceed conven- 
tlona nputs (35. 891 

59. Typcaly a 815N of 0 to 2 p e r m .  where 815N eq~lals 
[( 'W:"N ,,,,,, / '5N: 'LNa,~ - I ]  x 1000. Organc 
producton dependent on N, fxaton results In b o -  
mass with an N sotopc ratio relatively o w n  ' j N  and 
slmar to that of the avaabe pool of N, (that IS, 815N 
near zero] Ths IS ds tnc t  from organc matter pro- 
duction dependent on flxed forms of N, whch are 
usually heavier (that 1s. a greater relative ratio of "N 
to 14N). and thereby pvovdes a distinct signature for 
tracng the movement of recently flxed N Into the 
food web Light PON 1s most often found in areas 
where Trichodesmium 1s abundant (84, 901 [E. Vslada 
and A Hattorl. Nitrogen in the Sea. Forms, Abun- 
a'ances, and Rate Processes (CRC Press, Boca Ra- 
ton. FL. 1991,", M. A. Atabet et a1 , /Nature 354, 136 
(1991); S A Macko. L C Entzeroth. P. L. Parker. 
Natu~/dissenschaften 71. 374 (1 984): M M Muln .  
G H. Rau, R. W Eppey. Limn01 Oceanogr. 29, 245 
(1981:l. Recently, L Tupas, M P Sampson. and D 
M Karl [Eos (suppl ) 76, 0 5 8 6  (199611 reported an 
n p ~ ~ t  of g h t  sudace PON set tng into deep (for ex- 
ample. 1500 ml sedment traps durlng the summer 
at the Hawaan Ocean Time Serles (HOT: stailon 
north of Hawai, v ~ h ~ c h  they attrbuted to Trichoa'es- 
mi~in? Sutace PON had a substantally ghter sgnal, 
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relat~ve to deeper PON, durng the bloom we ob- 
sewed n the Araban Sea (81: lsotop~cally Ight PON 
lnay also result from other processes, such as up- 
take of recycled ammonLlm [D M. Checkey and L. 
C. Entzeroth, J Planktoi? Res 7. 553 (198511, export 
of 15N-enr~ched fecal lnater~al from the euphot~c 
zone, or strong sotopc fractiol-,aton durng ntrate 
uptake (84: T A. Vlareal. M. A Atabet, K. Cuver- 
Rymsza, Nature 363. 709 (1 99311, or use of atmo- 
sphercaly derved antliropogenc N er issons.  such 
as NOA and NH,iNHLt (31). However, these pro- 
cesses are ~~nl ikely n the h g h y  ogotrophc open 
ocean 30) .  
Trichodesmi~im spp can represent a major fracton 
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colonies ~511th reierence to the popuatlon densty ob- 
served at the depth correspondng to the Ight level of 
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