area and volume compressibility. The undu-

lations of quasi-spherical vesicles of different-

sizes can then be analyzed (Fig. 4). On the
basis of these curves, we estimate the effec-
tive rigidity of these vesicles as k/kgT =~ 3.0
+ 0.3. The compressibility constants A4 and
B are subject to much larger errors (howev-
er, the relative effect of these terms is quite
small for almost all modes). Also it seems
that the assumed law for the spectrum of
large-scale undulations is consistent with the
results of our simulations: the data show the
expected scaling behavior emerging from
finite-size effects as the system size is in-
creased (Fig. 4). However, one would have
to perform much longer simulations with
larger systems to measure the exponent char-
acterizing this law and show that there are
no nontrivial renormalization effects [a sim-
ilar remark applies also in our opinion to
experimental systems (17)].

This analysis of the fluctuations of fluid
vesicles shows that one can use the present
model to study the large-scale universal
properties of different types of membranes.
It would be interesting, for instance, to search
for a “crumpling” transition that has been
observed in recent simulations of fluid-like
membranes (12), a result that seems to con-
tradict other simulations (11) or our intuition
based on analytical calculations (18).

Studies of the large-scale behavior of fluid
or solid-like vesicles are among the many
possible phenomena that can be considered
within the framework of the present model
or its generalizations. For instance, we have
constructed and have begun to study a struc-
ture consisting of-a polymerized network
attached below a fluid vesicle. Such a com-
posite membrane can be a model for the
membranes of red blood cells, in which
amphiphilic fluid bilayers are coupled to
spectrin cytoskeletons (20). Even more in-
teresting should be studies of phenomena
that involve changes in membrane topology,
such as exo- and endocytosis (21). Another
simple but spectacular example of topology
changes is the recently observed behavior of
fluid vesicles made of chiral phospholipids.
When such vesicles are cooled below the
fluid-solid transition, they break and form
helical ribbons (22). We believe that the
numerical studies of such phenomena could
shed light on'the general principles of self-
assembly in membranes and other molecular
systems.
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Major Role of the Cyanobacterium Trichodesmium in
Nutrient Cycling in the North Atlantic Ocean

EDWARD J. CARPENTER* AND KRISTEN ROMANS

The diazotrophic cyanobacterium Trichodesmium is a large (about 0.5 by 3 millime-
ters) phytoplankter that is common in tropical open-ocean waters. Measurements of
abundance, plus a review of earlier observations, indicate that it, rather than the
picophytoplankton, is the most important primary producer (about 165 milligrams of
carbon per square meter per day) in the tropical North Atlantic Ocean. Furthermore,
nitrogen fixation by Trichodesmium introduces the largest fraction of new nitrogen to
the euphotic zone, approximately 30 milligrams of nitrogen per square meter per day,
a value exceeding the estimated flux of nitrate across the thermocline. Inclusion of this
organism, plus the abundant diazotrophic endosymbiont Richelia intracellularis that is
present in some large diatoms, in biogeochemical studies of carbon and nitrogen may
help explain the disparity between various methods of measuring productivity in‘the
oligotrophic ocean. Carbon and nitrogen fixation by these large phytoplankters also
introduces a new paradigm in the biogeochemistry of these elements in the sea.

picophytoplankton (<2 wm) are the major

primary producers and constitute the larg-
est fraction of the standing crop of phytoplank-
ton in oligotrophic marine waters; this implies
that large phytoplankton play a minor role in
carbon and nitrogen cycling (1—4). However,
because of sampling inadequacies, the very
large (~1 to 3 mm) phytoplankton such as the
diazotrophic (nitrogen fixing) cyanobacterium
Trichodesmium have been underrepresented in
most oceanic biomass and C and N flux mea-

IT IS NOW COMMONLY ACCEPTED THAT
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surements. A reevaluation of past studies on
phytoplankton species distribution, and recent
measurements, indicate that Trichodesmium is
usually the most important phytoplankter as
regards standing crop and productivity, and,
through N, fixation, is the major source of new
N to the euphotic zone of the tropical North
Atlantic Ocean.

In the equatorial Atlantic Ocean, the less
than 1-pm size class has been reported to
contain an average of 44 to 71% of the total
chlorophyll a (chl a) (2, 4), and to be respon-
sible for 60% of the primary productivity (4).
Similar observations have been made for the
tropical Pacific Ocean (3). The discovery of this
prokaryotic (5, 6) and eukaryotic (7) pico-
planktonic flora has led to a new paradigm for
biogeochemical cycling in marine surface wa-
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Fig. 1. Location of
sampling stations. Data
sources: R.V. West-
ward,  October—No-
vember 1990 (A);
Calef and Grice (21)
(®); Hulburt (19) (A);
Carpenter and Price
(15) (©); Hulburt (17)
(O); Kovaleva (22)
(®); Sander and Ste-
ven (20) (A); Steven
and Glombitza (18)
(B).

30

20

10

ters in which the bulk of C and N is cycled
through the smallest size class of plankton.
However, most sampling for biomass and pro-
ductivity in these studies involved measure-

ments on small volumes (~200 to 300 ml), .

which often missed the large colonial phyto-
plankters such as Trichodesmium (8). Investiga-
tors in the early 1900s (9-12) noted the abun-
dance of Trichodesmium in tropical waters, but
all stated that their collection and enumeration
techniques underestimated its density.
Quantitative data (13-22) on phytoplank-
ton distribution from the tropical North At-
lantic Ocean indicate that the standing crop

of Trichodesmium equals or exceeds that of the .

picoplankton (Fig. 1 and Table 1). The range
of Trichodesmium density in seven studies

(about 200 observations) south of 30°N was .

from 835 colonies per cubic meter in the
western Caribbean Sea to 5500 colonies per
cubic meter in the North Equatorial Current.
To confirm these observations, a research

40 200

cruise was conducted in autumn 1990 on a
north-south transect covering about 1600
nautical miles at 58° to 60°W in the tropical
North Atlantic (Figs. 1 and 2). The mean
concentration of Trichodesmium in the
.transect was 1415 colonies per cubic meter
(SE = 142, n = 34) with a maximum of 3500
m~3, Chlorophyll a biomass of Trichodes-
mium averaged 76.3 ng m~>. Thus, the data
collected on this transect confirm the extent
and high concentrations of Trichodesmium
observed previously in more localized studies.

With a typical range in concentration of
1000 to 5000 colonies per cubic meter, and a
mean chl a concentration of 50 ng per colony
(23), Trichodesmium standing crop usually
ranged from about 50 to 250 pg of chla m™
in near surface waters. For the upper 50 m, this
totals 2.5 to 12.5 mg of chl a m™2. These
calculations are similar to measurements for the
Caribbean Sea in which Trichodesmium chl a
averaged 159 mg m™2 (50-m deep water

Table 1. Observations of Trichodesmium density between about 30°N and the equator. If
concentrations were reported as trichomes or cells, for conversion to colonies it was assumed, on the
basis of previous measurements (23), that there were 200 trichomes per colony and 120 cells per
trichome. Locations of studies south of 30°N are shown in Fig. 1.

Density
colonics Location Observations Season
per cubic
meter
North of 30°N
10.5 Bermuda 7 dates July—October (13)
50 West Sargasso Sea 11 stations Autumn (14)
200 West Sargasso Sea 16 stations August-September (15)
4737 Georgia shelf 20 to 34 4 seasons (16)
stations
.South of 30°N
835 West Gulf Mexico 26 stations Autumn (17)
2000 Caribbean Sea 12 stations Winter and summer (15)
1825 Barbados 65 samplest 3 years, all seasons (18)
5500% North Equatorial 6 stations February (19)
Current
2700% Barbados 46 samplest 2 years, all seasons (20)
1185§ NE S. America 34 stations Spring (21)
2500 6°N, 24°W 6 profilest January (22)

*Trichodesmium was not seen north of 17°N; only 50-ml samples were collected.
§Calculated from Calef and Grice (21, figure 1).

wete 20% of total (20, table 7).

29 NOVEMBER 1991

1One station. $Trichomes

column, 12 stations), and this was 61% of the
total chl a (15). In contrast, in a study (2)
encompassing the equatorial Atlantic Ocean
(107 stations), the standing crop of the pico-
plankton ranged from about 50 to 100 pg of
chl @ m™3 for the <l-um size fraction in
NO;-depleted surface water (the 1- to 3-pm
fraction did not exceed 5 to 10% of the total
chl 4 in the upper 50-m mixed layer).

Trichodesmium is a colonial cyanobacterium
(~0.5 mm by 3 mm) which obtains virtually all
of its N through N, fixation (14, 24). It is
common in oligotrophic marine waters warm-
er than 20°C and reaches maximal growth
between 25° and 30°C. It does not grow well
in upwelling systems, but has its highest
growth rates in stratified seas where solar inso-
lation is high and wind stress is low (25). Data
from the Sargasso and Caribbean seas indicate
that, because of the presence of gas vesicles that
make it buoyant, virtually all the Trichodesmium
biomass is concentrated in the upper 50 m,
with a maximum typically found at about 15 m
(15). In contrast, the picophytoplankton den-
sity maximum is usually deeper in the euphotic
zone, at the 0.5 to 1% light level (50 to 100 m)
in the North Atlantic (7).

Rates of C and N fixation by Trichodesmium
measured in the central or northern Sargasso
Sea (>30°N) often yield slow particulate nitro-
gen (PN) or particulate carbon (PC) doubling
times, especially when measured at relatively
low water temperatures (20° to 24°C) (23, 25).
However, usual Trichodesmium PC and PN
turnover times have been found to be rapid,
ranging from 1 to 20 days in tropical and
subtropical waters, which were typically 25°C
or warmer (Table 2). If Trichodesmium colony
doubling time is 10 days, then 200 ng of N and
1100 ng of C are required per colony per day
(PN and PC per colony = 2 ug N, 11 pg C)
(23). For a water column 50 m deep, with
1000 to 5000 colonies m™~3, the mean rate of
N,, fixation would thus range from 10 to 50
mg N 'm~2d ™, and C fixation from 55 to 275
mg Cm~2d ™. In contrast, input of new N by
NO; flux across the thermocline in the equa-
torial Atlantic Ocean and western Sargasso Sea
has been estimated to be 15.5 and 0.3 to 1.6
mg N m~2d ™, respectively (27, 28), and total
phytoplankton C fixation avgraged 250 mg-C
m~2 d~! (29). With a mean Trichodesmium
density of 3000 colonies m™* in this region,
this organism may supply 30 mg N and 165
mg C m2 d7!, more than doubling the
known input of new N and increasing the
estimate of total fixed C significantly. Further-
more, in tropical and subtropical seas, N, fixa-
tion by the cyanobacterial endosymbiont Rich-
elia intracellularis within the large chain-forming
diatoms Rhizosolenia and Hemiaulus may equal
or exceed rates of C and N, fixation per square
meter calculated for Trichodesmium (30).

Trichodesmium and other planktonic diazo-
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Fig. 2. Concentration 3000 ;

T — T 29

of Trichodesmium colo-
nies () and surface
water temperature (A)
in October and No-
vember 1990 transect
on R.V. Westward.
When replicate samples
were collected at one
sample location, the
calculated mean and
standard deviation is
shown. Trichodesmium

2000}

Colonies (m3)

—_
o
o
o
T

Temperature (°C)

was enumerated in sur- 0 .
face water collections
taken with an 8-liter
sampler, and from one

20 25 30 2

Latitude (°N)

to three collections were made at random times daily.

Table 2. Turnover times of Trichodesmium PN
or PC in tropical and subtropical Atlantic Ocean
waters.

Turn- Tempera-
Location Date over Base ture
(days) 0
W. Sargasso August 4* PC 28
(32)
Caribbean ~ April 18 rC
(38)
Caribbean August 11.6 PC  26-27
(15)
Caribbean August 44.8 PN 26-27
(15)
Caribbean  March 113 PN 27
(26)
Bahamas  Oct-Nov 1.8 PN
(26)
Sargasso Oct-Nov 148 PN
(26)
Caribbeant Feb 1.8-2.2 PC 26.5
*Bloom, light-saturated. ~ Data from Carpenter (39).

trophs in tropical waters play a central role in
fixation of C, and the introduction of new N,
by N, fixation, to the euphotic zone. On a
global basis, N, fixation in the pelagic region of
the sea, estimated to be 4.7 X 10'? g (31)
annually, under nonbloom conditions, is low as
a source of new N compared to NO; fluxes
from deep water. The amount of N fixed
annually in Trichodesmium blooms is poorly
known, but it appears to be at least 5.4 X 102
y~1 (32), which more than doubles the current
estimate. The inclusion of N, fixed by the
Richelia-diatom symbiosis will further raise the
value, increasing the importance of this source
of new N. Thus, although N, fixation may be
low relative to NOj; input on a global basis, it
appears to be significant in warm tropical seas.

Euphotic zone cycling of C and N from
these relatively large phytoplankters must be
different from that of picoplankton. Much of
the energy fixed by the picophytoplankters is
passed among the very smallest of plankton,
and relatively little appears to reach the higher
trophic levels of larger herbivores and predators
(27). However, attachment of picoplankters to
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sinking detrital material can represent a signif-
icant mechanism by which these cells can reach
the deep sea (33). Although the fate of Cand N
fixed by Trichodesmium must be better quanti-
fied, it is known that copepods, other mesozo-
oplankters, and some fish species feed directly
on it (25), thus facilitating transfer to higher
trophic levels and ultimately deposition to bot-
tom sediments.

Thus, our recent measurements indicate Tri-
chodesmium is a major source of both C and N
in the euphotic zone of the tropical North
Atlantic Ocean, and possibly in other tropical
seas. For example, in the Indian Ocean near
Madagascar, mean annual density of Trichodes-
mium was 16,500 colonies m 3 (34), a value far
exceeding our North Atlantic Ocean measure-
ments. Trichodesmium has recently been shown
to be significant in introducing new N to the
euphotic zone in the tropical Pacific Ocean

(35). The large size of Trichodesmium and the’

Richelia-diatom symbiosis, high biomass, and
productivity rates indicate a paradigm in which
the largest, rather than the smallest, phyto-
plankters most effectively mediate the cycling
of C and N, and N, fixation is the primary
source of new N to the euphotic zone in these

stratified seas. Furthermore, inclusion of these

cyanobacteria in productivity estimates can
help in resolving the disparity between high
primary productivity rate measurements, based
on seasonal water mass O, changes, and the
lower values obtained from discrete water sam-
ples (36). Because it appears that planktonic
diazotrophs in tropical seas can be significant
contributors to global fixation and sequestra-
tion of carbon, their activity should be included
in biogeochemical models.
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