favored (8). In the case of Mercury, the
solar wind impacts the surface directly
(4) and therefore could sputter sodium
from minerals on the surface. Meteoric
dust may provide a continuing source of
sodium. The flux of meteoric material
increases as the sun is approached and is
about eight times more intense at the
orbit of Mercury than at Earth (9). Sodi-
um also appears in the atmosphere of
Earth, and its origin has been ascribed to
meteoric material (10).

The atomic weight of sodium is high
enough that the thermal escape of sodi-
um from Mercury should be negligible.
However, it has been suggested that the
solar wind can sweep away ions pro-
duced by photoionization of Mercury’s
atmosphere (11, 12), and this may be a
major loss process for atmospheric gases
that otherwise would not escape. Mercu-
ry’s original atmosphere may have been
removed by this means. The observed
composition of Mercury’s atmosphere
and the appearance of sodium as a major
constituent may then result from a
steady-state balance among loss of at-
oms by ionization and trapping in the
solar wind; supply from the surface by
outgassing, sputtering, and volatiliza-
tion; and neutralization of solar wind
ions. Mercury’s atmosphere may thus
resemble a cometary coma rather than
an Earth-like planetary atmosphere.

More information is needed before the
sources and sinks of sodium in Mercu-
ry’s atmosphere are understood. By
measuring the variation of sodium emis-
sion with phase, time, and distance of
Mercury from the sun, it may be possible
to determine what processes control it.
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Molybdenum Availability, Nitrogen Limitation, and

Phytoplankton Growth in Natural Waters

Abstract. Sulfate inhibits molybdate assimilation by phytoplankton, making
molybdate less available in seawater than it is in freshwater. As a result, nitrogen
fixation and nitrate assimilation, both processes that require molybdenum, may
require a greater expenditure of energy in seawater than in freshwater. This may
explain in part why coastal marine ecosystems are usually nitrogen limited whereas
lakes usually are not. Experimentally increasing the ratio of sulfate to molybdate (i)
inhibits molybdate uptake, (ii) slows nitrogen fixation rates, and (iii) slows the
growth of organisms that use nitrate as their nitrogen source.
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In most lakes, the supply of phospho-
rus controls primary productivity (1), yet
phytoplankton productivity in most estu-
aries and coastal seas is controlled by
nitrogen supply (2). These facts are com-
monly used in managing water quality,
but no explanation for this major differ-
ence between the functioning of lakes
and marine ecosystems has been widely
accepted. The difference in nutrient limi-
tation between most lakes and oceans is
general enough to suggest that there may
be a geochemical explanation related to
the chemistry of seawater. A related
phenomenon is that although nitrogen is
limiting in coastal waters, rates of biolog-
ical nitrogen fixation tend to be quite low
(3). We propose that rates of nitrogen
fixation are low in coastal waters and
that phytoplankton growth in these sys-
tems is nitrogen limited because molyb-
denum availability is low. Molybdenum
is required for nitrogen fixation (4), and
although concentrations of dissolved
molybdenum in seawater are high for a
trace constituent, we found that concen-
trations of sulfate equal to and below
those found in seawater can inhibit mo-
lybdenum assimilation by phytoplank-
ton. The resulting molybdenum deficien-
cy leads to low rates of nitrogen fixation,
which in turn make coastal seas nitrogen
limited.

Coastal waters are nitrogen limited
because they are more depleted in nitro-
gen than in phosphorus. This condition
exists in part because available nitrogen
is lost from the sediments by denitrifica-
tion while phosphorus is more efficiently
recycled from sediments to the water
column (5). However, denitrification is
also a major process in lakes (6) and yet
does not appear to lead to nitrogen-

limiting conditions there except for brief
periods of time. In most lakes, the nitro-
gen deficit created by denitrification (or
by imbalances in loading of nitrogen rela-
tive to phosphorus from external
sources) is made up through nitrogen
fixation (7). The ratio of available phos-
phorus to nitrogen controls the rate of
nitrogen fixation in lakes, so that phos-
phorus and not nitrogen controls phyto-
plankton productivity in most fresh-
waters (7). In coastal waters, nitrogen
fixation rates tend to be much lower than
in lakes (3), even when phosphorus con-
centrations are reasonably high (8). The
nitrogen deficit and nitrogen-limiting
character of seawater systems persist. A
few lakes also are nitrogen limited, and it
has been suggested that nitrogen limita- .
tion of one of these, Castle Lake in
California, is caused by unusually low
molybdenum concentrations (9).

Data on the relative partitioning of
molybdenum between dissolved and par-
ticulate phases in natural waters suggest
that molybdenum may be less available
to phytoplankton in marine ecosystems
than in most freshwaters. Molybdenum
in rivers and lakes tends to be evenly
partitioned between dissolved and par-
ticulate phases (10, 11), but in seawater
there is usually 10,000 times more dis-
solved molybdenum than particulate mo-
lybdenum (12). Also, concentrations of
dissolved molybdenum in some lakes
can change seasonally by a factor of 10
or more (/1), but dissolved molybdenum
is usually a conservative constituent of
seawater (/0). The conservative behav-
ior of molybdenum in seawater and the
high ratio of dissolved to particulate mo-
lybdenum in seawater are both unusual
characteristics in a metal (/3) and indi-
cate that biological reactivity is low.
Moreover, Sugawara et al. (I4) found
that concentrations of marine phyto-
plankton in open seawater have only 2
nmol of molybdenum per gram (dry
weight), a value typical of molybdenum-
deficient terrestrial plants (/0). The con-
centration of molybdenum in lake phyto-
plankton also is often low (/4) but can
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Table 1. Effect of varying the concentrations of sulfate and molybdate on rates of nitrogen
fixation (means and standard errors) in open-water Baltic Sea water of salinity 6 parts per
thousand. Concentrations of sulfate and molybdate in seawater of salinity 35.4 parts per
thousand, and average freshwater (10) are shown for comparison. Four replicates were used for
the control; all other treatments had three replicates.

. Nitrogen
T Sulfate Moly- Sulfate: fixation
reatment bdate moly-
(mM) (wM) bdate (nmol of C,H,
s per liter per day)
Control 4.8 0.02 240,000 10.7 (0.35)
Added molybdate 4.8 0.12 40,000 16.3 (1.61)
Added sulfate 9.8 0.02 490,000 8.2 (0.70)
Formalin control 4.8 0.02 240,000 0.05 (0.55)
Average seawater 28.0 0.11 255,000
Average freshwater 0.3 0.005 60,000

range up to 230 nmol per gram (dry
weight) or higher (/7). In general, marine
plants tend to have lower amounts of
molybdenum than do freshwater plants
even though the concentration of dis-
solved molybdenum is some 20 times
greater in seawater than in average fresh-
waters (10).

We suggest that the high concentration
of sulfate in seawater competes with
molybdenum assimilation, making mo-
lybdenum uptake more energetically ex-
pensive. Sulfate is the second most
abundant anion in seawater and is pres-
ent in concentrations 100 times greater
than concentrations in lakes. In oxygen-
ated seawater, molybdate is the only
thermodynamically stable species of mo-
lybdenum (10, 15). The stereochemistry
of molybdate is similar to that of sulfate;
both ions have nearly identical effective
radii and charge distributions (/6). Mo-
lybdate is a well-known inhibitor of sul-
fate reduction (/7), and a competitive
inhibition of molybdate assimilation by
sulfate for Clostridium pasteurianum has
been reported (/8).

In a series of experiments examining
the uptake of radioactive **Mo by phyto-
plankton, we found that environmentally
realistic concentrations of sulfate inhibit
molybdate assimilation (Fig. 1) (/9). Mo-
lybdate uptake by the phytoplankton in
Mirror Lake, New Hampshire, was de-
pendent on light and showed typical en-
zymatic saturation kinetics. The turn-
over time of molybdate increased as the
sulfate concentration increased, showing
sulfate inhibition. Sulfate inhibited mo-
lybdate uptake at sulfate concentrations
and at sulfate-molybdate ratios much
lower than those found in seawater (/9).

We have also shown that varying the
sulfate-molybdate ratio can affect the
rate of nitrogen fixation as well as phyto-
plankton growth with nitrate as a nitro-
gen source. Our experiments on nitrogen
fixation were performed on the R.V.
Argos in the Baltic Sea during June 1983,
in waters with a salinity of 6 parts per
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thousand, roughly one-sixth that of open
seawater. We took surface waters and
incubated them in 2-liter polycarbonate
bottles in a deck incubator for 4 days.
Some of the bottles had additions of 0.1
wM molybdate or 5 mM sulfate. The
ambient concentrations of these ions in
the unamended seawater were 0.02 pM
molybdate and 4.8 mM sulfate (/19) (Ta-
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Fig. 1. Effect of sulfate on ®*Mo-labeled mo-
lybdate uptake by phytoplankton in water
from Mirror Lake. Assimilation of label in
particulate matter was measured by liquid
scintillation after samples were incubated in
the light at a variety of sulfate or chloride
concentrations. Chloride additions served as
a control for osmostic potential effects. Ambi-
ent sulfate concentration was 60 pM; ambient
molybdenum concentration was less than 0.05
wM. (A) Molybdate uptake as a function of
concentration of added sulfate or chloride.
Each value is mean (with standard error) of
three incubations. (B) Molybdate turnover
time as a function of molybdate concentration
at four different concentrations of added sul-
fate (0, 120, 720, and 1200 p.M). Each point
represents the mean of three separate incuba-
tions; the average coefficient of variation is
7.2 percent.

ble 1). Thus, the enriched molybdate
treatment had a sulfate-molybdate ratio
slightly lower than that of average fresh-
waters, and the enriched sulfate treat-
ment had a sulfate-molybdate ratio ap-
proximately twice that of seawater. Af-
ter the 4-day incubation, we estimated
nitrogen fixation rates by acetylene re-
duction (20). The molybdate addition
produced a statistically significant in-
crease in the acetylene reduction rate of
5.6 nmol per liter per day (95 percent
confidence interval, =4.5) with rates ap-
proximately 50 percent greater than
those of the control (Table 1). The sul-
fate addition produced a significant de-
crease of 2.6 nmol per liter per day
(=1.8), with rates approximately 25 per-
cent less than those of the control (21).
These results support our proposal that
sulfate inhibits molybdate assimilation,
thereby affecting nitrogen fixation rates.
Data from other estuaries and the Baltic
during other seasons are needed, howev-
er, to establish the generality of this
finding (22). ,

We used a pure-cultured heterotrophic
bacterium to examine the effect of vary-
ing the sulfate-molybdate ratio (at con-
stant molybdate) on nitrate assimilation
(19). A freshwater pseudomonad was
maintained in nitrogen-limited artificial
media with either nitrate or ammonium
as the sole nitrogen source. We first
established that the growth of this bacte-
rium with nitrate was a hyperbolic func-
tion of the molybdate concentration in
the medium (/9). We then held molyb-
date constant (0.021 M) but varied the
sulfate concentration from 30 to 4030
wM. The ionic strength of the media was
kept constant by varying the NaCl con-
centration. When nitrate was the sole
nitrogen source, growth was inhibited by
sulfate at sulfate-molybdate ratios repre-
sentative of seawater (Fig. 2). This effect
presumably was due to lowered nitrate
reductase activity caused by sulfate inhi-
bition of molybdate uptake. That the
effect was not merely a result of added
salt is shown by growth when ammoni-
um was the sole nitrogen source; no
effect of molybdate availability on
growth is expected when ammonium is
the nitrogen source (4), and no effect of
higher sulfate was observed (Fig. 2) (23).

Under reducing conditions, molybdate
is not thermodynamically stable, and re-
duced molybdenum compounds would
be expected to dominate (10, 15). The
assimilation of these compounds should
not be inhibited by sulfate. Thus, our
proposal that nitrogen fixation in seawa-
ter is limited by sulfate inhibition of
molybdate uptake pertains only to oxic
environments. The highest rates of nitro-
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Fig. 2. Growth of a freshwater bacterium in
artificial media as a function of sulfate-molyb-
date ratio. Cultures were grown with either
nitrate or ammonium as the sole nitrogen
source. Growth was measured during expo-
nential growth as the increase in cell numbers,
counted by epifluorescence microscopy (19).
Mean and standard errors are shown for three
separate incubations for each treatment (note
the log scale). Sulfate-molybdate ratios for
seawater and freshwaters are indicated for
reference.

gen fixation in the oceans are generally
found in or near reducing environments
such as salt marshes, eelgrass beds, and
coral reef ecosystems (3, 24), perhaps
because the presence of reduced molyb-
denum there allows molybdenum uptake
without inhibition by sulfate.

We have concentrated on nitrogen lim-
itation in coastal waters rather than in
the open ocean since in open-ocean wa-
ters nitrogen and phosphorus usually are
recycled in proportion to the needs of the
phytoplankton; we would therefore not
expect nitrogen to be more limiting
than phosphorus in open-ocean waters.
Nonetheless, if our proposal is true, then
molybdate assimilation should also be
difficult for such open-ocean nitrogen
fixers as Trichodesmium. We have no
ready explanation for the occurrence of
Trichodesmium blooms in open waters
but note that a bloom near Mozambique
was correlated with an unusually high
molybdenum concentration of 23 nM
(25). Also, Trichodesmium is a slow-
growing organism and blooms only
where there is an abundant supply of
light energy; perhaps it can afford the
energetic cost of discriminating between
sulfate and molybdate. Perhaps also Tri-
chodesmium encourages the formation
of anoxic microzones; these zones may
allow the extracellular reduction of mo-
lybdate, and perhaps, therefore, the cells
are assimilating reduced molybdenum
rather than molybdate. Paerl (26) noted
the role of anoxic microzones in favoring
nitrogen fixation on detritus in coastal
waters. Trichodesmium blooms usually
occur in calm waters, which may be
conducive to the formation of anoxic
microzones.

Smith (27) argued that phosphorus
should be considered the prime variable
controlling productivity in estuaries and
coastal seas, as is true in lakes. In his
view, nitrogen limitation in estuaries oc-
curs merely because hydrographic fluxes
are so rapid that nitrogen-fixing orga-
nisms have insufficient time to alleviate
nitrogen limitation. We agree that for the
oceans as a whole on a geological time
scale, phosphorus is probably the con-
trolling variable (28). However, given
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lakes and coastal seas with similar hy-
drographic residence times, it appears to
us that nitrogen-fixing organisms in the
coastal seas respond much more slowly
and are less effective in alleviating nitro-
gen limitation than are nitrogen-fixing
organisms in most lakes. For example,
the New York Bight is nitrogen limited
despite the long residence time of water
there (2). We conclude that the low avail-
ability of molybdate in seawater is in part
responsible (29).
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