cretion by prodding gently with a needle,
and placed ten of them on each of two
branches of clones R and Y. After 7 and
10 days we counted the survivors, some
of which had pupated. For surviving
larvae we recorded whether or not they
produced salicylaldehyde droplets when
prodded gently with a needle. The re-
sults (Fig. 2) indicate that by day 10 more
C. aenicollis larvae had produced the
defensive secretion (100 percent versus 0
percent, P = 0.0011, Fisher’s exact
test), more had pupated (12 versus 0,
P = 0.0069), and more had survived (90
percent versus 30 percent, P = 0.0001)
when feeding on willows high in salicin
(Y1 and Y?2) than on those low in salicin
(R1 and R2).

These results demonstrate the direct
effects of salicin, a plant-produced sec-
ondary chemical, on the plant and herbi-
vore trophic levels. The observed effect
of salicin on salicylaldehyde production
also suggests a strong effect on the pred-
ator trophic level. Salicin enhanced sur-
vivorship of the herbivores while having
a negative effect on the plants and, pre-
sumably, the predators. This illustrates
that, as predicted, chemical defenses can
become a problem for plants that pro-
duce them.

It is not surprising that the negative
effects of salicin were seen only at cer-
tain elevations. We predict such a situa-
tion to be evolutionarily unstable, favor-
ing plants that have deleted the chemical
from their defensive repertoire.The re-
son why some clones of Salix maintain
high concentrations of salicin is not
known. Our results suggest that one of
the costs of salicin production is in-
creased herbivory by C. aenicollis, and
that these localized selective agents may
be responsible for some of the observed
variability in salicin content. Clones with
low salicin occurred largely where beetle
numbers are not restricted by cold envi-
ronmental conditions, suggesting that
these phenotypes may have been select-
ed by prior bouts of intense herbivory.
Willow clones live for very long periods
but are nonetheless variable and can
undergo intraclonal selection (22). Inter-
clonal variation in salicin content was
not observed at high elevations with re-
duced numbers of C. aenicollis. Salicin
may defend plants against generalist her-
bivores (9), including deer (23), or may
act as an antibiotic (24). The variability
of the herbivore response to salicin con-
centrations at different elevations and
the variability among willow clones in
salicin content suggest a means for eval-
uating the evolution and ecology of cer-
tain plant-herbivore-predator interac-
tions.
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Discovery of Sodium in the Atmosphere of Mercury

Abstract. The spectrum of Mercury at the Fraunhofer sodium D lines shows strong
emission features that are attributed to resonant scattering of sunlight from sodium
vapor in the atmosphere of the planet. The total column abundance of sodium was
estimated to be 8.1 x 10" atoms per square centimeter, which corresponds to a
surface density at the subsolar point of about 1.5 X 10° atoms per cubic centimeter.
The most abundant atmospheric species found by the Mariner 10 mission to Mercury
was helium, with a surface density of 4.5 X 10° atoms per cubic centimeter. It now
appears that sodium vapor is a major constituent of Mercury’s atmosphere.
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Before the Mariner 10 mission to Ve-
nus and Mercury, it was expected that
Mercury might have a thin but apprecia-
ble atmosphere. Argon, derived from
potassium decay, and carbon oxides
were favored species (I, 2). However,
these expectations were not realized
when Mariner 10 flew by Mercury.
Broadfoot and colleagues (3) measured
the Mercury atmosphere using the ultra-
violet airglow spectrometer on Mariner

10. The only definite line emissions they
found were from helium and atomic hy-
drogen. No other constituents were ob-
served, with the possible exception of
atomic oxygen, for which a signal at the
limit of detection was found. Upper lim-
its were derived for the densities of
neon, argon, and carbon, which would
have been detected had they been pres-
ent in sufficient amounts. Final analysis
of the spectrometer data yielded a value
of 2 x 107!° millibars (4) as the upper
limit for the surface pressure of any
atmospheric constituent.

We now report the discovery of sodi-
um vapor in the atmosphere of Mercury.
This element does not have strong reso-
nance lines in the range of the Mariner 10
ultraviolet spectrometer, and conse-
quently it was not detected by that in-
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Table 1. Sodium resonance radiation from Mercury. Data are reported as means * standard
deviations derived from noise in the continuum spectrum.

Equivalent width (mA)

Date . Column density
Ratio* 2 11
(1985) D, D, (atom/cm® x 10')
3 January 66 = 2 83 =3 1.48 * 0.09 7.0 2.0
4 January 50x2 60 = 2 1.41 = 0.08 8822
6 January 48 =2 582 1.42 *= 0.08 8.5 22

*Ratio of D, to Dy, corrected to equal intensities of solar illumination at the sodium lines.

Fig. 1. Spectrum of
Mercury in the sodi-
um D line region tak-
enat 2020 UT (3 Janu-
ary 1985).
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strument. We detected sodium from
emission lines corresponding to the sodi-
um D lines in Mercury spectra measured
with a ground-based telescope and spec-
trometer.

The echelle spectrometer at the Coudé
focus of the University of Texas 2.7-m
telescope at the McDonald Observatory
was used for the measurements. In a
resolution test of the instrument, the full-
width at half-power (FWHP) of a spec-
tral line from a standard Fe-Ne lamp was
measured to be 55 mA. The slit length
was set to match the apparent diameter
of Mercury at the Coudé focus, and an
automatic image rotator was used to
maintain constant geometry. The obser-
vations were done during daytime, so
that sky background had to be subtract-
ed from the spectra. This was done by
observing the planet with its associated
sky background for 90 seconds and then
moving the field of view four to five
planet diameters away to observe the
sky background alone for another 90
seconds. The sky spectrum was auto-
matically subtracted from the planet-
plus-sky spectrum at the end of each 180-
second cycle by the data acquisition soft-
ware. The difference spectrum (which
was the spectrum of Mercury alone) was
accumulated in a buffer. This cycle was
repeated over a total observing period of
about 90 minutes. Because the signal
from Mercury was only about 30 percent
of the sky signal, steady sky conditions
were essential to the success of this
technique. During our observations sky
conditions were exceptionally good,
with excellent transparency and daytime
seeing in the range of 2 to 4 arc seconds.
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The sodium D line region in the spec-
trum of Mercury is shown in Fig. 1 for an
observation performed at 2020 universal
time (UT) on 3 January 1985. The sodi-
um Fraunhofer absorption lines in sun-
light reflected from Mercury were Dopp-
ler-shifted redward by 0.86 A because of
the net effect of the sun-Mercury relative
velocity of 9.4 km/sec and the Mercury-
Earth relative velocity of 34.6 km/sec at
the time of the observation. Sharp emis-
sion lines were seen on the blue side of
the two sodium D absorption lines. The
width of these lines (FWHP) was about
55 mA, which is approximately the same
as that observed for lines from the cali-
bration lamp. The emission lines were
attributed to resonance scattering of sun-
light by sodium vapor at rest with re-
spect to Mercury. The Doppler shift of
the emission lines relative to the solar
absorption lines (0.19 A) was consistent
with this interpretation. The measure-
ments were repeated on 4 January, and
again on 6 January, with similar results.
A search was made for sodium emission
outside the illuminated region, but none
was found.

The spectral data were analyzed to
estimate the abundance of sodium vapor
on Mercury (Table 1). The equivalent
widths of the lines were calculated by
measuring the area bounded by the emis-
sion line profile, and this area was used
to determine the equivalent width rela-
tive to the solar continuum outside the
sodium Fraunhofer lines. The ratios of
D, to D; (Table 1) were corrected for
unequal solar intensity at the location of
the two lines and represent the ratios
that would have been observed if the

solar intensity had been the same for
both lines.

If the sodium vapor were optically
thin, the ratio of D, to D; for equal
source strengths would be 2.0 (the ratio
of oscillator strengths), subject to a cor-
rection for nonisotropic scattering by D,,
which would change the ratio by less
than 10 percent. The observed ratio was
approximately 1.5 (Table 1), which indi-
cates that the sodium on Mercury is not
optically thin. For determination of the
sodium column density for this case, a
detailed radiation transfer calculation is
required. Brown and Yung (5) give plots
of the D,:D; ratio against the sodium
column density for two different tem-
peratures (500 K and 5000 K) on the
basis of a radiation transfer calculation
(6). We used their results to estimate the
sodium column densities given in Table
1. For this calculation, the mean tem-
perature was assumed to be 500 K,
which corresponds to the surface tem-
perature about 45° away from the subso-
lar point. This temperature is not incon-
sistent with the observed sodium line
FWHP of about 55 mA, since the theo-
retical FWHP of the sodium D, line at
500 K is 50 mA (5). However, because of
instrumental broadening, the true line
width is probably less than this value,
corresponding to a lower Kinetic tem-
perature. In that case, the calculated
abundance would be smaller. On this
account, the sodium column densities
given in Table 1 may be too large by as
much as a factor of 2, but an improved
estimate is not possible without better
temperature information.

The average column density from the
three measurements was 8.1 x 10"
atom/cm?. Assuming a subsolar tempera-
ture of 575 K (3), this corresponds to a
surface density at the subsolar point of
1.5 x 10° atom/cm® and a pressure of
1.2 x 10~ millibars. These values es-
tablish sodium vapor as a major constitu-
ent of the Mercury atmosphere, because
Broadfoot and co-workers (3) found the
density of helium to be 4.5 x 10° atom/
cm? and the density of hydrogen to be 8
atom/cm>. The upper limit for surface
pressure of any atmospheric constituent
was 2 X 1071 millibars, which is con-
sistent with our results for sodium vapor.

The similarity between the sodium
emission we report and the sodium emis-
sion from Io discovered by Brown (7) is
obvious. The same mechanisms invoked
to explain the Io sodium apply also to
Mercury. These include sputtering and
meteoric bombardment. In the case of
Io, sputtering by energetic particles in
the Jovian magnetosphere appears to be
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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 (/2). Also, concentrations of
dissolved molybdenum in some lakes
can change seasonally by a factor of 10
or more (11), but dissolved molybdenum
is usually a conservative constituent of
seawater (10). 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 (I/4) but can
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