In addition to being sensitive to all of
the corrections above, our uranium pro-
jectiles should be sensitive to the effects
of electron capture and loss. Such was
not the case for previous studies of high-
er order corrections. Studies of the
charge state in air of uranium ions at 10
to 70 MeV yield a semiempirical expres-
sion (/4) for charge state which, when
extrapolated to 147.7 MeV/amu, indi-
cates that about five electrons are cap-
tured by uranium projectiles. One can
take the effect of charge state into ac-
count for calculations of S by replac-
ing Z, with Z., the root-mean-square
charge state of the ion. This is valid since
the effective minimum impact parameter
for scattering of electrons bound to the
absorber material is typically larger than
the orbits of electrons captured by the
projectiles. To estimate the charge state
of the uranium ions in this experiment,
we used the expression for Z ., given by
Pierce and Blann (/5), which is more
suitable for solid absorbers than that in
(14).

By including all the effects above ex-
cept the relativistic Bloch correction
(which cannot be calculated reliably for
uranium), we calculate a net range for
the uranium in this experiment to be
0.654 g/cm?, 13 percent larger than ob-
served. By neglecting the higher order
corrections, we obtain a result only 3
percent larger than observed. The latter
result differs from the Barkas and Berger
result due to the slightly different manner
in which electron capture was taken into
account. This indicates the sensitivity of
the range calculation to this effect. Nev-
ertheless, unless the energy of the **U is
grossly incorrect (which seems unlikely
since it was calculated from known mag-
netic fields, radio frequency, and flight
paths), it seems that for 147.7 MeV/amu
and below, all higher order corrections
to § for uranium cancel.

Since the nonrelativistic Bloch correc-
tion far exceeds the polarization and
Mott corrections at the relevant energies
for the uranium beam, the relativistic
Bloch correction must almost complete-
ly cancel the nonrelativistic Bloch cor-
rection, as was observed to be the case
for the faster neon, argon, and iron
beams (7, 10). Our calculations indicate
that such magnitudes and sign of the
relativistic Bloch correction are possi-
ble. It will be interesting to see if the
cancellation of higher order terms con-
tinues to higher uranium energies as such
beams become available.

It is apparent that theory does not
provide reliable information on the stop-
ping power of relativistic uranium ions
and that an experimental approach is a
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prerequisite to the interpretation of re-
sponses of detectors used to identify
relativistic ultraheavy nuclei.
S. P. AHLEN
G. TARLE
P. B. PricE
Department of Physics and Space
Sciences Laboratory, University
of California, Berkeley 94720
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Nitrogen Fixation in the Marine Environment

Abstract. Cyanobacteria of the genus Oscillatoria (Trichodesmium) account for
annual inputs of nitrogen to the world’s oceans of about 4.8 x 10'? grams while
benthic environments contribute 15 X 107 grams. The sum of these inputs is one-
fifth of current estimates of nitrogen fixation in terrestrial environments and one-half
of the présent rate of industrial synthesis of ammonia. When the total of all nitrogen
inputs to the sea is compared with estimated losses through denitrification, the
marine nitrogen cycle approximates a steady state. Oceanic nitrogen fixation can
supply less than 0.3 percent of the calculated demand of marine phytoplankton. The
minor contribution by nitrogen fixation to the overall nitrogen economy of the sea is
not consistent with the supposition that nitrogen is the primary limiting nutrient and
suggests that factors other than nitrogen availability limit phytoplankton growth

rates.

Recent accountings of the global nitro-
gen cycle have uniformly relied on a
limited number of studies in deriving
their estimates of marine nitrogen fixa-
tion (/, 2). Relatively large errors and
uncertainties arc therefore inherent in
these calculations. We now provide an
estimate for marine nitrogen fixation
based on intensive research into this
process conducted over the last 15 years,
along with existing information on the
distribution and abundance of the pre-
dominating diazotrophic systems.

In the open ocean, high specific rates
of nitrogen fixation have been associated
with several species of free-living cyano-
bacteria in the genus Oscillatoria (for-
merly Trichodesmium) (3-7), epiphytes
on the pelagic phaeophyte Sargassum
(8), arid bacteria and a cyanobacterium
(Richelia sp.) endophytic in the diatom
Rhizosolenia (5, 9). Rhizosolenia-associ-
ated nitrogen fixation has generally been
detected only under bloom conditions
(9), and available data do not suggest this
to be a major source of combined ni-
trogen. For epiphytes on pelagic Sar-
gassum sp., a minor overall input of
0.018 % 10° g of nitrogen per year was
computed from the seasonal abundances
given for the North Atlantic and the Gulf
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of Mexico (10) and an average rate of 18
pg of nitrogen per gram (dry weight) per
day derived from (8).

Studies on the abundance, productivi-
ty, and capacity for nitrogen fixation by
pelagic marine Oscillatoria are wide-
spread, spanning the major oceanic ba-
sins (3-7). Total nitrogen fixation com-
puted from available data gave a total
annual rate of 4.8 teragrams (Tg)
(4.8 x 10" g) of nitrogen per year (Table
1). Highest rates occurred in the Indian
Ocean during the northern monsoon, and
overall the Indian Ocean had the highest
annual rate of nitrogen fixation, followed
by the Atlantic, then Pacific, oceans. As
with the rhizobia of terrestrial ecosys-
tems, a limited taxonomic group (Oscil-
latoria spp.) is responsible for a substan-
tial fraction of the nitrogen fixation that
occurs in the sea.

In benthic environments, studies have
been carried out in deep sea (/1), coastal
(11-13), and estuarine (/3, I14) sedi-
ments, as well as in sea grass (/5), coral
reef (16), salt marsh (/7), and mangrove
(J8) communities (Table 2). Values have
been scaled up with the use of currerit
estimates of the extent of these areas
(19=21). Overall, annual benthic nitrogen
fixation is estimated to account for 15 Tg
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of nitrogen or about three times that
catalyzed by the predominant diazo-
trophs of the pelagic zone (22).

The quality of these estimates depends
on both the accuracy of measurement of
nitrogen fixation and the areal estimate
for that ecosystem. Advantages and limi-
tations of means presently used to assess
nitrogenase activity have been discussed
in detail (3, 22, 23). The areal extent of
the shelf and deep sea are generally
agreed upon (/9). However, Woodwell
et al. (20) suggest that their approxima-
tion of intertidal marshes and estuaries
may be accurate only within 50 percent.
Given this constraint and the reported
variances in average nitrogen fixation
(see Tables 1 and 2), it is tentatively
concluded that salt marshes may be the
most important sites of nitrogen fixation
in the marine environment, possibly ex-
ceeding the total input by pelagic Oscil-
latoria spp. Coral reefs, which have an
areal specific rate similar to that of salt
marshes, but cover an overall area less
than half that of the marshes, may ac-
count for an input similar in magnitude to
all shelf (< 200 m) sediments.

We therefore estimate total oceanic
nitrogen fixation to be 20 Tg of nitrogen
per year; in comparison, previous esti-
mates ranged from 10 to 130 Tg of nitro-
gen per year (/, 2). Our estimate is
conservative, since data on nitrogen fix-
ation by pelagic bacteria and cyanobac-
teria are limited and do not yet permit
extrapolation. Also, other benthic envi-
ronments may prove to be active sites of
nitrogen fixation; for instance, the re-
cently discovered hydrothermal vent ar-
eas of the deep sea have been suggested
by Fogg (2) and Capone (22) as likely
sites. Nevertheless, we consider our
present estimate to be far more substan-
tive than previous estimates, since it
draws on the studies of marine nitrogen
fixation over the last 15 years, as well as
extensive data on Oscillatoria distribu-
tions and biomass. Considerable nitro-
gen fixation occurs in the sea—amount-
ing to about one-fifth of present esti-
mates of biological nitrogen fixation in
the terrestrial environment and about
one-half of that annually synthesized in-
dustrially (/)—and should therefore be
taken into account in global nitrogen
budgets.

Oceanic nitrogen fixation is roughly
equivalent to the estimates of riverine
input of 13 to 35 Tg of nitrogen per year
(1, 2, 24). Atmospheric washout of NH,*
and NO;™ is thought to account for 15 to
83 Tg of nitrogen per year (I, 2). Major
losses of nitrogen from the sea occur
through either sedimentation and burial
or denitrification. The first process, al-
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though thought to be of minor signifi-
cance, is only vaguely characterized on
an oceanic scale (/, 2) and does not lend
itself to any quantitative comparisons.
Denitrification in the oceans, a much
more active area of study, was recently
summarized by Hattori (25). In the pe-
lagic zone, this process may account for
losses of combined nitrogen of upward of
30 to 50 Tg of nitrogen per year. Hattori
(25) has also estimated that sediment-
associated denitrification amounts to
about 44 Tg of nitrogen per year. Ocean-
ic denitrification appears to exceed our
estimate of input through nitrogen fixa-
tion by a factor of 4 to 5. While there is
no a priori reason to expect a steady
state for nitrogen in the seas, it is note-
worthy that total inputs (48 to 133 Tg of
nitrogen per year) approach estimates
for the total dissimilatory capacity of the

oceans (77 to 94 Tg per year), thereby
suggesting a nearly steady-state condi-
tion.

Annual utilization of nitrogen by phy-
toplankton, based on current approxima-
tions of primary productivity (27), would
indicate that slightly less than 0.3 per-
cent of this demand is met by endoge-
nous nitrogen fixation and, in fact, only
about 1 percent by the sum of de novo
nitrogen input through endogenous nitro-
gen fixation, atmospheric washout, and
terrigenous runoff. The bulk of this re-
quirement (about 7000 Tg of nitrogen,
under the assumption of a 6:1 ratio of
carbon to nitrogen assimilation) is fur-
nished from rapid recycling of combined
nitrogen within the euphotic zone and
from the large pool of nitrate in deeper
waters (24, 26).

Since there is a clear disparity be-

Table 1. Estimate of nitrogen fixation by Oscillatoria (Trichodesmium) spp. in the world’s
oceans on a seasonal basis. Units are grams of nitrogen X 10°. Data from five major
oceanographic expeditions in the late 1800’s, early 1900’s, and 85 recent reports were used to
map the global distribution and population density of Oscillutoria (3). Areas of different
trichome concentrations were plotted and summed with a planimeter for each season in each of
the major ocean basins. Field observations of nitrogen fixation from several investigations
encompassing 45 stations (3-7) allowed the computation of a mean (= standard error) euphotic
zone rate of 3.7 = 0.8 pg of nitrogen per trichome per hour. Only trichomes in the upper 50 m of
the water column and in water 20°C or warmer were assumed to be fixing nitrogen (30).

] ) Nitrogen fixation (g x 10°)
Oceanic basin

Spring Summer Autumn Winter Total

Pacific 11 163 162 0.9 337

Atlantic 101 474 133 614 1322

Indian 1890 0.5 267 966 3124

South China and 7 0.9 0.1 10.2 18
Arafuru Seas

Total 2009 638 562 1591 4801

Table 2. Estimate of the total annual contribution of combined nitrogen to the global nitrogen
cycle by nitrogen fixation in the benthic environments of the oceans. Areas for the coastal and
deep sea were taken from (/9). The estimates (20) for subtidal estuaries worldwide were divided
into an unvegetated (80 percent) and sea-grass vegetated (20 percent) component, while the
estimates for intertidal marsh were fractionated into temperate salt marsh (67 percent) and
mangrove (33 percent) components. The areal estimate of the extent of coral reefs worldwide
was taken from (2/). Values for nitrogen fixation are annual averages =+ the standard error, as
calculated in (22) from the indicated studies. For temperate shallow-water environments, only
investigations spanning a seasonal cycle were considered. For the 200- to 1000-m depth interval,
a rate tenfold less than the average calculated for 0 to 200 m was used while for the 2000- to
3000-m interval a 100-fold decrease was assumed.

N, Fixation

- Area
Environment 5 3 — Reference
(km? > 10%) (g/m2-year) (Tg/year)
Depth
> 3000 m 272 0 0 (1)
2000 to 3000 m 31 0.0007 0.022 hH
1000 to 2000 m 16 0.001 0.016
200 to 1000 m 16 0.01 0.16
0 to 200 m 27 0.1 =0.04 2.7 (1-13)
Bare estuary 1.08 0.4 = 0.07 0.43 (14)
Sea grass 0.28 5.5 1.5 (15)
Coral reefs 0.11 25 *84 2.8 (16)
Salt marsh 0.26 24+ 10.5 6.3 7)
Mangroves 0.13 11 1.5 18
Total 363 15.4
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tween phytoplankton nitrogen demand
and de novo input through nitrogen fixa-
tion in a supposedly nitrogen-limited sys-
tem (24, 27), it is enigmatic that diazotro-
phic phytoplankton (that is, nitrogen-
fixing cyanobacteria) are not more prev-
alent. In whole-lake experiments,
Schindler (28) reported that nitrogen lim-
itation (low nitrogen-to-phosphorus ra-
tio) regularly results in nuisance blooms
of nitrogen-fixing cyanobacteria, where-
as phosphorus limitation (high nitrogen-
to-phosphorus ratio) yields phytoplank-
ton populations dominated by eukaryotic
algae (28). He also found that, for nitro-
gen-limited lakes, nitrogen fixation con-
tributed substantially (19 to 38 percent)
to the total nitrogen economy. Further
circumstantial evidence indicative of a
nonnutrient limited growth status for
oceanic phytoplankton is found in the
work of Goldman et al. (26), who suggest
that phytoplankton in the marine envi-
ronment are growing at near maximum
rates, despite apparent nutrient impover-
ishment. In the sea, diazotrophic bacte-
ria (including the cyanobacteria) may
themselves be limited by either availabil-
ity of other trace nutrient requirements
(for example, molybdenum, iron, or
phosphorus) reducing power, or oxygen
inactivation (29). An alternative explana-
tion is that growth or productivity of
phytoplankton, or both, is in general not
nitrogen-limited but is controlled instead
by some other biological (for example,
grazing), chemical (macro- or micronu-
trient), or physical (for example, light or
temperature) factor.
Doucras G. CAPONE

EDWARD J. CARPENTER
Marine Sciences Research Center,
State University of New York,
Stony Brook 11794
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Late Quaternary Zonation of Vegetation in the

Eastern Grand Canyon

Abstract. Fossil assemblages from 53 packrat middens indicate which plant
species were dominant during the last 24,000 years in the eastern Grand Canyon.
Past vegetational patterns show associations that cannot be attributed to simple
elevational displacement of the modern zones. A model emphasizing a latitudinal

shift of climatic values is proposed.

In an early life zone study of the San
Francisco Peaks and adjacent parts of
the Grand Canyon in northern Arizona,
Merriam (/) concluded that modern veg-
etation is distributed along topographic
gradients in elevational zones that re-
semble latitudinal zones. The similarity
of elevational and latitudinal zonation of
vegetation in the western United States
has made the interpretation of past cli-
mates through the fossil record difficult.
Patterns of climate in elevational zones
may be different from those in latitudinal
zones, but paleoecological records often
lack the detail necessary to distinguish
between elevational and latitudinal ana-
logs of vegetation and hence the nature
of past climate.

Analysis of fossil plant remains from
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packrat (Neotoma spp.) middens (2—4),
unlike pollen analysis, often allows spe-
cific identification in difficult genera
such as Pinus and Quercus. The local
nature of fossil assemblages from mid-
dens—material from within 100 m of the
site (4)—allows reconstruction of vegeta-
tional distributions along the elevational
gradient as well as along the moisture
gradient from insolated (xeric) to shaded
(mesic) slopes. Radiocarbon dates for 48
of 53 packrat middens collected along an
1800-m elevational gradient in the east-
ern Grand Canyon (5) ranged from
34,300 to 1170 years old. The present
vegetation, as described from 131 vege-
tational relevés (6) or plots, was com-
pared with the fossil assemblages.

The elevational zonation of vegetation
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