the burial of surface ice or snow by
eolian or alluvial deposits (1/3). The
fretted terrain (Fig. 1) occurs in an area
thought to be composed of volatile-rich,
blanket deposits, probably having a
large eolian component (I4). Although
terrestrial thermokarsts are significantly
smaller in scale than the martian fretted
terrain the terrestrial fretted terrain may
be significantly older and consequently
more well developed. This interpretation
is in agreement with that of Sharp (2).
Analysis of adjacent ERTS-1 scenes
suggests that much of the surface topog-
raphy on the Alaskan Arctic Coastal
Plain is an expression of subsurface
structural control of the underlying
Cretaceous rocks (15). The drainage
patterns of most of the major rivers
(for example, upper courses of the
Colville River, Maybe Creek, Price
River, and Kay River) probably reflect
underlying structural trends. This is
remarkable inasmuch as this underlying
structure finds expression through as
much as 50 m of overburden. In Fig.
2, one notes that the general alignment
of the thermokarsts and undegraded
upland areas parallels regional struc-
tural trends. In fact, initial degradation
of the subsurface ice in this area may
have initiated along en echelon minor
faults where thermal anomalies were
transmitted upward. With continued
degradation thermokarst depressions
probably became enlarged and began
to coalesce. The drainage networks
present are undeveloped and insignifi-
cant in comparison with the thermo-
karsts which dominate this setting.
Fluvial erosion appears to be inconse-
quential here in comparison with ther-
mal erosion as the agent responsible
for the development of the local relief.
The recognition of this terrestrial
analog was possible because of the
obliteration of the confusing albedo pat-
terns of standing water and vegetation
by snow cover, a low sun angle, and
the availability of suitable image en-
hancement techniques. Success in this
area leads one to expect that other ter-
restrial analogs of martian permafrost
terrain will be found. We are presently
investigating satellite imagery of the
arid Yakutian Lowlands of eastern Si-
beria where ovoid thermokarst depres-
sions up to 40 m in depth and 5 to 10
km in length have been reported.
LAWRENCE W. GATTO
DUwWAYNE M. ANDERSON
U.S. Army Cold Regions Research
and Engineering Laboratory,
Hanover, New Hampshire 03755
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Nitrogen Fixation in a Coral Reef Community

Abstract. Algal reef flats at Enewetak Atoll, Marshall Islands, fix atmospheric
nitrogen at rates comparable to those in managed agriculture. The dominant
nitrogen fixer appears to be the blue-green alga Calothrix crustacea. Since this
nutrient enrichment contributes to the high productivity of adjacent coral reefs
and undoubtedly to atoll lagoons, it is recommended that the algal reef flats

receive increased conservation priority.

Coral reef communities are charac-
terized by high rates of biological pro-
ductivity. The mechanism by which
this is accomplished has puzzled marine
biologists for years. These communities
obtain their nutrients from the overly-
ing waters, and tropical marine waters
are generally characterized by low
levels of dissolved and particulate nu-
trients. Fixed nitrogen is in particularly
low supply and has been shown to be
the major limiting nutrient for phyto-
plankton production in the tropical
Pacific (I).

In 1971, during the Symbios expedi-
tion to Enewetak Atoll, we observed
that the ocean water became markedly
enriched with various forms of dis-
solved and particulate nitrogen as it
flowed across a shallow windward inter-
island reef (2). The net rate of nitro-
gen export was of the order of 3 kg
ha—1 day—° (3). We subsequently
found that the source of this localized
superabundance of fixed nitrogen was
a number of nitrogen-fixing algae, the
most abundant and important of which

was Calothrix crustacea (4). Here we
describe the role of this species in the
nitrogen budget and the biological pro-
ductivity of Enewetak reef commu-
nities.

Calothrix crustacea, a heterocystous
blue-green alga, occurs as a thin, yel-
low-brown, often almost unispecific
film covering large portions of the
windward intertidal reef flat at Ene-
wetak., At low tide, most of these
algae remain moist. During higher
stages of the tide, herbivorous reef
fish, notably several species of parrot-
fish and surgeonfish, graze the inter-
tidal reef flat Calothrix community.
Their tooth marks in the reef rock
provide evidence of the thoroughness
with which they crop this alga.

Along the upper intertidal bench
zone another growth form of the same
species occurs as a black, feltlike mat
up to 5 mm thick. At low tide, most
of this mat dries out. It is not heavily
grazed by fish owing to the shallowness
of the water in which it grows. In areas
of the windward reef flat and outer
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Table 1. Nitrogen fixation rates of various communities at Enewetak Atoll, January to
February 1974, Values for nitrogen fixed are given for the substrate surface areas as
means (10~° mole hr-* cm-?) = the standard error. Number of replications in parentheses.

Mean rates (10-° mole hr-* cm-2)

Location Full daylight ,
. . Dark
intensity
Intertidal reef flat Calothrix community 55 =121 (11) 1.9 +0.14 (3)
Upper intertidal reef bench Calothrix community 34 =+ 6.0(7)
Random interisland coral community and
reef rubble community samples 24 =+ 6.0 (11) 0.27 = 0.039 (2)
Outer reef slope 45+ 1.2 (4)

reef slope dominated by other algae,
C. crustacea is found ubiquitously as
an epiphyte.

Nitrogen fixation rates on the algal
reef flat and elsewhere in the reef com-
munities at Enewetak were estimated
by the acetylene reduction technique
(3). Rather than use only a starting
and terminal determination on an in-
cubation, we analyzed the gas phase for
ethylene a number of times during the
incubations. We found considerable
variation in the length of time required
for these communities to reduce acety-
lene at linear rates under the natural
light regime. Similarly there was vari-
ation in the time required for reduced
rates to become linear when samples
were placed in the dark. About 25
percent of the samples immediately
reduced acetylene at a linear rate;
most of the remainder also started
abruptly (the median lag time was
about 45 minutes), but a few showed
a gradually increasing rate with time.
We have no explanation of this ob-
servation but caution other workers
that using only a starting and terminal
cthylene value may underestimate
nitrogen fixation rates if their experi-
mental materials exhibit a similar lag
phenomenon.

Calothrix crustacea growing on the
recef flat appears well adapted to the
harsh intertidal environment at Ene-
wetak, where at low tide it is exposed
to essentially fresh water during heavy
rains and, during clear days, to high
salinities due to evaporation, and to
temperatures as high as 38°C. Experi-
mental salinities of 45 parts per thou-
sand (ppt) and 3 ppt had no appreci-
able effect on fixation rates. Fixation
rates approximately doubled between
temperatures of 27° and 36°C; at 39°C
nitrogen fixation rates were higher than
at 36°C for 1 to 2 hours, then became
erratic and finally dropped to zero. At
24°C, a lower temperature than the
algae ever encountered naturally at
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Enewetak, nitrogen fixation ceased en-
tirely. Stirring of the incubation medium
had no effect on fixation rates (5). When
Calothrix-covered rocks were incubated
moist in air, fixation rates were the
same as in seawater.

Nitrogen fixation rates at the reef
surface (Table 1) are equivalent to an
average rate of 1.8 kg ha—1! day—?
(6). This is not significantly different
from the rate previously mentioned
based on the nitrogen budget of the
interisland reef (3). These rates are
among the highest ever reported for
terrestrial or marine communities (7).

Although the biomass of C. crustacea
was much higher on the upper inter-
tidal reef bench, largely because of its
inaccessibility to grazing fish, fixation
rates of moist samples averaged only
about 60 percent of the fixation rates
on the reef flat (Table 1). This is prob-
ably a result of the algae not being in
an active growth phase because of re-
duced grazing. Samples taken from
the dry mat at low tide did not fix
nitrogen.

Samples of algal communities not
dominated by C. crustacea, taken at
random in shallow interisland coral
and coral rubble communities fixed
nitrogen at a mean rate of about 40
percent of that on the reef flat per unit
area of substrate surface (Table 1).
Here the surface area colonized by algae
per unit of horizontal area (8) is much
greater than that on the algal flat. Per
unit of horizontal area, nitrogen fixa-
tion rates in the coral and reef rubble
zones may be as high as on the reef
flat.

There are at least three important
routes by which nitrogen fixed by
Calothrix enters the rest of the reef
community.

1) As noted above, fish graze upon
these algae (9, 10). Chartock (I0) has
shown that fish grazing on the reef
flat at Enewetak have a low assimila-
tion efficiency. More than half the fixed

carbon in the food they consume (and
thus presumably a sizable fraction of
the nitrogen they consume) is released
into the water as feces. The recently
fixed nitrogen in the feces once again
enters the food chain when ingested by
a variety of scatophagous reef inverte-
brates.

2) There are areas on the reef front
where Calothrix grows prolifically, but
continuous strong turbulence associated
with breaking waves prevents herbivor-
ous fish from grazing it efficiently (and
prevents us from sampling it). Here
large portions of Calothrix are broken
off by the surge and washed down-
stream into the reef community where
they settle out and are fed upon by
various reef herbivores and detritivores.
Benthic algal fragments constituted by
far the largest portion of the net plank-
ton on the windward interisland reef
at Enewetak, and Calothrix constituted
20 to 60 percent (by volume) of these
fragments (I1). The input of fixed
carbon in the form of benthic algal
fragments was shown by Johannes and
Gerber (11) to be essential to balance
the respiratory energy requirements of
the coral reef community downstream
of the outer reef edge, and amounted
to a mean net input of about 0.5 g
m~*2 day—! Newly fixed nitrogen en-
ters the reef community simultaneously
by the same mechanism.

3) Finally, members of the genus
Calothrix in culture are known to re-
lease 40 to 60 percent of their fixed
nitrogen into solution, largely in the
form of peptides and free amino acids
(12). The major fraction of the fixed
nitrogen exported by the Enewetak reef
community is in the form of dissolved
organic compounds (2, 3), at least
some of which are undoubtedly avail-
able to benthic as well as planktonic
saprophages. Jones and Stewart (/3),
working with Calothrix in Scotland,
showed that a large fraction of the
nitrogen fixed was subsequently trans-
ferred to associated plant species, pre-
sumably through transfer of organic
nitrogen.

The island effect, that is, the ob-
served enhanced productivity adjacent
to tropical islands in oligotrophic
waters, has been ascribed to land drain-
age, upwelling, or nutrient accumula-
tion and recycling by the biota (/4).
Observed concentrations of zooplank-
ton have also been higher in atoll la-
goons than in the adajacent ocean
(15). Increased concentrations of par-
ticulate and dissolved combined nitro-
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gen resulting from biological nitrogen
fixation on adjacent reef algal flats
undoubtedly contributed to the in-
creased productivity in both of these
situtations (16).

Calothrix is distributed abundantly
and ubiquitously in Pacific coral reef
communities and in other shallow trop-
ical marine environments (17). Other
nitrogen-fixing blue-green algae such
as Hormothamnion (5) are also abun-
dant in some reef communities. These
often drab-looking communities have
been accorded a much lower conserva-
tion priority than the adjacent colorful
coral communities. The research de-
scribed here indicates that these algal
reef flats are indeed of considerable
importance as a source of fixed nitro-
gen for adjacent communities and con-
sequently should be accorded a higher
priority for conservation where siting

of dredging, construction, and indus- »

trial outfalls are concerned.
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Thyroid Allograft Immunogenicity Is Reduced after a Period in

Organ Culture

Abstract. The survival time of mouse thyroid, transplanted under the kidney
capsule of an H-2 incompatible recipient, is extended by holding the thyroid in
organ culture for 12 days prior to transplantation.

The generally accepted view of allo-
graft rejection postulates that histo-
compatibility antigen (H antigens) are
strong immunogens which can elicit a
vigorous response to T (thymus derived)
cells in the allogeneic host, and that this
response is responsible for the initia-
tion of graft rejection. Because H anti-
gens form an integral part of the cell
membrane and are widely distributed
throughout the tissues of the body (1),
there would appear to be little point in
attempting to reduce the immuno-
genicity of a tissue transplant by treat-
ments other than those directed at sup-
pressing the host’s immune system.

However, our studies of allograft re-
actions (2—4) indicate that the conven-
tional view is inadequate. In our opin-
ion, H antigens by themselves are not
strongly immunogenic, and the genera-
tion of a vigorous T cell response spe-
cific for H antigens requires the simul-
taneous presentation of both H antigen
and an allogeneic stimulus to the po-
tentially responsive T cell population
(4). The allogeneic stimulus is an in-
ductive stimulus provided by meta-
bolically active lymphoid cells (5) (the
term lymphoid includes both phagocytic

and nonphagocytic lymph-borne cells).
According to this view of allograft re-
jection the fate of an allotransplant
might sometimes be enhanced by treat-
ments that remove from the graft those
lymphoid cells which provide the postu-
lated allogeneic stimulus. These latter
cells play a major role in the sensitiza-
tion of the host to foreign antigens
(3, 4).

The reports of Jacobs and Huseby
(6) and those of Summerlin (7) and
Summerlin et al. (8), that allograft sur-
vival could be enhanced by the culti-
vation of tissue in organ culture prior
to transplantation, are consistent with
our view of graft rejection, The period
in organ culture might deplete the tis-
sue of viable hematogenous elements
and lymphoid cells that could take part
in allogeneic interactions with host
lymphoid cells. We were unable to re-
peat the experiments of Summerlin
et al. (8) with mouse skin allografts.
In our experience, both isografts and
allografts failed to take on recipient
mice after being held in organ culture.
We attributed this result to a failure
of the cultured skin (either isogeneic
or allogeneic) to revascularize before
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