
T
he biosphere contains a complex 
mixture of carbon compounds in a 
continuous state of creation, trans

formation and decomposition. This dy
namic state is maintained through the 
ability of phytoplankton in the sea and 
plants on land to capture the energy of 
sunlight and utilize it to transform car
bon dioxide (and water) into organic 
molecules of precise architecture and 
rich diversity. Chemists and molecular 
biologists have unraveled many of the 
intricate processes needed to create the 
microworId of the living cell. Equally 
fundamental and no less interesting is 
the effort to grasp the overall balance 
and flow of material in the worldwide 
community of plants and animals that 
has developed in the few billion years 
since life began. This is ecology in the 
broadest sense of the word: the complex 
interplay between, on the one hand, 
communities of plants and animals and, 
on the other, both kinds of community 
and their nonliving environment. 

We now know that the biosphere has 
not developed in a static inorganic en
vironment. Rather the living world has 
profoundly altered the primitive lifeless 
earth, gradually changing the composi
tion of the atmosphere, the sea and the 
top layers of the solid crust, both on land 
and under the ocean. Thus a study of 
the carbon cycle in the biosphere is fun
damentally a study of the overall global 
interactions of living organisms and their 
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physical and chemical environment. To 
bring order into this world of complex 
interactions biologists must combine 
their knowledge with the information 
available to students of geology, ocean
ography and meteorology. 

The engine for the organic processes 
that reconstructed the primitive earth is 
photosynthesis. Regardless of whether it 
takes place on land or in the sea, it 
can be summarized by a single reac
tion: CO2 + 2H2A + light � CH20 + 
H20 + 2A + energy. The formaldehyde 
molecule CH20 symbolizes the simplest 
organic compound; the term "energy" 
indicates that the reaction stores energy 
in chemical form. H2A is commonly 
water (H20), in which case 2A symbol
izes the release of free oxygen (02), 
There are, however, bacteria that can 
use compounds in which A stands for 
sulfur, for some organic radical or for 
nothing at all. 

Organisms that are able to use carbon 
dioxide as their sole source of carbon are 
known as autotrophs. Those that use 
light energy for reducing carbon dioxide 
are called phototrophic, and those that 
use the energy stored in inorganic chem
ical bonds (for example the bonds of ni
trates and sulfates) are called chemolith
otrophic. Most organisms, however, re
quire preformed organic molecules for 
growth; hence they are known as het
erotrophs. The nonsulfur bacteria are 
an unusual group that is both photosyn-

CARBON LOCKED IN COAL and oil exceeds by a factor of about 50 the amount of carbon 

in all living organisms. The estimated world reserves of coal alone are on the order of 7,500 
billion tons. The photograph on the opposite page shows a sequence of lignite coal seams 

being strip·mined in Stanton, N.D., by the Western Division of the Consolidation Coal 

Company. The seam, abont two feet thick, is of low quality and is discarded. The second 

seam from the top, abont three feet thick, is marketable, as is the third seam, 10 feet farther 

down. This seam is really two seams separated by about 10 inches of gray clay. The npper 

is some 3)f feet thick; the lower is about two feet thick. Twenty.four feet below the bot· 
tom of this seam is still another seam (not shown) eight feet thick, which is also mined. 

the tic and heterotrophic. Chemohetero
trophic organisms, for example animals, 
obtain their energy from organic com
pounds without need for light. An orga
nism may be either aerobic or anaerobic 
regardless of its source of carbon or en
ergy. Thus some anaerobic chemoheter
otrophs can survive in the deep ocean 
and deep lakes in the total absence of 
light or free oxygen. 

There is more to plant life than the 
creation of organic compounds by 

photosynthesis. Plant growth involves a 
series of chemical processes and trans
formations that require energy. This en
ergy is obtained by reactions that use 
the oxygen in the surrounding water and 
air to unlock the energy that has been 
stored by photosynthesis. The process, 
which releases carbon dioxide, is termed 
respiration. It is a continuous process and 
is therefore dominant at night, when 
photosynthesis is shut down. 

If one measures the carbon dioxide 
at various levels above the ground in 
a forest, one can observe pronounced 
changes in concentration over a 24-hour 
period [see top illustration on page 127]. 
The average concentration of carbon di
oxide in the atmosphere is about 320 
parts per million. When the sun rises, 
photosynthesis begins and leads to a 
rapid decrease in the carbon dioxide 
concentration as leaves (and the needles 
of conifers) convert carbon dioxide into 
organic compounds. Toward noon, as the 
temperature increases and the humidity 
decreases, the rate of respiration rises 
and the net consumption of carbon di
oxide slowly declines. Minimum values 
of carbon dioxide 10 to 15 parts per mil
lion below the daily average are reached 
around noon at treetop level. At sunset 
photosynthesis ceases while respiration 
continues, with the result that the car
bon dioxide concentration close to the 
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t ANIMAL 
I RESPIRATION 

CARBON CYCLE begins with the fixation of atmospheric carbon 

dioxide by the process of photosynthesis, conducted by plants and 

certain microorganisms. In this process carbon dioxide and water 

react to form carbohydrates, with the simultaneous release of free 

oxygen, which enters the atmosphere. Some of the carbohydrate is 

directly consumed to supply the plant with energy; the carbon 

dioxide so generated is released either through the plant's leaves 

or through its roots. Part of the carbon fixed by plants is consumed 

by animals, which also respire and release carbon dioxide. Plants 

and animals die and are ultimately decomposed by microorganisms 

in the soil; the carbon in their tissues is oxidized to carbon diox· 

ide and returns to the atmosphere. The widths of the pathways are 

roughly proportional to the quantities involved. A similar carbon 
cycle takes place within the sea. There is still no general agree· 

ment as to wh
'
ich of the two cycles is larger. The authors estimates 

of the quantities involved appear in the flow chart on page 130. 
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In addition to the daily variations 9f 
carbon dioxide in the air there is a 

marked annual variation, at least in the 
Northern Hemisphere. As spring comes 
to northern regions the consumption of 
carbon dioxide by plants greatly exceeds 
the return from the soil. The increased 
withdrawal of carbon dioxide can be 
measured all the way up to the lower 
stratosphere. A marked decrease in the 
atmospheric content of carbon dioxide 
occurs during the spring. From April to 
September the atmosphere north of 30 
degrees north latitude loses nearly 3 per
cent of its carbon dioxide content, which 
is equivalent to about four billion tons 
of carbon [see bottom illustration at 
l'ightl. Since the decay processes in the 
soil go on simultaneously, the net with
drawal of four billion tons implies an an
nual gross fixation of carbon in these 
latitudes of at least five or six billion 
tons, This amounts to about a fourth of 
the annual terrestrial productivity re
ferred to above (20 to 30 billion tons), 
which was based on a survey of carbon 
fixation. In this global survey the esti
mated contribution from the Northern 
Hemisphere, where plant growth shows 
a marked seasonal variation, constituted 
about 25 percent of the total tonnage. 
Thus two independent estimates of 
worldwide carbon fixation on land show 
a quite satisfactory agreement. 

The forest; of the world not only are 
the main carbon dioxide consumers on 
land; they also represent the main reser
voir of biologically fixed carbon (except 
for fossil fuels, which have been largely 
removed from the carbon cycle save for 
the amount reintroduced by man's burn
ing of it), The forests contain between 
400 and 500 billion tons of carbon, or 
roughly two-thirds of the amount pres
ent as carbon dioxide in the atmosphere 
(700 billion tons). The figure for forests 
can be estimated only approximately. 
The average age of a tree can be as
sumed to be about 30 years, which im
plies that about 15 billion tons of carbon 
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VERTICAL DISTRIBUTION OF CARBON DIOXIDE in the air around a forest varies 

with time of day. At night, when photosynthesis is shut off, respiration from the soil can raise 

the carbon dioxide at ground level to as much as 400 parts per million (ppm). By noon, 

owing to photosynthetic uptake, the concentration at treetop level can drop to 305 ppm. 
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CARBON DIOXIDE VARIATION (PARTS PER MILLION) 

SEASONAL VARIATIONS in the carbon dioxide content of the atmosphere reach a maxi· 

mum in September and April for the region north of 30 degrees north latitude. The depar. 

ture [rom a mean value of about 320 ppm varies with altitude as shown by these two curves. 
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in the form of carbon dioxide is annually 
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LONG·TERM VARIATIONS in the carbon dioxide content of the atmosphere have been 

followed at the Mauna Loa Observatory in Hawaii by the Scripps Institution of Ocean!lgra· 

phy. The sawtooth curve indicates the month.to·month change in concentration since Janu· 

ary, 1959. The oscillations reflect seasonal variations in the rate of photosynthesis, as de· 

picted in the bottom illustration on the preceding page. The smooth curve shows the trend. 
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OIL SHALE is one of the principal sedimentary forms in which 

carbon has been deposited over geologic time. This photograph, 

taken at Anvil Points, Colo., shows a section of the Green River 
Formation, which extends through Colorado, Utah and Wyoming. 

WHITE CLIFFS OF DOVER consist of almost pure calcillm car· 

bonate, representing the skeletons of phytoplankton that settled 

to the bottom of the sea over a period of millions of years more 

The formation is estimated to contain the equivalent of more than 
a trillion barrels of oil in seams containing more than 10 barrels 

of oil per ton of rock. Of this some 80 billion barrels is con· 

sidered recoverable. The shale seams are up to 130 feet thick. 

than 70 million years ago. The worldwide deposits of limestone, 

oil shale and other carbon·containillg sediments are by far the largo 

est repository of carbon: an estimated 20 quadrillion (1015) tons. 
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CARBON CIRCULATION IN BIOSPHERE involves two quite 
distinct cycles, one on land and one in the sea, that are dynamically 
connected at the interface hetween the ocean and the atmosphere. 
The carhon cycle in the sea is essentially self·contained in that 
phytoplankton assimilate the carbon dioxide dissolved in seawater 
and release oxygen back into solution. Zooplankton and fish con· 
sume the carbon fixed by the phytoplankton, using the dissolved 
oxygen for respiration. Eventually the decomposition of organic 
matter replaces the carbon dioxide assimilated hy the phytoplank. 
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ton. All quantities are in billions of metric tons. It will be seen 
that the combustion of fossil fuels at the rate of ahout five billion 
tons per year is sufficient to increase the carbon dioxide in the 
atmosphere by about .7 percent, equivalent to adding some two 
parts per million to the existing 3 20 ppm. Since the observed an· 
nual increase is only about .7 ppm, it appears that two·thirds of the 
carbon dioxide released from fossil fuels is quickly removed from 
the atmosphere, going either into the oceans or adding to the total 
mass of terrestrial plants. The estimated tonnages are the author's. 
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millions of years to reach their presen t amount of carbon dioxide in the air by If we extend the time scale with 

GIANT FERN of the genus Pecopteris, 
which fixed atmospheric carbon dioxide 300 
million years ago, left the imprint of this 

frond in a thin layer of shale just above a 

coal seam in Illinois. The specimen is in the 

collection of the Smithsonian Institution. 
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INCREASE IN ATMOSPHERIC CARBON DIOXIDE since 1860 is shown by the lower 

curve, with a projection to the year 2000. The upper curve shows the cumulative input of 

carbon dioxide. The difference between the two curves represents the amount of carbon 

dioxide removed by the ocean or by additions to the total biomass of vegetation on land. 
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POSSIBLE CONSUMPTION PATTERN OF FOSSIL FUELS was projected by Harrison 

Brown in the mid·1950's. Here the fuel consumed is updated to 1960. If a third of the carbon 

dioxide produced by burning it all were to remain in the atmosphere, the carbon dioxide 

level would rise from 320 ppm today to about 1,500 ppm over the next several centuries. 
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