of plate motion, as suggested by Stewart
and by Ninkovich and Donn, but rather
of the diagenesis of ash layers.

Major, apparently global volcanic epi-
sodes occurred at least twice in the last
20 x 108 years. Yet, only one major gla-
cial epoch (the Pleistocene) has oc-
curred. Therefore, even though glacia-
tion coincided with an increase in
Quaternary volcanism, the increased
volcanism itself may not have been the
primary cause of global cooling.
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of carbon dioxide for the atmosphere.
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Over the past 7 years several reviews
of the world carbon budget have con-
firmed that there is an annual increase in
the carbon dioxide content of air that is
worldwide and is almost certainly man-
caused (I-7). The source of the carbon
that is accumulating in the atmosphere
has been commonly assumed to be the
combustion of fossil fuels. Because the
amount of CO, accumulating in the at-
mosphere is less than half the total re-
leased from fossil fuels, other sinks for
CO, have been sought. The major sink is
the oceans, but mixing rates appear to be
too low for the oceans to accommodate
all the CO, that is thought to be released
in excess of that accumulating in the at-
mosphere. The question of whether the
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whether the biota is now a source or a
sink for CO,. The analysis shows
through convergent lines of evidence
that the biota is not a sink and may be a
source of CO, as large as or larger than
the fossil fuel source. The issue is impor-
tant because of the potential that
changes in the CO, content of air have
for changing climate worldwide 2, 10).
Two aspects of the world carbon bud-
get are conspicuous at the moment be-
cause they are easily measured: the an-
nual increase in the concentration of CO,
in air, and the winter-summer oscillation
in CO, concentration that is apparent in
the middle latitudes, especially in the
Northern Hemisphere. These variations
trace the interplay among physical,
chemical, and biotic factors of atmo-
sphere, oceans, and the biota as affected
by man. Although the world circulation
of carbon is not well enough known to
allow precise interpretation of past inter-
actions, and predictions are still more
tenuous, various analyses suggest that
human activities in the near future could
release large additional amounts of CO,
into the atmosphere with results that are
substantially unpredictable.
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Fig. 1. Long-term variations in the CO, content of air at Mauna Loa Observatory. [From Eck-

dahl and Keeling (/8)]

The data on the CO, content of air
show an increase that has ranged in dif-
ferent observatories and at different
times between about 0.5 and 1.5 parts
per million (ppm) per year over more
than 15 years (/7-19). The upward trend
has been assumed to be caused by the
release of carbon from fossil fuels (20).
At the same time an annual oscillation in
the CO, content of air is apparent with a
peak concentration at Mauna Loa in
mid-April about 5 ppm higher than the
minimum that occurs in late summer
(Fig. 1). The oscillation is reduced in am-
plitude at higher elevations (21), is in ex-
cess of 15 ppm near sea level at Brookha-
ven, New York (/9), diminishes toward
the tropics, and is reversed to follow the
seasons of the Southern Hemisphere
(22). We infer from this pattern that the
oscillation is related to the annual course
of photosynthesis and gives powerful
evidence that biotic exchanges are im-
portant in affecting the CO, content of
the atmosphere.

World Carbon Budget

The pools of carbon that are inter-
acting in the short term of a few years are
similar in size and are connected by
flows that are significant fractions of the
pools. The sizes of the pools (Fig. 2) are
subject to considerable uncertainty. For
the carbon held within plant commu-
nities we have used estimates by Whitta-
ker and Likens (23, 24) who considered
their appraisal appropriate for the world
of the 1950’s.

The fluxes that connect these pools are
a continuous exchange with the biota, a
constant exchange between the atmo-
sphere and the oceans, and the emission
of CO, through combustion of fossil
fuels. The fact that the terrestrial biota
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and humus together contain a pool of
carbon that is probably between two and
three times the total in the atmosphere
means that any appreciable change in the
biota has the potential to cause a short-
term change in the CO, content of air, a
relationship that seems to be sub-
stantiated by the seasonal oscillations
seen in the CO, data from Mauna Loa.
This flux could go in either direction—
into storage in the biota and in humus, or
out of storage into the atmosphere. The
question has been considered in most
models in recent years with a common
assumption that the biota is probably a
sink for the excess of carbon released in
combustion of fossil fuels above the resi-
due that accumulates in the atmosphere
and appears not to be absorbed into the
oceans (25-27). The assumption has
remained a part of current global models.
It seems to be incorrect. As suggested by
Hutchinson (/3) in 1954 the biota ap-
pears to be a net source of CO, for the
atmosphere. Because of the paucity and
uncertainty of data the actual rate of re-
lease is elusive; under extreme condi-
tions it could be as high as 18 x 10
grams of carbon per year, or more than
three times the annual release of carbon
through combustion of fossil fuels, cur-
rently estimated as about 5 X 10% g (28).

The total amount of carbon held within
the living biota in the 1950’s was about
830 x 10*® g; more than 90 percent was
in the standing crop of plants in forests
dand woodlands (Table 1). Of the total
within forests and woodlands, 461 X
10" g, or about 60 percent, was in tropi-
cal forests. The carbon held within ter-
restrial humus has been estimated re-
cently as 1000 to 3000 x 10'> g, or one to
four times the quantity in the living biota
“, 29). The distribution of carbon in the
biota is skewed toward the tropics by the
overwhelming mass of the tropical for-

ests; the humus is more abundant in the
temperate and boreal zones where lower
temperatures retard decay. The balance
between inputs and outputs of carbon in
these two large pools will determine
whether there is a net release of carbon
into the atmosphere from organic carbon
pools at any time.

Changes in the Biotic Carbon Pool:

Estimates Based on Harvests

Over the last millennium the shift in
the size of the carbon pool within the
biota seems clear: forests have been re-
duced appreciably as human population
has increased. Darby (30) estimated that
the forests of Western Europe were re-
duced from more than 90 percent of the
land area to between 18 and 23 percent in
the thousand years following A.D. 900.
A parallel reduction, documerited in part
by Eckholm (31), occurred earlier in seg-
ments of the Mediterranean Basin, the
Levant, and Asia. These changes re-
leased significant quantities of carbon,
perhaps as much as 25 percent of what is
currently held within the atmosphere.
The question is better restricted to the
past 100 years. What has happened to
the standing crop of forests and humus in
the world over the last 100 years, and es-
pecially since 1958 when the CO, record
at Mauna Loa was staited?

Using data from the Food and Agricul-
ture Organization (FAO) and other
sources, Bolin (/4) recently calculated
the net release of CO, from the harvest
of forests globally as 1.0 X 10** g of
carbon per year. The estimate appears to
have been biased toward the low side
32).

The question of harvesting and clear-
ing is especially important for the tropi-
cal forests of South America because the
Amazon Basin contains the most exten-
sive primary rain forest remaining in the
world. Detailed data on the extent of har-
vest of this forest are limited. A recent
study by Veillon (33) of forest clearing in
Western Llanos, Venezuela, showed a
32.5 percent reduction in forest area dur-
ing the period 1950 to 1975, correspond-
ing to an average rate of deforestation of
about 1.3 percent per year. According to
Hamilton (34, p. 4) ‘‘one can presume
that, with the exception of the Sierra de
Perija, changes are taking place at some-
what similar rates in general north of the
Orinoco.”” Hamilton cited an FAO draft
report that ‘‘suggests an estimate of
moist forest cleared per year at . . . 0.6
to 1.5 percent of the still existing area”’
(34, p. 4). Other studies support the
trend (35). Adams et al. (I15) cited data
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for two Brazilian states. Sao Paulo (total
area, 250,000 square kilometers) was 60
percent forested in 1910; by 1950 the
area forested was 20 percent. In Parana
between 1953 and 1963 the forested area
of 65,000 km? decreased at the rate of 3
percent per year. The development of
the Trans-Amazonian Highway appears
to have speeded the harvest in the Ama-
zon (36). So has the growth of population
with its demand for firewood, according
to Adams et al. (15) and Eckholm (31).

The remaining primary forests of the
temperate and boreal zones are less im-
portant in the world carbon budget, yet
they are subject to a parallel pressure for
harvest. If a rate of clearing of 1 to 2 per-
cent per year were applied to the forests
of the earth, which we take to have a to-
tal plant mass of 743 x 10> g of carbon
(Table 1) (24), and if two-thirds of the
biomass were released as CO, with the
remainder stored, the amount of carbon
released annually would be 5 to 10 X
10> g—one to two times the amount cur-
rently released from fossil fuels. If we
consider only the tropical forests, the
amount released would be about 3 to 6 x
10'> g of carbon annually.

In addition to this release from direct
harvest of forests there is further release
from humus that is triggered by defores-
tation. Although humus accumulation in
some tropical forests is small, extensive
areas of the tropics have podzols and his-
tosols with appreciable humus layers.
The transformation of forests and wet-
lands to agriculture also leads to a loss of
humus through decay (37, 38). To the ex-
tent that forests are being reduced and
agriculture is being extended onto new
soils that are high in organic matter, the
decay of humus is accelerated. The ex-
tent of the acceleration is not known; it
might be as high as the release through
direct harvest of forests.

Recent Storage of Carbon in the Biota:
The Regrowth of Forests

Countering these trends, it is possible
that the relaxation of pressures on both
agriculture and forests brought by wide-
spread use of fossil fuels has allowed the
regrowth of forests over substantial
areas. Regrowth in the tropics appears
limited at present, although extensive
regrowth occurred in Venezuela in the
late 19th and early 20th centuries accord-
ing to Hamilton and his colleagues (33,
34). Adams et al. (15) suggested that re-
forestation in Parand, Brazil, has taken
place on about 10 percent of the area
cleared. In Sao Paulo, reforestation in-
creased recently to 20 percent of the cut-
13 JANUARY 1978

ting. There is evidence that a substantial
fraction of the primary forest is being re-
placed by nonforest vegetation that has a
very much lower biomass. In areas
where reforestation has occurred the
secondary forests, especially those har-
vested periodically, have a smaller bio-
mass than the primary forests they re-
placed.

Data on regrowth of forests in the
north temperate zone are also limited.

One of the areas for which data are avail-
able is New England. A recent study of
changes in the net primary production
and biomass there (39) has suggested a
general decline in biomass of trees from
Colonial times through 1900, followed by
a period of regrowth of forests. The re-
growth was greatest, of course, in the
more rural states; it was least in the more
urbanized southern New England states.
The original forest had a standing crop of
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Fig. 2. The world carbon budget. The sizes of the boxes and arrows indicate the relative magni-
tudes of pools and flows. Oceanic sediments (not shown) probably contain more than
20,000,000 x 10" g. Sources of data are: (a) Baes et al. ¢4, p. 10); (b) SCEP (/, p. 16); (c) Bolin
(5); (d) Whittaker and Likens [in (3), p. 283]; (¢) Reiners and Wright (16); and (f) Bohn (29).

Table 1. Major plant communities of the earth and their area, net primary production, and
standing crop [adapted from Whittaker and Likens (23)]. All values in column 4 are expressed as
carbon on the assumption that the carbon content is ~ 0.45 of the dry matter.

Total net

E Area primary pro- Totalf plarl;t
cosystem type (106 km2) duction of carbon mas?l(a i ;:a;- on
(10> g/year) 8

Tropical rain forest 17.0 16.8 344
Tropical seasonal forest 7.5 5.4 117
Temperate evergreen forest 5.0 2.9 79
Temperate deciduous forest 7.0 3.8 95
Boreal forest 12.0 4.3 108
Woodland and shrubland 8.5 2.7 22
Savanna 15.0 6.1 27
Temperate grassland 9.0 2.4 6.3
Tundra and alpine meadow 8.0 0.5 23
Desert scrub 18.0 0.7 5.9
Rock, ice, and sand 24.0 0.03 0.2
Cultivated land 14.0 4.1 6.3
Swamp and marsh 2.0 2.7 13.5
Lake and stream 2.0 0.4 0.02

Total continental 149 52.8 827
Open ocean 332 18.7 0.45
Upwelling zones 0.4 0.1 0.004
Continental shelf 26.6 4.3 0.12
Algal bed and reef 0.6 0.7 0.54
Estuaries 1.4 1.0 0.63

Total marine 361 24.8 1.74

Full total 510 77.6 828
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about 2.5 X 10* g of carbon. In 1900 the
standing crop was estimated as 0.9 x 10%
g. The recovery during the ensuing 70
years increased the standing crop by
about 0.3 X 105 g, to about 1.2 X 10" g.
After 70 years of recovery the total
standing crop was slightly less than 50
percent of the original biomass.

There have been no similar studies of
other segments of the temperate and bo-
real zones. Maine is probably more near-
ly representative of rural forested areas
in the transition from temperate to boreal
forest than other segments of New En-
gland. The increment of storage of carbon
in Maine during the period of recovery
was estimated as 0.1 X 10*> g over the 70
years or 1.4 X 10'? g of carbon per year
39). If we assume that the increment of
humus doubled this storage, the total
carbon removed from the atmosphere
was about 2.8 X 102 g annually. If the
experience in Maine is taken as repre-
sentative of the forests of the temperate
zones, storage in reforested lands has
beenless than 0.5 x 10 g annually ¢0).

Carbon Dioxide Stimulation of

Photosynthesis

There is an appreciable body of evi-
dence that shows that increasing the con-
centration of CO, in air results in a stim-
ulation of photosynthesis. The topic has
been reviewed in detail by Lemon (8)
with special attention to the possibility
that there has been a worldwide stimula-
tion of photosynthesis. Considering
physiological response and using indirect
arguments, Lemon concluded that the
effect of increasing CO, on global photo-
synthesis is probably very small. If we
assume that the net primary production
of the biota is linearly proportional to the
CO, concentration in air, then the in-
crease in carbon storage to be expected
annually would be the annual increase in
the CO, content of air (0.8 ppm) ex-
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pressed as a fraction of the total CO,
content (330 ppm), times the net primary
production of the earth (0.8/330) x 78 x
10*> g of carbon (Table 1). The annual in-
crement of net primary production due
to this source would result in an annual
increase in storage of not more than
0.2 X 10" g of carbon; the increase is
too small to compensate for the carbon
added from forest clearing (9). This con-
clusion is consistent with L.emon’s anal-
ysis (8), an earlier analysis by Broecker
et al. (10), the conclusions of others
based on models (//), and the observa-
tions of growth in the New England for-
ests discussed above. The worldwide
stimulation of plant growth is small com-
pared to the worldwide release of CO,
from industry and forest clearing.

Analysis Based on Metabolic Activity

The importance of atmospheric ex-
change of CO, with the terrestrial biota is
further indicated by the seasonal oscilla-
tion in the CO, content of the atmo-
sphere. Arctic and temperate zone and
other seasonal vegetation store carbon
over the period of the year that is unfa-
vorable for growth. This storage is not
characteristic of wet tropical forests that
do not have a seasonal pulse.

The seasonal change in the CO, con-
tent of air is the product of the total res-
piration of various ecosystems, including
man-dominated ones, and the gross pro-
duction of the plant communities. Gross
production in middle latitudes is heavily
seasonal; there is very little in winter.
Respiration continues throughout the
year, but at different rates in winter and
summer. The difference between the two
processes is the net amount of carbon
stored in or released from the ecosystem
at any time. The storage follows in pat-
tern the seasonal oscillation observed in
the CO, content of the atmosphere. The
peak concentration of CO, in air occurs

in late winter or spring; the minimum, in
late summer or fall. There seems to be
little doubt that the oscillation is related
to the annual cycle of metabolism of the
vegetation.,

Hall et al. @1) tested the hypothesis
that if there had been changes over the
last 15 years in the net primary produc-
tion of the Northern Hemisphere relative
to total respiration, the changes should
appear as a change in the amplitude of
the winter-to-summer oscillation ob-
served in the Mauna Loa data (Fig. 1).
An increase or reduction in amplitude
would imply a change in the storage of
carbon in the biota. The analysis by Hall
et al. showed no such change that was
significant. A similar analysis of a 10-
year span of data from Brookhaven,
New York, showed a trend toward re-
duced amplitude in later years, but again
the trend was not significant (¢2). These
results are probably not surprising in
view of the short span of the data from
Mauna Loa and Brookhaven. Nonethe-
less, if there had been a drastic change
(more than 10 percent) in net primary
production relative to total respiration in
the middle latitudes of the Northern
Hemisphere during this period, one
would expect to be able to recognize it
through such analyses.

Appraisals Based on Carbon Isotope

Ratios

One of the most attractive techniques
for appraising indirectly the contribution
of the biota and fossil fuels to the current
pool of carbon in the atmosphere is com-
parison of the ratios of the carbon iso-
topes 2C, 13C, and C. The technique
exploits the fact that the ratios differ
among the major interacting pools of car-
bon: fossil fuels contain no *C and are
enriched in 2C relative to ®C. The con-
temporary biota contains *C and is also
enriched in ?C compared to the atmo-
sphere. Combustion of fossil fuels re-
leases carbon that is impoverished in “C
and dilutes the *C of the atmosphere.
This dilution is called the Suess effect
43). The Suess effect for C is not in it-
self sufficient to distinguish between
biotic release of carbon and fossil release
because the biotic pool is in relatively
short-term equilibrium with the atmo-
sphere and has substantially the same
“C content. The Suess effect for “C,
however, can be used with the 2C/*C ra-
tios to estimate the biotic release.

Using samples of cellulose from the
stem of a trée whose annual increments
of wood could be dated with precision,
Stuiver @4) has shown that the carbon
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isotope ratios in the cellulose suggest
that between 1850 and 1950 there was an
average annual release of about 1.2 X
10% g of carbon from the biota. The aver-
age fossil fuel release in that period was
0.6 x 10 g. Stuiver’s 100-year average
rate for release of carbon from the biota
would be expected to be above the actual
rate at the beginning of this period and
below it toward the end, after the growth
of industrialization and population that
marked that century.

Sources and Sinks for Carbon Dioxide

These various approaches to estimat-
ing the role of the biota in the world car-
bon budget are consistent in that none
suggests that the biota is or has been an
appreciable sink for carbon. The evi-
dence is overwhelming that the trend
throughout the past two millennia has
been for a more or less steady reduction
in the earth’s forests. The evidence for
contemporary changes is more equivo-
cal. We can use the interpretations of-
fered above with the data of Table 1 and
data on rates of harvest from the litera-
ture to estimate current releases. Table
2, which was derived in this way, is little
more than a guide to indicate the relative
magnitudes of contributions from vari-
ous segments of the world vegetation.

In preparing Table 2 the annual rate of
clearing of forests and transfer to agricul-
ture, grazing, or to other vegetation of
lesser stature was assumed to be 1 per-
cent of the 1950 biomass. We estimated
that 5 percent of the biomass might be
stored in structures. Increased rates of
storage [net ecosystem production
(NEP) (45)] would also occur as primary
forests with very low NEP were turned
into successional forests with a higher
NEP. With the data available it was not
possible to be more precise. We judge
that the range of 0.5 to 1.0 percent per
year includes the correct current rate of
clearing of tropical forests and that the
most probable range for the total world
release from the biota annually is 4 to
8 X 10" g of carbon.

Several recent estimates of the world
carbon budget are summarized in Fig. 3.
Apart from values from models (25-
27), current estimates for the annual re-
lease of carbon range from 1.0 = 0.6 X
10% g (5) to our maximum range of 2 to
18 X 10 g. A middle range of 4 to 8 X
10* g includes the values suggested by
Adams et al. (I15) and Hutchinson (13).

Sinks. If the current appraisals are cor-
rect, the contemporary biotic release of
carbon is approximately equal to the fos-
sil fuel release. The total for both
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Table 2. Estimates of current releases of carbon from major terrestrial plant communities. Re-
leases from forests were calculated as shown in (45). Column 5 gives what we consider to be the
most probable limits based on a maximum of twice the net release and a lower limit of one-third
the net release.

Carbon released (X 10" g)

Forest

Plant community : In-
clearing creased Net Range
and release
NEP
harvest
Tropical forests 4.4 0.9 3.5 1-7
Temperate zone forests 1.7 0.3 1.4 0.5-3
Boreal forest 1.0 0.2 0.8 0-2
Other vegetation (including agriculture) 0.3* 0.1 0.2 0-1
Total land vegetation 7.4 1.5 5.8 1.5-13
Detritus and humus 2.0% 5-5.0
Land total 7.8 2-18

*The major contributions to a release are from woodlands and savannas that are cleared for agriculture or
grazing. We have assumed a clearing rate of 0.6 percent of these lands, with about one-third of that restored

as increased NEP.

‘tMajor releases from organic detritus and humus are probably in the clearing of forest

for agriculture or for grazing, although there are substantial releases associated with harvests of timber (38).

sources may exceed 10 g annually. Of
this about 2.3 X 10" g accumulates in
the atmosphere. The remainder probably
enters the oceans, but the mechanism for
this remains puzzling. The apparently er-
roneous assumption that the biota is a
contemporary sink for CO, arose be-
cause the data on oceanic mixing seem to
show that the oceans have a limited ca-
pacity for absorbing CQ, in the short run
of years or decades (10, 44) and other
sinks have seemed necessary. The prob-
lem is still more puzzling if the biota not
only is not a sink for fossil fuel carbon
but is an additional source of CO,. The
validity and appropriateness of the mod-
els of oceanic mixing are obviously in
question; so are the assumptions that
biotic processes do not result in sub-
stantially greater transfers of carbon into
the deeper waters of the oceans. Human
activities along the continental margins
result in the accelerated sedimentation of
carbon fixed on land on the continental
shelves, but the amount sequestered in
this way is probably too small to be a ma-
jor sink for carbon.

Questions remain as to the possibility
of additional terrestrial sinks as well as
the size of the terrestrial source of CO,.
Various hypotheses have been  ad-
vanced, including the possibility that the
retreat of glacial ice is allowing a north-
ward advance of the tundra and boreal
forest with significant storage of carbon.
Few such hypotheses can be ruled out
unequivocally, but there appears to be
no single major sink for carbon equiva-
lent to the releases estimated here except
the oceans (Table 1). Certainly, there is
need for additional and better informa-
tion on the year-by-year changes in the
carbon held in the major vegetation
types of the earth with special emphasis

“on forests. Such data can be compiled by

a variety of techniques, including aerial

and satellite photography. There is also a
need for intense examination of the flux
of carbon into the oceans. One possi-
bility is that biotic mechanisms in the
oceans are more effective than has been
assumed in transferring fixed carbon into
the deeper oceanic waters.

The greatest puzzle is the basic stabil-
ity of the global carbon budget. Why
have human activities, which are recog-
nized as having large effects on major
segments of this basic series of chemical
cycles, not brought greater changes in
the CO, content of air? The answers are
obviously complicated; they will come
through intensified research on the glob-
al carbon cycle.
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trast, we are only now beginning to un-
derstand the homeostatic mechanisms
by which multicellular organisms regu-
late and coordinate their metabolic and
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medical significance. It seems probable
that derangements of homeostatic pro-
cesses are responsible for many disease
states. Conversely, it seems likely that
the effects of many therapeutic and toxic
agents are exerted on such homeostatic
systems. In this article I outline a con-
ceptual framework within which many
features of biological regulation may be
understood. This framework attributes a
role of central importance to phosphoryl-
ated proteins in the control of diverse bi-
ological processes.

About 10 years ago, a cyclic AMP
(adenosine  3',5’-monophosphate)-de-
pendent protein kinase was discovered
in skeletal muscle, and evidence was
presented that this protein kinase medi-
ates the effects of cyclic AMP in causing
the breakdown of glycogen (/). Sub-
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