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CHAPTER 1
The Carbon Dioxide Problem

G. M. WOODWELL
The Ecosystems Center, Marine Biological Laboratory, Woods Hole,
Massachusetts, USA

1.1 THE ROLE OF THE TERRESTRIAL BIOTA

The amount of carbon dioxide (CO2) in the atmosphere is thought to have
increased by 40-80 parts per million (p.p.m.) since 1860, although the data
prior to 1958 are uncertain. In 1958 Keeling and colleagues started systematic
measurements of CO2 at an elevation of 3400m on Mauna Loa, a volcanic
mountain on the island of Hawaii (Pales and Keeling, 1965; Keeling et al.,
1976b). Mauna Loa was chosen because its remoteness from urban centres
made possible the sampling of well-mixed air of the troposphere. The record
from Mauna Loa and a parallel record also started in 1958 at the South Pole
(Keeling et al., 1976a), together with data from elsewhere (Bolin and Bischof,
1970; Woodwell et al., 1973; Machta et al., 1977; Pearman, 1980), are
conclusive evidence that the CO2 content of the atmosphere is rising annually.
In 1980 the atmosphere contained about 336 p.p.m. and the amount was
increasing at 1.0 to 1.5 p.p.m. annually.

The measurements also show that the concentration of CO2 varies in a
regular pattern. All continuous records such as those from Mauna Loa show a
seasonal oscillation with a peak in late winter and a minimum in late summer.
The variation is thought to be caused by the metabolic activity of temperate
zone forests. During the summer in both hemispheres there is net storage of
carbon because photosynthesis exceeds respiration. During the autumn, winter
and spring there is a net release of carbon because total respiration exceeds
gross photosynthesis. The pattern produces oscillations in the CO2 content of
the atmosphere that vary in amplitude with latitude and elevation (Bolin and
Keeling, 1963; Bolin and Bischof, 1970; Machta et al., 1977; Pearman, 1980).
At Mauna Loa the amplitude is about five p.p.m. The pattern is reversed in the
southern hemisphere to follow the southern seasons.

The year-by-year increase in CO2 is the product of a series of interactions
between the atmosphere, the oceans, the terrestrial biota and human activities.
Therearetwo importantsourcesof CO2: the combustion of fossil fuels and
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the decay (or combustion) of biotic residues on land. The most important
biotic source is the destruction of forests. Some of the carbon from these two
sources accumulates in the atmosphere; some is transferred to the oceans. In
the long-term of centuries to millennia, equilibrium would be expected
between the rate of release, the atmospheric concentration, and the oceanic
concentration. Currently, however, the rate of transfer of carbon into the
oceans is less than the rate of release of CO2 into the atmosphere. The result is
the annual increase we observe in the atmosphere of 1.(}-1.5p.p.m.jyr.

The relationships between these factors have been summarized by Woodwell
et al. (1983b) for 1980. The annual increase in CO2 in the atmosphere is the
difference between the total release and the transfer to the oceans, expressed
as:

Atmospheric Increase = Fossil Release- Oceanic Absorption:I: Biotic Effect

In this equation the atmospheric increase is known to be 1.(}-1.5p.p.m. or
2.(}-3.0x 1015g C;yr.* The release from fossil fuels, 5.2 x 1015g in 1980, is
thought to be known within :I:15 per cent or less (Rotty, 1982).A review of the
biotic contribution (Houghton et al., 1983)suggests a further net release to the
atmosphere of 2-5 x 1015g C annually from deforestation. The equation is
obviously not balanced. In an attempt to establish the degree of uncertainty
associated with evaluation of the equation Woodwell et al. (1983b) showed
that the range of imbalance in 1980 was from about 1.5 x 1015g C to about
7 x 1015g. The greatest uncertainty was associated with the role of the biota
and the magnitude of the absorption by the oceans.

The total amount of carbon held in the biota and in the organic matter of
soils has been estimated at between 2000 and 4000 x 1015g (Table 1.1).A small
change in the amount of carbon stored on land might change the atmospheric
concentration appreciably. For instance a change ofO.! per cent in a terrestrial
pool of 2000 x 1015g C would be approximately equivalent to a one p.p.m.
change in the total atmospheric burden. The extent to which the biota and the
humus of the earth as a whole are changing is obviously important in trying to
predict the future CO2 content of the atmosphere.

Most of the carbon stored in the earth's biota and soils is associated with
forests (Table 1.1) (Whittaker and Likens, 1973; Rodin et ai., 1975; Olson et
ai., 1978; Ajtay et ai., 1979). A change in the area of land covered by forests
world-wide or a change in the stature of forests due to a shift in the ratio of the
gross photosynthesis to total respiration of terrestrial ecosystems (Woodwell
and Whittaker, 1968) might be expected to produce a net exchange of carbon
with the atmosphere in the same range as the 5-6 x 1015g released in 1980
from combustion of fossil fuels.

Predictions of the future CO2 content of the atmosphere have been based

* 1 billion metric tons = 1015 g.
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Table 1.1 Estimates of the terrestrial carbon pools according to various authors

Vegetation Soils
(1015g C)

Reference

827
557
559.8 2070

1515
3000
1477

Whittaker and Likens, 1973
Olson et al., 1978
Ajtay et al., 1979
Schlesinger, 1983 (this volume)
Bohn, 1978
Buringh, 1983 (this volume)

Ranges

Vegetation Soils Total

557-827 1500-3000 2000-3800

primarily on projections of data from Mauna Loa and elsewhere. Such
predictions are tentative because knowledge of the factors that determine the
amount of CO2 in the atmosphere remains inadequate to explain details of the
global carbon cycle. Models used for such projections since 1970 (SCEP, 1970)
have usually incorporated the assumption that the oceans have a limited
capacity for absorbing atmospheric CO2, at least over a period of a few
decades, and that the biota is also absorbing atmospheric carbon (Machta,
1973; Bacastow and Keeling, 1973; Oeschger et al., 1975; Broecker et al.,
1979). More recent analyses suggest that the biota is not currently a net
accumulator of atmospheric CO2 but is releasing stored carbon into the
atmosphere (Adams et al., 1977; Bolin, 1977; Woodwell et al., 1978; Wong,
1978; Hampicke, 1979; Moore et al., 1981; Houghton et al., 1983; Woodwell
et al., 1983b). Interpretations of the world carbon cycle based on the earlier
models appear to be in error. There is a need for greater accuracy in
knowledge of the factors in the equation, especially the role of the biota, if we
are to make accurate predictions and to consider action to avoid global climatic
change. This book is a step toward development of that information.

1.2 FACTORS AFFECTING THE STORAGE AND RELEASE OF
CARBON

The amount of carbon retained in the biota and terrestrial humus world-wide
is affected by many factors, the most important of which are changes in the area of
forests due to human activities and any regional shift in the ratio of gross
photosynthesisto total respiration.
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Changes in the area of forests occur as a result of several deliberate or
inadvertent human activities:

(a) Harvest of forests
The harvesting of forests by clear-cutting is the most easily observed but
not the most common technique in managing forests. Partial cuttings
are far more common, and measurement of the remaining carbon
contained in the residual forest and soil is difficult. Measurement is
further complicated by the fact that forests normally recover over time
through succession.

(b) Expansion of agricultural land into forested land
This transition results not only in the loss of the large pool of carbon
held in the biota, but also in the loss over a few years of the carbon held
in forest soils.

(c) Expansion of grazing lands
As population expands forests come under increasing pressure not only
for agricultural lands but also for grazing. The transformation is largely
unmeasured, but it is also important in determining the amount of
carbon released to the atmosphere.

(d) Biotic impoverishment
Intensive farming, repeated burning of vegetation, grazing and other
agricultural practices often result in changes in the vegetation and soils
that preclude the re-establishment of forests. These changes constitute
long-term impoverishment and result in a net transfer of carbon to the
atmosphere.

(e) Abandonment of land
The abandonment of agricultural lands in forested zones of the earth
usually leads to the re-establishment of forests through succession. Such
transitions have occurred over large areas in eastern North America as
agriculture has become concentrated on richer lands further west. The
increase in forested land in the East has resulted in the net storage of
carbon in that area (De1court and Harris, 1980).

(f) Recovery from harvest or other disturbance
Partial harvests of forests, fires and other disturbances start successional
changes that result in the accumulation of carbon in the biota and in
soils. Measurement of these changes is possible but not simple.

The ratio of gross photosynthesis to total respiration can also be affected by
several factors. The topic has been reviewed recently by Woodwell (1983).The
greatest sensitivity of this ratio is probably in response to temperature.
Respiration is especially responsive: an increase of 10°C commonly increases
rates of respiration by two to three times. Effects of temperature on
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photosynthesis are usually indirect through effects on respiration; direct effects
are small. A short-term warming, unaccompanied by other climatic changes,
can be expected to shift the ratio of CO2 exchange in terrestrial ecosystems in
favor of respiration, at least in the period of a few years, and result in a net
release of carbon from the biota to the atmosphere. A cooling would work in
the opposite direction. In the longer term of decades to centuries the new
climatic regimes will result in migration of species and development of new
natural communities.

Much attention has been given to the potential of an increase in CO2 in the
atmosphere for stimulating gross photosynthesis globally and thereby causing
an increase in the storage of carbon in terrestrial systems. The possibility was
formalized in a well-known model of the global carbon cycle by Bacastow and
Keeling (1973)as follows:

7

FOb = Fb{1 +pln (::J](::J
where FObis the flux of carbon from the atmosphere to the biota; Fbo, the
preindustrial value of Fob;No and Nb, the carbon in the atmosphere and the
biota; and N 00 and Nbo'their preindustrial values was called the biota growth
factor; it defines the degree of CO2 fertilization.

There is no direct evidence from observation of natural communities that
the increase in CO2 has resulted in an increase in storage of carbon globally.
The factors that affect the accumulation of carbon in natural communities are
sufficiently numerous and complex to lead to considerable doubt as to whether
such stimulation can occur as a general rule (Kramer, 1981; Woodwell, 1983;
Wood well et aI., 1983b). Small changes in temperature probably have a greater
effect than a change in CO2 concentration. Although the pfactor, loosely defined,
has been used in models, its use has been as an adjustment in a model, not as a
description of a process. It should be replaced by consideration of both the effects
of temperature where appropriate and the effects of the transformation or
harvesting of forests.

These analyses have focused attention for the moment on measurement of
changes in the vegetation of the earth, especially changes in the area of forests,
as the most important step toward improvement in knowledge of the global
carbon cycle. Other factors affect the cycle and influence the CO2 content of
the atmosphere. But the estimates of rates of deforestation vary greatly. The
estimates for the globe as a whole appear in Table 1.2.They range for the mid-
seventies from a net loss of about 3.3 x 106ha (FAO, 1977) to 20.1 x 106ha
(Barney, 1980). If a clarification of the role of the biota and the oceans is to
occur and be sufficient for improved prediction and, presumably, control of
atmospheric CO2, the first step is development of a simple system for
measuringand tabulatingchangesin the vegetationof the earth.Basic elements
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Table 1.2 Range of estimates of clearing rates of tropical and subtropical closed
forestsusingvarioussources(adaptedfromWoodwellet aI., 1983b)

Clearing rate estimate per year
( x 106fia) Source

3.3
4.2

FAO, ProductionYearbooks(1977)
Population-based estimate
(Houghtonet al., 1983)
FAO-Forestry Section (1982)
Brown and Lugo (1980)
Myers (1980)
Global 2000 (Barney, 1980)

7.5
7.8

13.1
20.1

of such a system are available now. They include both methods for using
remote sensing as the primary source of new data and a model designed to
keep a record of changes in the vegetation regionally and globally.

1.3 A PRACTICAL APPROACH TO MEASUREMENT OF CHANGES
IN THE AREA OF VEGETATION

1.3.1 Satellite Imagery

Remote sensing offers three potential methods for measuring changes in
terrestrial vegetation: the single image inventory, sequential-image inventories,
and paired-image detection of change. These methods have been examined in
detail in a report to the US Department of Energy by Woodwell et al. (1983a).
They are summarized below.

1.3.1.1 Single Image Inventory

Ecologists have long recognized an ability to 'read the landscape'. A
knowledge of the successional relationships among plant communities, of the
history of use of the land in any area, and of the factors that are important in
affecting the vegetation at any moment enable ecologists to interpret changes
and rates of change in a landscape with considerable accuracy. These
interpretations can be formalized, made quantitative, and used to describe the
net flux of carbon between the landscape and the atmosphere. The question is
whether that ability can be developed with remotely-sensed imagery as the
basis for interpreting the landscape.

The general answer is certainly affirmative, but the effort may be very large
and require more experience with the vegetation than is practical and more
detail in the imagery than is possible. Nonetheless, a single image can be
classified and mapped, the various types of vegetation and other land classes
can be defined. If two per cent of the area has been transformed to non-forest
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and moves through succession into a different class in two years, the rate of
production of 'non-forest' is about one per cent annually.

The difficulties are in the classification and interpretation; a great deal of
knowledge is required for accuracy. A considerably larger number of classes
than the four to ten that are practical with LANDSAT imagery would be
required for the types of classification required by Mueller-Dombois (this
volume, pp. 21-83) and for the purpose outlined here. An approach based on
classification of a single image from LANDSAT appears impractical.

1.3.1.2 Sequential Image Inventory

Superficial analyses of the challenge of measuring a change in the amount of
carbon in the biota and soils globally usually suggest a need for a comparison
of total inventories taken at different times. Such inventories are possible, of
course, but require the highly accurate classification discussed above. If errors
are made in the classifications, the errors appear in the estimate of change and
contribute to its uncertainty. The difficulties inherent in the single image
inventory are intrinsic in the sequential image inventory and limit its potential
to very special circumstances that probably cannot involve LANDSAT
imagery.

1.3.1.3 Change Detection with Paired Images

If the objective can be limited to measurement of the extent to which forests have
been changed to non-forest and non-forest has reverted to forest over a period of
a few years, the analysis by satellite imagery can be simplified.One possibility is to
compare images of the same place taken at different times. If the images can be
superimposed accurately, it is possible to identify those areas where the change
has occurred and to eliminate from further consideration all other areas. A third
image can be prepared that contains only the areas that have been changed. The
problem of classification is reduced to that of identifying the character of the
change. And the only measurements made are those of areas that have changed.
Errors of classification and measurement are minimized. The technique has been
applied as a test in the forests of Maine and is discussed in Woodwell et al. (this
volume, pp. 221-240).

1.3.2 TabulatingChanges:a Simple Model

The first step in using data on changes in vegetation is the development of a
method of recording the changes as they occur. The most important changes
are the transformation of forest to non-forest,either through clear-cuttingor
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transfonnation to agriculture. Once such a change has occurred, if the land
does not remain under cultivation, plant succession starts. Because succession
follows a predictable course we need know only the fact that succession has, or
has not, been started; we can calculate its rate of progress from previous
experience; no further measurement is required. The sampling programme is
reduced to the detection of change as opposed to the extensive classification
required for the techniques based on inventory, outlined by Woodwell et ai., this
volume.

1.4 THE CLASSIFICATION OF VEGETATION

1.4.1 History, Basic PrinciplesandTrends

Dieter Mueller-Dombois of the University of Hawaii otTersa comprehensive
summary of the many systems that have been developed for classifying
vegetation. Mueller-Dombois shows how the older systems of classification
have now been developed to a high degree of complexity to provide a variety
of methods for classification and mapping plant communities. These advances
have been fundamental to explaining causes of patterns in vegetation.

The earlier work makes possible the mapping of phytomass (plant mass),
primary production and losses of vegetation in forests. Thus far, little work has
been done in making these determinations in tropical areas. Future etTortswill
be complicated by the diversity of plant species within the tropics and the
absence of dominance. Both factors complicate classification and the
preparation of maps.

Although remote sensing by satellites has greatly advanced our ability to
obtain data on vegetation, Mueller-Dombois reports that the intennediate
scale imagery available now can be used primarily to ditTerentiate only between
broad types of vegetation. In certain instances this imagery has been enlarged
successfully to show greater detail. Nonetheless, most intermediate scale imagery
from satellites presents only the basic structural elements of vegetation, such as
shape, texture, shadows, and albedo. Mueller-Dombois suggests that the most
useful approach to vegetation inventory is to use satellite imagery in combination
with large-scale maps, such as those obtained through aerial photography, with
other types of information.

1.5 SOILS

1.5.1 An Emphasison Organic Matter in Forests

Soils develop with the vegetation. The organic content of soils, although not
measurable directly by remote sensing, can be inferred from knowledge of
the vegetation. Two papers in this volume treat the changes in the amount of
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carbon retained in soils of the earth as a whole. Paul Buringh of the Agricultural
University of the Netherlands at Wageningen has provided a systematic analysis
ofthe decline in organic carbon in soils ofthe world. William Schlesinger of Duke
University, Durham, North Carolina has made a parallel inventory of organic
carbon in soils. Most of the decline in organic carbon in soils occurs following the
transition from forest to agriculture or other non-forest uses. The papers arrive at
substantially different conclusions concerning the magnitude ofthe loss of carbon
following disturbances and thereby emphasize the difficulty in making such
estimates. The pattern of change, however, isconsistent between these papers and
with other analyses.

Buringh uses the eleven major soil types of the US Department of
Agriculture to show that a 'realistic estimate' of the amount of carbon lost
from soils each year is 4.6 x 1015g. This loss represents 0.3 per cent of the
estimate of currently existing soil carbon accepted by Buringh, 1477 x 1015g.
The loss is unevenly distributed throughout the world with the largest changes
in the tropics. Each year, for example, he suggests that 24 x 106ha of forests
are cut in the Far East, Latin America, Africa and Oceania to support an
estimated 250 million people who depend on shifting cultivation. In addition,
forest fires are estimated globally to destroy 5 x 106ha of forests with their
soils each year. The figures exceed the estimates of Table 1.1, but their source
is unclear.

Buringh estimates that the carbon content of the earth's soils in prehistoric
times was 2014 x 1015g. Of that, 537 x 1015g, or 27 per cent of the prehistoric
total, have how been lost. He argues that 'it would be much better to intensify
agricultural production on presently cultivated land than to convert more
forestland to food production'.

Schlesinger has revised his 1977estimate of the amount of carbon in the soil,
using 35 new values for soil carbon in addition to the 82 values used for the
1977 estimate and also using a figure of 7.9 kg C/m2 as the value of carbon in
cultivated soils rather than the figure of 12.7kg Cjm2. The latter figure was
based on the assumption that most cultivated land contains the same amount
of carbon as temperate zone grassland. On the basis of work by Revelle and
Munk (1977), Schlesinger now assumes that cultivated soils lose 40 per cent of
their carbon during cultivation. .

Despite these changes in assumptions, Schlesinger's new estimate of the total
carbon in the world's soils of 1515x 1015g of carbon is only 4 per cent higher
than his 1977 estimate. He estimates that the current release of carbon to the
atmosphere from the world's soils is 0.8 x 1015g per year, and that the total
cumulative transfer of carbon from soils to the atmosphere since prehistoric
times may have reached 40 x 1015g.

It is clear from these discussions that there is a roughly fivefold variation
among current estimates of releases from soils. The remaining papers in this
book treat details of remote sensing techniques and experiencein applying
them to problems closely related to those set forth above.
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1.6 REMOTE SENSING

1.6.1 How Does it Work?

R. M. Hoffer of Purdue University provides an analysis of the three types of
remote sensing data used to classify vegetation: aerial photographs,
multispectral scanners (MSS) that record spectral characteristics, and radar
Imagery.

Each of these methods has particular advantages and disadvantages in
interpreting plant cover and our purposes may require use of two or all three
of these methods in combination. Large-scale and intermediate-scale
photographs obtained with standard colour film, for example, are quite
suitable for identifying individual species of trees, and similar scale
photographs obtained with colour infra-red film are suitable for identifying
grasses and herbs. Such photographs, however, cover small areas and must be
interpreted using manual methods. Photographs and images from satellites, on
the other hand, provide views of much larger areas, although they do not
provide as much detail.

The multispectral scanners (MSS) are commonly used on satellites. The data
are virtually instantaneous records of the energy reflected or emitted in various
portions of the electromagnetic spectrum by objects on earth and are ideally
suited for processing by computer. Although MSS data often cannot be used
to distinguish between different types of vegetation, such data can now be used
to distinguish large areas of forestland, rangeland and agricultural land. MSS
data also are sufficient to distinguish between deciduous and coniferous forests
and large areas in a uniform crop.

Radar has several advantages because it is an active rather than a passive
system. One advantage is that radar detects objects on the ground through
cloud cover and at night. In addition, side-looking airborne radar (SLAR)
systems are particularly appropriate for distinguishing between the
physiognomy of different classes of vegetation. Such changes in vegetation as
the recent clearing of forests are also distinct on radar imagery.

F. C. Billingsley of the National Aeronautics and Space Administration
(NASA) provides a more detailed discussion of the value of the multispectral
scanner with computer enhancement in providing detailed imagery from
satellites. He outlines the problems that confront the designer of multispectral
scanning devices. Billingsley emphasizes that clouds and other problems with
the scanners ensure that microwave sensing by radar will be necessary to
collect the data needed to determine changes in the earth's vegetation in
certain places. Radar, he says, will continue to be particularly valuable for
measuring stand density, delineating forest lands from shrublands and pasture,
differentiating between tree species, making inventories of tropical forests and
measuring tree heights. Accuracy in identifying vegetative cover may be
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enhanced by careful selection of spectral bands. In the new scanners narrower
bands will be available as the technology of linear arrays develops. These
scanners will improve resolution considerably, but probably not enough to
satisfy the needs for classification as outlined by Mueller-Dombois.

The ultimate test of remotely sensed data is in their usefulness in
interpreting the surface of the earth. A. B. Park of the General Electric
Company emphasizes the complexities intrinsic in making inferences from
imagery. There is no substitute for experience on the ground in Park's eyes. He
observed that all remotely sensed images are inevitably subject to some degree
of error caused by several factors such as: constant changes in the intervening
atmosphere; variation in the calibration and in the resolving power of the
instrument; the influence of time of day and season on the material measured;
and the inability to observe the target material in its pure state in most
situations. In short, accuracy and reproducibility in the remote sensing of
materials on earth are elusive, although the accuracy can be high for such
uncomplicated features as bare soil and water.

Correlating remotely sensed images with materials on earth, Park observes,
requires substantial information that must be obtained through detailed study of
the land. The richer the array of collateral information, the more effective the
classification. Park concludes that the coupling of remotely sensed data with
ground observations is a task only for scientists with training and experience.

A detailed examination of an experiment that applied MSS data in
combination with meteorological, climatological and conventional data, to
predict the growth of wheat in the United States, the USSR and other
countries is found in the paper by Jon D. Erickson of the National
Aeronautics and Space Administration (NASA).

The basic objective of the Large Area Crop Inventory Experiment (LACIE),
was to develop and test a method of estimating world-wide production of
wheat. The technique was to use multispectral scanners in satellites to obtain
information on selected segments of land for the purpose of estimating the area of
land planted in wheat, and combining these estimates of area with estimates of
yield based on models that relied on weather data.

Carried out during the global crop years 1974-75 (Phase I), 1975-76 (Phase
II) and 1976-77 (Phase III), LACIE's most notable accomplishments were
accurate estimates of US winter wheat production for the three crop years and,
in 1977, an accurate estimate of a serious shortfall in the Soviet spring wheat
crop long before the USSR released similar information. The final LACIE
estimate differed from the final production figure released by the USSR by
only one per cent, a remarkable achievement given the extreme variability in
the production of most large-scale crops.

LACIE was not always so successful. During Phase II the experiment
encountered considerable difficulty in distinguishing spring wheat from other
small spring grains in the United States and Canada. The difficulty led to
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underestimates of production for the spring wheat area of both the United
States and Canada.

Nonetheless, the LACIE experiment was a huge step forward in the
development of techniques for estimating overall production on the basis of
area and yield estimates, for estimating planted areas without the use of
confirming ground data, and for estimating crop yields per acre. As a result,
efforts are now under way to extend the prediction through the LACIE
experiment to other important crops.

The evidence from these several papers treating remote sensing re-
emphasizes the need for clarity and simplicity in objectives. The emphasis on
an approach based on measurements of changes as opposed to classification
and successive inventories seems most appropriate.

1.6.2 Practical Experience: a Successful Test

The final chapter by a group at The Ecosystems Center in Woods Hole offers
an analysis of one potential approach to the use of LANDSAT imagery in the
measurement of changes in the vegetation of the earth. The system is based on
paired LANDSAT images from different times, superimposed to detect the
areas changed.

The technique requires use of a model designed to maintain the record of
when and where the change occurred, the stage of the recovery through plant
succession, and the net exchange of carbon with the atmosphere. Details of a
model developed for this purpose have been presented by Moore et al. (1981),
Houghton et al. (1983) and Woodwell et al. (1983b), who have shown its
application on the basis of published data. The model was designed, however,
to accept data based on satellite imagery or other sources. The purpose was to
determine the net biotic exchange of CO2 with the atmosphere over the past
century or two. To this end, 10 different geographic regions and 12 types of
vegetation were accommodated. The model could be modified for different
initial amounts of carbon, different periods of plant succession, different
degrees of recovery following harvest, and for harvests of varying intensities.
The most important information was (a) a measurement of the rate of
transformation of forests to non-forests and (b) knowledge of the fate of the
tract, that is, whether it was allowed to return to forest, was tilled or grazed,
became impoverished, or was used in some other way (Houghton et al., 1983).
Once these two facts were known, the model could be used to provide a detailed
record of carbon storage for that site, for each region, and for the earth as a whole.

Experience suggests that this system will work. It will probably require much
ancillary information from the areas of interest and may require radar
imagery as well. The potential value of this approach extends well beyond the
immediate needs of clarifying aspects of the global carbon cycle to the
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challenges inherent in managing resources globally for a human population
expected to surge well beyond six billion by the early years of the next century.
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