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ABSTRACT

OLSON, J. S., J. A. WATTS, and L. J. ALLISON. 1983.
Carbon in live vegetation of major world ecosystems.
ORNL-5862. Oak Ridge National Laboratory, Oak Ridge,
Tennessee. 180 pp.

A computerized data base was developed to make a seven-color global
ecology map (1:30,000,000 near the equator) of 44 land ecosystem mosaics
or subdivisions in seven broad groups: FOREST AND WOODLAND; INTERRUPTED

WOODS; MAINLY CROPPED, RESIDENTIAL, COMMERCIAL, PARK; GRASS AND SHRUB

COMPLEXES; TUNDRA AND DESERT; MAJOR WETLANDS; and OTHER COASTAL,

AQUATIC, AND MISCELLANEOUS.

Our main objectives are to document this computer-based global map
of vegetation and carbon density for natural and modified complexes of

ecosystems and to illustrate some human influences on the global carbon

cycle. The map provides a basis for making improved estimates of

vegetation areas and carbon quantities, of natural biological exchanges

of C02, and eventually of the net historic shifts of carbon between
the biosphere and the atmosphere.

Our map of world ecosystems and vegetation carbon is derived

independently from: (1) patterns of preagricultural vegetation or

potential vegetation types and their relation to carbon content, and

(2) modern areal surveys and intensive biomass data from research sites.

Ecosystem complexes are defined and located with a 0.5° x 0.5° grid
that reflects the major climatic, topographic, and land-use patterns.

Most of the world's plant mass and carbon are in various major

regional land systems, especially tree-dominated formations. The

latter include FOREST AND WOODLAND of widely varying projected tree

crown cover, plant mass and carbon, foliage reflectivity, and

seasonality. INTERRUPTED WOODS, with substantial fractions of the

landscape mosaic without trees or with stunted or open-grown trees,

generally have lower mean plant mass and carbon. Disturbance,

especially by fire (in many savannas) or clearing (in most field/woods

and forest/field complexes), typifies many of these transitional

complexes.



MAINLY CROPPED, RESIDENTIAL, COMMERCIAL, PARK and associated

marginal lands are ecosystems that have been modified even more

intensively by humans. Other mostly nonwooded landscapes include

various GRASS AND SHRUB COMPLEXES that have major importance as grazing

lands. TUNDRA AND DESERT complexes have progressively less live plant

mass as extremes of low temperature and aridity are approached; yet

significant carbon may be stored there as peat or as soil calcium

carbonate (calcrete or caliche) in the cold and dry regions,

respectively. Limited areas of "special complexes" are MAJOR WETLANDS

and OTHER COASTAL, AQUATIC, AND MISCELLANEOUS systems. These may

include either wooded or nonwooded cover, or mixtures in juxtaposition.

Estimates of biomass in trees and total carbon in live plants per

unit area are tabulated. Additional data and sources are also cited in

the Appendices. The results help define the role of the terrestrial

biosphere in the global carbon cycle. The low to medium estimates for

recent global total biomass carbon (460 to 560 Pg* C) are well below an

earlier estimate by others of 830 Pg C, which has been used commonly in

calculating release of C0„ and other gases to the atmosphere. Lowered

estimates for global pools follow from refinements in estimates of

(a) areas of wooded ecosystems (especially high tropical forests with

closed canopies) and (b) representative present-day standing stocks of

carbon per unit area.

Results also imply major historic reductions of global carbon for

broad regions and most vegetation types. Lowered estimates of carbon

due to forest harvest or clearing for crops in the last century imply

lowered estimates of input of nonfossil CO,, to the atmosphere. The

map of Major World Ecosystem Complexes indicates where some of the

recent and future changes of organic carbon are most likely: in tree

formations and wetlands where wood or peat reserves are still high or

in some of the interrupted woods where recent land-use transition rates

have been high.

*1 Pg = petagram = 1015 g = 1gigaton = 109 metric tons.
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Forest regrowth offsets some releases of COp, so net sources to
the atmosphere may be <1 Pg C/year in recent decades. There has been

potential for several petagrams of carbon per year of additional

releases of C02 in historical times and the potential remains today,
especially when soils are included in the global analysis.

Direct ecosystem influences on albedo and other physical boundary
conditions and on the releases of atmospheric C02> methane and other
trace gases will combine with unrelated factors to condition the future

changes of climate. Eventually geographic definition of these

variables can also be inferred from the data on landscape types
supplementing the map. Refinement and use of the map and its

associated data bases continue in research, e.g., on flux estimates for

fire, forest clearing, and other carbon exchanges in models of the
global carbon cycle.

Keywords: Biosphere; terrestrial ecosystems; global carbon reservoirs;

carbon cycle; vegetation formations; biogeography; climate

regions; mapping; human impacts
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CHAPTER 1

INTRODUCTION AND SCOPE

1.1 OBJECTIVES

To improve the global carbon inventory of human-modified vegetation

(Olson 1970a; Baes et al. 1976, 1977; Olson et al. 1978), a seven-color
map, Major World Ecosystem Complexes (Plate 1), was prepared to reflect

the modern heterogeneous tapestry of major world landscapes. The legend

of Plate 1 and Chapter 3 of this report explain details of pattern and

texture of this tapestry — the typical patchy character of what we

call "complexes."* The purposes of this map (Plate 1) are: (1) to

distinguish major regional complexes of vegetation that can be mapped

on a global scale; (2) to establish a uniform data base relating major

types of ecosystems to their areal coverage, estimated from summing map

cells or obtained from independent sources; (3) to rank the complexes

by estimated organic carbon in mass of live plants (phytomass), and

(4) to use criteria for application of ecosystem research, resource
surveys, and remotely sensed data so that trends of plant carbon over

time can be inferred.

The specific objective of this report is to document the

computer-based global map of vegetation patterns and associated carbon

density, for more or less natural as well as managed or otherwise

modified complexes of ecosystems. The results are a step toward a

long-range goal of illustrating and quantifying human influences on the

global carbon cycle. The data and information sources document the

geographic basis underlying estimates of areas and carbon content of

the earth's vegetation.

*"Complexes" are defined as mosaics of vegetation or landscapes,
commonly juxtaposed within mapping units or the 0.5° latitude by
0.5° longitude cells used in the map, Major World Ecosystem Complexes.
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1.2 BACKGROUND

Available vegetation maps and resource inventories are of

insufficient detail, accuracy, and currency to answer major questions

about the biological "source or sink" of atmospheric CO,,. A number

of carbon estimates were summarized and discussed in the SCOPE 13 and

SCOPE 16 reports (Bolin et al. 1979; Bolin 1981), along with

applications for modeling the global carbon cycle. Other inventories

use different methods and classification systems for estimating

terrestrial carbon and are therefore difficult to compare. Regional

studies, concentrating on one area without appropriate attention to all

others, may furnish useful but limited data on types and trends.

Changes in one vegetation group are sometimes offset by changes in the

opposite direction in other areas. Deforestation or other modifications

to the landscape in one region may be balanced by reversion to forests

in others. But the carbon cycle must be evaluated on a global scale.

While more detailed but localized studies proceed, the map and data

base documented in this report provide a unifying format for the

continuing evaluation of changes in estimated carbon in plant mass, and

eventually other components, of the whole terrestrial ecosystem.

We infer that the mass of carbon in live plants during prehistoric

times M080 Pg C according to Bazilevich et al. 1971) was large enough
*

to put several hundred billion metric tons, or petagrams, of elemental

carbon into the atmosphere as C02 as forests were cleared or cut over
(Olson 1974). Natural processes redistribute the released CO,, via

the atmosphere to the hydrosphere (mainly the ocean), lithosphere

(sediments), or other parts of the biosphere's organic matter (Baes

et al. 1977). Many steps of that redistribution need to be clarified

for a global picture of changes in C02 and climate (SCEP 1970, Woodwell
and Pecan 1973; Keeling 1973a; Baes et al. 1976).

If the mass of present world vegetation is still large, perhaps

with most of the carbon it ever had (827 Pg C according to Whittaker

and Likens 1973; Whittaker 1975), then past contributions of CO2 to

rl Pg = petagram = 1015 g = 1gigaton = 109 metric tons.
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the atmosphere, ^240-Pg release spread over thousands of years, would

average out to a small fraction of 1 Pg C/year (Olson et al. 1974,

1978). However, this rate of contribution from vegetation could have
accelerated to several petagrams of carbon per year recently (Baes

et al. 1976, 1977; Woodwell and Houghton 1977; Bolin 1977; Olson et al.

1978; Clark 1982). Continuing loss of a fraction of this assumed

reserve could still be large enough to sustain the flux from modern

organic matter as a source of nonfossil C02 equal to or exceeding that
from fossil fuels (5 Pg C/year) for some time (Woodwell et al. 1978).

However, if the vegetation pool is near 560 Pg C or less as

reported here, a large fraction (M).5) of the original pool of carbon

in plants has already been depleted and only part of the remainder is

available to die, burn, or decay to C02> Temporarily, incomes and
losses of CO,, in air might balance one another quite closely. Heated

controversies about this and other interpretations of the world's recent

state of carbon cycling have led to a broadened interest in refining the

previous estimates of carbon in world vegetation (Olson 1970a, 1981a;

Ajtay et al. 1979; Bolin et al. 1979). Net rates of change of the

atmospheric reservoir (income to C0? minus loss of C0? per year)
also clearly need more attention (Bramryd 1979; Hampicke 1979a,b, 1980).

A better understanding of the pool sizes is required for calculating

transfer rates and interpreting their changes (e.g., when percentage

losses are multiplied by the source to derive estimated total loss of

organic C and gain of C02).

The carbon total in the vegetation pool, near 558 Pg C, derived

below is surprisingly close to early estimates of Olson (1970a), Olson

et al. (1970, 1978), and Tables 1.2 and 5.5 in Bolin et al. (1979).

However, it is lower than the 827 Pg C suggested for about 1950 by

Whittaker and Likens (1973). The latter high value is frequently used

(e.g., Woodwell 1978; Hampicke 1979a, 1980; Prentice and Coiner 1980;

Seiler and Crutzen 1980) in calculating extra C0? reaching the
atmosphere due to clearing or burning of forests. Because of the

controversy noted about such rates of transfer, and their implications

for modeling possible future change of carbon dioxide concentration and

climate, it is necessary to clarify this basic parameter of the

biosphere and its geochemistry.
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Depending on the history of exchange, modeling of the carbon cycle

indicates that an amount equivalent to 35 to 50% of the carbon released

by the burning of coal, petroleum, and natural gas could be accounted

for by absorption into the oceans (Broecker et al. 1979, Elliott and

Machta 1979). Simple models of the ocean favored absorption estimates

in the lower part of the above range (SCEP 1970; Machta 1972a, 1973;

Fairhall 1973; Siegenthaler and Oeschger 1978; Olson et al. 1978;

Siegenthaler et al. 1978). However, the increased atmospheric C02,
as approximated by records at Mauna Loa (Hawaii) and the South Pole,

has averaged only slightly above 50% of the estimated releases from

fossil fuels (Keeling 1973b; Rotty 1980, 1981a,b) since records were

started during the International Geophysical Year (Machta 1972b,

Keeling 1973c, Keeling et al. 1982). The difference between the C02
accounted for in the atmospheric record and that in the models for

ocean uptake might indicate that the vegetation and its residues of

litter and humus have recently been functioning as a sink for the

unaccounted-for C0?. Conceivably, plants could store even more
significant amounts of excess C0„ in the future, as higher C0?

concentrations enhance photosynthetic fixation (Keeling 1973a, Strain

and Armentano 1980).

The obviously rapid rates of cutting old forests in some regions,

especially in the tropics or subtropics, led many investigators to

suggest that these would have to be a major source of COp (Olson 1974,
Baes et al. 1976; Bolin 1977; Adams et al. 1977; Woodwell and Houghton

1977; Olson et al. 1978; Woodwell 1978; Woodwell et al. 1978; Bramryd

1979; Hampicke 1979a,b, 1980; Bach et al. 1980a,b). Additional C02 was
released as human populations encroached on previously wooded landscapes

for cropland and as the traditional cycle of slash-and-burn (swidden)

agriculture had to be completed in a shorter time frame (Seiler and

Crutzen 1980, Olson 1981b). Some of the C02 released by further
burning can be attributed to forest and grass fires, which served to

speed up the natural return of organic matter to C0„ (Olson 1981b).
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In 1976, a release rate of 1 to 3 Pg C/year from tropical,

subtropical, and south temperate forest and woodland was suggested

(Baes et al. 1976). Bolin's (1977) global estimate was also in this

range. By taking a higher estimate of forest biomass (Whittaker and

Likens 1973, Whittaker 1975), using conversion rates from forest to

crop or pasture of approximately 1% per year over wider areas and

including even higher assumed humus oxidation rates, Woodwell and

various coauthors (Woodwell and Houghton 1977, Woodwell 1978, Woodwell

et al. 1978) inferred that release of nonfossil carbon was near

8 Pg C/year. They estimated releases as high as 18 Pg C/year if all

the uncertainties were taken on the high side.

Broecker et al. (1979) and others objected strongly, arguing that

there was no way such very high estimates for nonfossil CO- sources

could be reconciled with the best ocean data and models available. A

better understanding of the oceans, including nearshore areas with

richer nutrients and inputs from the rivers, could perhaps account for

the absorption of the excess fossil carbon that oceanographers formerly

attributed to extra storage in land vegetation. However, there

appeared to be little leeway for storing much carbon from nonfossil as

well as fossil sources (Olson 1981a).

At the Dahlem (Berlin) Conference, Woodwell and Houghton (1977)

impressed other researchers with the dilemma of the missing carbon.

Yet Zinke (1977) had noted that many forests and soils, which formerly

had carbon content reduced by human disturbance, were already at a

developmental stage during which net storage could be increasing

locally. Revelle and Munk (1977), meanwhile, quantified the rapid

clearing of forest for cropping by expanding human populations. They

also showed how some high, possibly unrealistic, allocations of newly

fixed carbon from vegetation to soils could conceivably be stored as

humus if some \/ery simplified model assumptions were valid. Other

modeling attempted to reconcile the release of C0? in one part of the
biosphere with storage elsewhere, based on reviews of land-use change

and historic shifts in its parameters (Olson et al. 1978; Chan et al.

1979, 1980; Chan and Olson 1930).
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1.3 SCOPE

The global ecology map (Plate 1) displays the spatial distribution

of major world ecosystem complexes estimated for 1980. Except for

more drastic changes incurred by humans, it also reflects the map of

broad "Continental Ecosystem Patterns and Reconstructed Living Carbon

Prior to the Iron Age" prepared earlier by Olson (1970c), after

Bazilevich and Rodin (1967). Both maps were developed during more than

20 years of field investigation and consultations, and analyses of maps

and other literature. The latter are cited mainly in Chapters 2 and 3

and the Appendices of this report. The map printing was an experiment,

using computer-generated color separation plates derived from a file of

land-cover types.

Counting the cells of each type in each 0.5° latitude band and

adding their areas over latitude bands gave total area estimates for

these ecosystem complexes. Some independent area estimates are brought

together in Sect. 4.1 and confirm the thesis that some earlier estimates

of forest area and forest contribution to global carbon were apparently

overestimated. Current estimates of the range in density of carbon per

unit area are discussed in Sect. 4.2 and the Appendices. Multiplying

the low, medium, and high density estimates by ecosystem area gives

corresponding estimates of the global total carbon by ecosystem

complexes (Sect. 4.3).

Only the mass of green plants is considered here, since the amounts

of animal biomass are small in comparison. The mass of fungi and

bacteria is not necessarily negligible, but evaluating it is beyond the

scope of this report. This mass of decomposers varies greatly with

time and space. It is important for controlling flux or recycling

rates rather than for its own inventory. The recycling rate of CO,,

by respiration is usually expressed relative to the substrates of

standing, fallen, and incorporated soil residues. The range of

uncertainty about total plant carbon and its component parts reveals

where more attention could reduce the uncertainty. Implications of"

these data are discussed briefly.
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Estimation of the inventory of carbon in major world ecosystems

and of the exchanges with the atmosphere and other major reservoirs has

thus been approached in two ways. In the first approach, development

of broad global patterns uses potential vegetation maps, or associates

vegetation types with climatic or other environmental factors

independent of local disturbance. The distributions described by

Bazilevich and Rodin (1967), Lieth (1975), Kiichler (1978), and Bailey

(1978) are examples of this approach. In the second approach,

development of modern regional or stand-type estimates is based on

analyses of current vegetation and land-use practices. This method

utilizes updated resource maps of natural vegetation, forestry surveys,

agricultural yields, and human and economic as well as geopolitical

considerations. Both approaches have been applied in the development

of our ecosystem map. The personal judgment of experts about ecosystem

types, their locations and extent, and likely biomass or carbon in

landscape complexes representative of different parts of the world is

crucial in either approach.

Uncertainties for regions known poorly or inferred indirectly

(by analogy) will remain for additional refinements. The digitized map

offers a systematic way of locating future revisions of boundaries and

ecosystem areas. As amounts of carbon per unit area or their transfer

rates are analyzed in more locations, then the mean estimates that are

currently applied as "default" values for each place a given type

occurs can be suitably adjusted for variations among nations, among

climatic or soil regions of a given ecosystem type, or for particular

map cells. That stage is not nearly ready for analyses. If the

climate itself changes significantly, whether due to C02 or to other
possibly interacting causes (Manabe and Wetherald 1967, 1975, 1980;

WMO 1979; Clark 1982), then the relation of the present patterns of

vegetation and climate can be used in helping to project the impacts on

change of vegetation and related resources.
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CHAPTER 2

METHODS: GENERAL APPROACH AND TECHNIQUES

Developing estimates of area and carbon density per unit area of

ecosystems requires quantitative summaries over many landscape types.

A digitized data base underlying the map (Plate 1) assigns to each cell

of 0.5° latitude x 0.5° longitude (^5 x 55 km at the equator) a

prevalent ecosystem type or complex of types. Numerical and statistical

analyses can be performed using areal extent, climatic, and topographic

data bases to further describe existing vegetation on a global scale.

Each vegetation type, or various logical groupings of vegetation types,

can be related to its present geographical distribution and climate or

to possibly altered locations in scenarios that are sometimes assumed

for modeling future climatic change. Estimates of lower and upper

bounds and the expected values for carbon inventories can then be used

in geochemical modeling.

John Hummel and Ruth Reck of the General Motors (GM) Research

Laboratories (Warren, Michigan) developed a digitized land-use data

base for application in a global surface albedo model (Hummel and Reck

1979). The "Oxford Economic Atlas Vegetation/Land-Use Map" on a

modified Gall projection (Plate 6 of Jones 1972; re-used by Cohen 1973)

was the principal source for the GM data base. Hummel and Reck

assigned 49 categories of land use and water to cells of varying

increments of latitude from 66.67°N to 60.28°S, with a constant grid

unit of 0.91° for the longitude. Of the 49 categories, 24 were

designated as land systems (Fig. 1) and 25 as water bodies. We obtained

this data base and expanded the classification to 47 land categories.

Figure 1 shows the relation of the Major World Ecosystem Complexes map

classification system as it has evolved from the Oxford Atlas and

GM systems.

We placed the data base on a geodetic cell format of 0.5° latitude

x 0.5° longitude covering the globe to facilitate ease of producing

computer-generated maps and performing analyses using auxiliary data

bases. For example, support data on climatic factors (temperature,
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Fig. 1. Schematic diagram of the evolution of vegetation categories in the Oak Ridge National
Laboratory map of Major World Ecosystem Complexes data base and relatnons to those of
Oxford atlases and Reck and Hummel (1979).
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precipitation, and biotemperature), elevation, biomass ranges and

averages, areal extent of vegetation types, and estimates of the

contribution of carbon to the atmosphere due to burning of vegetation

have been developed and utilized. Summaries of the data base can thus

be refined using groups of latitude-longitude coordinates or other

regional and/or continental or hemispheric definitions.

2.1 LOCATING THE MAJOR NATURAL PLANT FORMATIONS

The present mapping was preceded by a number of historical efforts

to map world vegetation. Rubel's (1930) "Pflanzengesellschaften der

Erde" presented results gained from his own extensive travels and

extracted from a century of prior biogeographic or geobotanical

literature (e.g., Schimper 1898). This classification was illustrated

by the world map of "Climatically Controlled Formation Classes of the

Earth" by Brockmann-Jerosch (1930): see Chapter 3. Continuing Rubel's

tradition, Ellenberg and Muller-Dombois (1967) defined the

structural-physiognomic categories soon widely endorsed for mapping

potential vegetation (Olson 1970b, Unesco 1973).

The biomass map and tabulations of Bazilevich et al. (1969) and

Bazilevich and Rodin (1971) drew on the "Physical-Geographical Atlas of

the World" (Gerasimov et al. 1964) and the geochemical synthesis of

Rodin and Bazilevich (1967). The present map (Plate 1) draws upon

published world ecosystem maps (Olson 1970c, 1971a), FA0 forestry and

agricultural surveys, and IBP syntheses on forest carbon and

productivity. Excellent maps by Schmithii'sen (1976) of world potential

vegetation became accessible too late to define the main patterns of

the map presented here, but they furnished an independent verification

of many patterns.

2.2 ALLOWING FOR THE EXTENT AND KINDS OF HUMAN DISTURBANCES

We distinguish several ecosystem patterns that are related to

human modifications (e.g., rice and other MAINLY CROPPED, RESIDENTIAL,

COMMERCIAL, PARK; Second-Growth Woods and Field Mosaics) as well as to

climate (Plate 1). To improve the global carbon inventory of

human-modified vegetation, the map also reflects other locally
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heterogeneous mosaics of major world landscapes. Area estimates of

crops by Hummel and Reck (1979) show that the economic atlas they used

(Jones 1972) had adeliberate bias toward over-representing field crops
when these exceeded forestry and grazing as income sources, even if

woodlots exceeded fields in actual areal cover.

The wall maps of Maull (1966) on "Vegetationsgebiete der Erde" and

the Olbricht-Haefke "Die Landschaftsgurtel der Erde" are other attempts
to indicate additional aspects of agricultural as well as natural

vegetation. The "Natural Vegetation" maps of Kuchler (1978) and the

Rand McNally "Environments" maps in Goode's School Atlas (Espenshade
and Morrison 1978) can be used together to indicate which natural

formations are most drastically changed, and where. Detailed worldwide

mapping of forest patterns for individual countries is given by Wiebecke
and Torunsky (1951-present). These "Weltforstatlas" sheets are

valuable, but not always current or consistent. Traditional existing
forest types from this and numerous local sources and observations were

related to our broader global mapping units in many regions.

Maps from remote sensing were used, where available, in developing
Plate 1 (FAO 1980) [e.g., in parts of Thailand, the United States, and

Paraguay (Wacharakitti 1976; Williams and Miller 1979; Esser, in

press)]. The legend was adjusted with some anticipation for wider use
of a downward view of landscape patterns from space.

2.3 ESTIMATING LEVELS OF PLANT MASS AND CARBON IN ECOSYSTEM COMPLEXES

Any global mapping of geodetic cell units will result in regional

mean values that are well below those found on selected stands with

maximum biomass and carbon. Experience must be used in estimating the

somewhat lower mean mass of live plants (phytomass) averaged over the

heterogeneous landscape complexes. Appendix A illustrates methods of

measuring stand means and local variations and deriving regionally

weighted averages. Interruption by nonwooded landscapes accounts for

many of the larger differences inferred for carbon density between

mapping units and selected stands. Thinned and secondary vegetation,

caused by either natural or human disturbance, further lowers the

regional mean plant mass and its carbon. Ranges estimated for the



ORNL-5862 12

legend in Plate 1 and in Chapter 4 required judgment and advice in

allowing for such inherent irregularity of each ecosystem complex as a

whole.

Methods of biomass estimation developed and tested in the 1950s

and early 1960s in Europe, Japan, and the United States were applied in

selected areas. The techniques of plant weighing and regression

analysis relate plant mass to tree diameters and/or heights (Olson 1959,
Shanks and Clebsch 1962). They were extended to productivity studies

of Whittaker and Garfine (1962), Whittaker et al. (1963), Whittaker

(1965), and Whittaker and Woodwell (1968, 1969, 1971). Work with

J. D. Ovington of the British Nature Conservancy confirmed that various

techniques gave essentially equivalent results regardless of the

inevitable variability encountered among species (Ovington and Olson

1970). Sollins and Anderson (1971) tabulated substantial data relating

tree mass to the more easily measured diameter at breast height (dbh)

or to tree height (Appendix A). Analyses involved large numbers of

leaves, branches, bole slabs, and (where feasible) stump and root

samples that were cut, dried, and weighed promptly after harvest.

Various other studies reviewed and tabulated by Art and Marks (1972)

included cases where conversion from fresh to dry masses was based on a

standard assumed moisture content for the species being sampled or for

the season. Newbould (1967), Whittaker and Marks (1975), and the

Appendices of this report give additional examples of deriving

estimates of biomass and its carbon content.

Statistical techniques for estimating biomass and carbon in trees

(with an example of biomass from Puerto Rico) and a description of

tropical forests leading to a regional mean (e.g., Southeast Asia) are
included in Appendix A. Brown and Lugo (1982) tabulated a large number

of additional tropical or subtropical stand values and related these to

life zones as defined by Holdridge (1947, 1967).

Several conferences on forest biomass were convened by the

International Union of Forest Research Organizations (IUFRO 1972, 1973,

1976). At the 15th IUFRO Congress, Art and Marks presented a working

table of biomass and net primary productivity for over 280 forest

stands around the world (Art and Marks 1972).
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Papers presented at the meetings of the Working Party on the

Mensuration of the Forest Biomass in 1973 and 1976 (IUFRO 1973, 1976)

extended the discussion of biomass estimation and sampling techniques.

Studies ranged from biomass dynamics in a mixed deciduous forest

watershed (Harris et al. 1973) to biomass sampling techniques and data

in a tropical rain forest (Brunig 1973). Madgwick (1976) described

techniques for estimating biomass and production, emphasizing the need

for further study. Sharma (1976) used regression techniques similar to

those described in Appendix A to estimate the biomass of two dominant

tree species in the dry deciduous forest in India, while Smith (1976)

discussed the use of timber inventory data to estimate forest biomass.

The International Biological Programme (IBP), established in 1964

by the International Council of Scientific Unions, conducted a series

of studies of biological productivity on land, in fresh water, and in

the oceans. The IBP goals were to better understand the biological

basis of organic production as well as adaptability of humans to

environmental changes. The IBP Synthesis Volumes bring together the

results of the national and international activities involved in these

studies. The international volumes of IBP are a source of much

comparative biomass data for several ecosystem types including forest

ecosystems (Reichle 1981), grasslands (Coupland 1979, Breymeyer and

Van Dyne 1980), deserts (Goodall and Perry 1979, 1981), and tundra

(Bliss et al. 1981). The national volumes of IBP cover additional

detail on techniques as well as results.

Appendix B further documents these and many other sources. For

tree formations, which dominate the world carbon total, Cannell (1982)

briefly reviews the problems of combining the IBP, pre-IBP, and

miscellaneous other data into a consistent set of summary tables which

are now available in a unified format. The present study drew upon

knowledge of many of the individual studies cited by him and the IBP

books, and various chapters of Lieth and Whittaker (1975). Some of the

reported values require corrections or other adjustments (e.g., for

missing parts) before being generalized for the communities, complexes,

or regions that they represent.
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2.4 METHODS OF MANAGING DATA FILES

The data base, defining the Major World Ecosystem Complexes map

(Plate 1), has a format similar to that used by Hummel and Reck (1979).
It is a matrix of 360 rows and 720 columns, where the rows are the

latitude bands and the columns are the longitude bands. Element (1,1)

is centered on 89.75°N, 179.75°W. The matrix elements have an increment

of 0.5°. Numeric codes were assigned to each vegetation type

(assignment for each complex block shown on Fig. 1); there is no special
significance attached to these code numbers and, as new categories have

been added, the code has simply filled gaps or used the next number in

sequence. This open-ended approach allows complete flexibility in

adding new categories to the data base or subdividing previously

defined categories without having to (1) predetermine the category

groupings or (2) restructure an outline or reassign a numeric code each

time a new category is added or existing categories are regrouped.

Each row of data consists of NP data pairs, where NP is the total

number of pairs required to define the land or water cover for a given

latitude band. The data pair is composed of the number of consecutive

elements (left to right) for a given cover category and the numeric

code assigned to that category as given in Fig. 1. This method of

storing the data is compact and provides the capability for on-line

interactive updating of each cell. This structure also allows

subsetting the data base for user-defined application. Line printer

maps can be produced directly from the file, while the

computer-generated pen-and-ink (or other mechanical plotter) maps may

require restructured temporary files to define the plotter symbol size

and color assignments (if any) for each ecosystem complex type code.

Thus, we were able to vary the color, symbol type, and size for special

ecosystems (e.g., the broad-leaved and mixed forests) by latitude bands

to better distinguish certain contrasts without yet assigning new cover

codes.

A separate step is involved in converting from ecosystem complex

type codes to carbon. There is considerable variation in the local

carbon per unit area for a given type. A "medium" value for the type

could be used at present (i.e., as a "default value") to apply in an
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interim data base for every land cell of a given cover type in the

world. One interpretation of Plate 1 is for such a carbon map, with

carbon content generally proportional to color density or size of the

symbol. The approaches to local research sites and to regions,

illustrated in Appendix A, are used in the present report as examples

linking primary data to type means averaged over the whole world. Some

refinements (e.g., in splitting boreal forest or taiga) are already

included.

The next step, beyond the "default" data base of carbon for the

whole world, is to separate additional type groups geographically

(e.g., among regions of high and low as well as intermediate average

carbon pool or flux rate). A third step, some years into the future,

should draw upon enough locally surveyed locations and regions to

justify substituting cell-by-cell results for the averaged values based

on global or regional means.
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CHAPTER 3

DEFINITION, CHARACTERISTICS, AND LOCATIONS OF
MAJOR ECOSYSTEM COMPLEXES

Three distinct definitions of "percent cover" are useful and apply

over three ranges of scale in the continuum of space and size:

(a) "Projective foliage cover (pfc)" refers to vertical
projections to a horizontal plane (usually) from individual
leaves or equivalent photosynthetic tissue. The upper canopy
layer that defines the main structure (physiognomy) is
normally used in giving a numerical rating; the number would
be higher if woody understory or ground vegetation (field
layer) were also included. A pfc rating would be less than
100% even under the canopy of an individual tree, and its
average value would be lower when extended to a stand (i.e.,
by deducting for space between the trees). A mean would be
still lower for a region, if some stands of the complex were
essentially without trees. Specht (1970, 1981a,b) and
colleagues in Australia use pfc to define gradations between
"closed-forest" defined as having 170% pfc. Table 1 shows
their system. Gil 1ison and Walker (1981) estimate that this
foliage cover is equivalent to n90% of crown cover.

(b) "Crown cover" is a widely used term that may be imperfectly
standardized. Conventional usage applies it to percentage of
area covered by outlines or polygons projected vertically
from tips of live branches. The pfc is lower than crown
cover; light filters between branchlets, leaf blades, or
needles in the idealized vertical projections-- even without
considering the real-life fluctuations of extra light
introduced by changing sun angle and blowing of branches.
The geometry of overlapping crowns and leaves means that
"leaf area index" (LAI), or ratio of one-sided leaf area to
ground area, usually exceeds one in tall or dense forests
that have high pools and production rates for organic carbon.

(c) "Percentage of types in a regional complex" applies to entire
mapped areas (e.g., global cells or whole quadrangles) that
normally contain complexes or mosaics of major and minor
cover types. In Fig. 2, for example, the percentage of area
with nearly treeless cover increases toward the top of the
triangle. There are important complexes (called INTERRUPTED
WOODS) in which treeless and also more wooded patches are
both important in governing the structure and texture of the
landscape, along with its carbon content, and perhaps trends
of carbon and its release to CO,,.
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Table 1. Approximate relations between structural vegetation terminology of Gillison and Walker (1981), Specht (1970, 1981a,
Com lexesaMa(1976)' Food and Agricultural Organization (FAO 1973, Persson 1974), and Major World Ecosystem

Life form Life
of tallest form
stratum code0

Trees0 >30 m vt

20-30 m vt
Trees 12-20 m t M

10-20 m m

Trees 6-10 m m
3-6 m I. L

2-3 m vi

, '™jetti,t foliage cover (pfc) of tallest vegetation stratum for stand (or region for FAO)"
100-70% 70-50* 50-30% 30-20% 20-10% 1Q-5X 5-<0.1%

>90%
Approximate equivalent crown cover (judged by Gillison and Walker 1981)

90"55% 65-45% 45-35% 35-20% 20-10% 10-<0.2%

Closed-forest

Low closed-forest
I

Tall closed-forest Tall open-forest (disturbed forest areas)

Open-forest Open-forest Woodland Open-woodland

Low open-forest Low woodland Low open-woodland

"Closed" forest, sensu FAO Forest Survey: >20% crown cover

"Open" woodland (sensu FAO)

Woodland (Gillison

Savanna,
(Walker and Gil

and Walker 1981)

etc.

lison 1982)

"Woodland" in the inclusive sense of Ovington (1962, 1965)

Shrubs >2 m S Closed shrub Open scrub Open scrub Tall shrubland Tall open-shrubland

Shrubs 0.25-2 m

Heath-like Z Closed-heathland Open-heathland Open-heathland Low shrubland Low open-shrubland

Chenopod
(or other)

C Low shrubland Low shrubland Low open-shrubland

Shrubs <0.25 D [Low scrub tundra]

Brush or scrubland (sensu FAO Forest Survey)

Dwarf open-heathland
(fell-field) [for tundra, desert]

Bunch ("hummock")
grasses H -- "Hummock grassland" Open hummock grassland

Sedges ¥ Closed-sedgeland Sedgeland Open sedgeland Very open sedgeland

Other Graminoid G Closed-grassland ("Tussock") grassland Open grassland Very open grassland

Ferns F Closed-fernland Fernland

Other herbs X Closed-herbland Herbland (or forbland) Open herbland Very open herbland

awhen stands having tree overstory canopy percentage cover as low as 30% are even locally interrupted further by disturbance
and abnormal topography, it seems likely that the regional cover of canopy projections may extend as low as the 20% crown cover
iUJ «1"hi h» k°<1973) forest surveys. FAO and Persson (1974, Appendix) do not distinguish the gradations of "open-forest"
and woodland between the extremes of "closed-forest" and "open-woodland." Operating definitions for the latter actuallv
stress high percentage presence and continuity of grassy field layer cover instead of the actual tree cover percentages, or else
the association of tree species that tend to be associated with such a field layer. If trees are judged capable of reclosinq
after recent disturbance, cover as low as 10 or 15% may be typed as "forest." Savannas, having even sparser trees over most of
the area, may nevertheless be interspersed with stands that qualify as closed-woodland or (along streams or areas otherwise
17»ecM^iT„ ^' l0Ja'J? ?S °Pe"- °r closed-forest. See also Unesco (1973) for slightly different emphasis, depending even
c[ <IJ° g ,°/\the Potential vegetation inferred by reasoning and background knowledge instead of the actual vegetation (cf.
Schmithusen 1976

bMajor life form code 1n upper case after Specht (1981a,b). Tree heights given in lower case (vt, very tall,
are oriented to Gillison and Walker's (1981) spread for woodlands (or savannas in Walker and Gillison 1982)-
ln forests.

to vJt, very low)
•not common usage

o Trees are defined by Specht (1970, 1981a,b), Carnahan (1976), and other Australian conventions as single-stemmed
(monopodial) woody plants. In some regions, sprouting habits (e.g., Tilia). especially following disturbance (e.g., Quercus
after fire, blow-down, or cutting), make multiple stems fairly common in forest and especially in woodland types. In
Australia, Specht (1981a,b) associated closed-forest mainly with quite isolated relics of subtropical or temperate rain forest
which are regionally associated with wet sclerophyll Eucalyptus (e.g., E. regnans, E. obliqua) types considered "tall
open-forest). - — - a—
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ORNL-DWG 82-9450

PERCENTAGE OF CONIFER TREES (OR PROJECTED CANOPY COVER) AMONG
OVER STORY SPECIES

Fig. 2. Approximate relations of tree cover, regional percent of
nontree formations, and major kinds of forest, interrupted
woods, and nonwoods systems.
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Landscape areas mapped on a world scale (with unit cells up to
55 x 55 km at the equator) contain a mixture of community or landscape
types. The parts of each complex are impossible to map separately,
except for small regions, on very large scales (e.g., 1:20,000 or
larger air photographs, as used in soil conservation mapping in the
USA) (Olson 1971a). Patchiness occurs as a function of differences in
terrain, substrate, or elapsed time for development and stabilization-
of the soil and ecosystem features following disturbance (Jenny 1980,
Burgess and Sharpe 1981). A common practice is simply to name the
landscape areas or complexes by the single most extensive type. The
prevailing type exceeds 50% of the mapping unit or unit cell of the
grid if it is mixed with only one other kind of landscape inclusion.
But where more than two kinds of vegetation or landscape (or water) are
mixed together, the most common one may still cover less than half the
total area in some cases. On Fig. 2, the percentage of nonwooded
vegetation, alternating with forest and woodland, defines some of the
transitional types described below as "second growth woods and field
mosaics." Many of the types given here also meet conventional meanings
of forest-type cover, as implied by percentages of individual tree
canopy projections, used in the horizontal axis of Fig. 2. Other, more
regional and climatically oriented distinctions are also used below.
Those based on life forms (Fig. 3) are called "formation classes" like
those of Brockmann-Jerosch (1930) or Unesco (1973). Walter (1979),
Eyre (1963, 1971), Daubenmire (1978), and Whittaker (1975) provide good
general introductions to the geography of the plant formations.

The legend blocks on Plate 1 are arranged in seven broad groups:
FOREST AND WOODLAND; INTERRUPTED WOODS; GRASS AND SHRUB COMPLEXES;
MAINLY CROPPED, RESIDENTIAL, COMMERCIAL, PARK; TUNDRA AND DESERT; MAJOR
WETLANDS; and OTHER COASTAL, AQUATIC, AND MISCELLANEOUS., The map
(Plate 1) uses various combinations of color, hue, symbol size, and
pattern to subdivide these groups so that 44 mapping units, excluding
ice and oceans, can be distinguished. Some details were edited
manually for map printing. A few of the categories in the data base
are combined for simplicity.

An overview or key to definitions and hierarchy of the vegetation
complexes defined here is given in indentations on the left of
Table 2. Wet or coastal ecosystem complexes are those with substantial
influence of high water table, flooding, or shore processes. MAJOR
WETLANDS have large fractions of their area with water above soil or
sediment level for many weeks of many years. COASTAL ecosystems are
close enough to ocean, lake, or large river shores to reflect their
persistent local influence in the soil or atmospheric environment and
parts of the vegetation mosaic. Typical land ecosystem types commonly
occur also as fringes to either of these, or as hinterlands or
inclusions in the mapped complex. Ports and resorts are typical human
landscape types near coasts or along major rivers.
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(NOTE:Table 2. Summary of areas, carbon, and.production estimates by map legend elements for major world ecosystem complexes3 (NO
Numbers after each main category in the first column are obtained by suraning the indented lines (subcategories) under each

in category. Likewise, subcategory totals are obtained by summing the sub-subcategories under each subcategory.

Plant carbon Net primary
production
(Pg/year)

Typical
Unesco (1973)
plant formations

or formation groupsCategories (legend elements)
Density

(108 ha or 106 km2) (kg/m2)

Major Regional Land Systems Groups

TREE FORMATIONS (WOODS) 58.17 (+2.6)a

Major FOREST AND WOODLAND

Mostly taiga and other conifer

Main and Southern Taiga

Other Conifer

Mostly mid-latitude broad-leaved
and mixed

Temperate Broad-Leaved Forest

Mixed Woods: deciduous to
evergreen broad-leaved,
often with conifer

Main Tropical/Subtropical Forest

Broad-Leaved Humid Forest

Dry Forest and Woodland

145

30.79

10.66

7.16

3.50

5.03

8.7

16.8

1.49 10

3.54 10

15.1

10.38 15

4.72 7

INTERRUPTED WOODS 27-38a
(+2.6)a

Tropical savanna or montane 7.32

Tropical Savanna and Woodland 6.72

Tropical Montane Complexes

Tall or dwarfed forest 0.6
Grass, scrub, paramo, rock (0.6)

Other dry woods mosaics 8.51

Woods/Scrub/Grass Complexes 7.6

Succulent and thorn woods 4.0

Mediterranean types 1.0

Other dry or highland woods 2.6

Semiarid Woodland or Low Forestc 0.91

Northern or Maritime Taiga, subalpine

Second Growth Woods and Field Mosaics

Forest/field (allocations)

Tropical/subtropical
humid forest

Temperate/boreal forest

Field/woods (allocations)

Tropical woods

Temperate woods

Fields, grass, scrub

4.35

7.2

5.2

1.7

3.5

2.0

1.34

0.7

(2.0)

NONWOODS (trees planted, sparse,
low, or absent)

84.2 (+2.6) 86.8

MAINLY CROPPED, RESIDENTIAL, COMMERCIAL,
PARK, and associated marginal lands

Irrigated land and surroundings

15.9

3.6

9

(1)

4

4

(3)

Total

(Pg)

550.6a

476.7 (+6.6)

359.7

121

62

59

15

35

189

155.7a

33

19.1

3

2.1

0.9

2.1

8.3

2.7

Mostly FOREST (I):

IAlOc-d, B3b-e; IIA2

IA9-10, IIA2a-b

IA6-8, B3, IIB3

IB2, IIB2, plus preceding

IA1-5

IIB1, Ai; IB1, A3

117 (+6.6) 12.4(+1.4) WOODLANDS (II) + shrubs (III),
herbs (V), forest:

25.6 (+0.6)

20.2 3.3

5.4

(0.6)
0.4

(0.4)

35.4

30.4

16 1.6

4 0.5

10.4 0.8

5 0.4

22

34 (+6)

26

8.5 1

17.5 2.1

5.2 0.65

2.8 0.35

(6) (1)

67.3

=73.9

(+6.6)

21.5
12.1

9.2

VA1-4, IIB1

IAlc-e (IA4, 9b)
VC1-5; IIIA ,

IIC; IC; VB; A2d-e

IA8; IIAl-2a; IIAld; IVA2-3

IIA-C; IIIA2b-B; VC1-7

IIAl-2a; IC

IIA2b-c; IIIB3; IVD

Mixtures of above, plus woody
and other crops and fallow areas

Sparser or lower woods remnants,
with more fields or grazing lands

Permanent (mostly woody) and other
CROPS, ornamental plants, etc.
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Table 2. (continued)

Area

or 106 km2)

Plant carbon Net primary
production
(Pg/year)

Typical
Unesco (1973)

Categories (legend elements) (108 ha
Density
(kg/m2)

Total

(Pg)
plant formations
or formation groups

N0NW00DS (continued)

Paddyland 2.0 3 6 3 VA1-5, D, E (IA-B) + crops

Other Irrlqated Dryland, etc. 1.6

12.3

2 3.2

12.3

2 VA-D (IB-C) + crops
VB-C (I-IV) + cropsOther Crop. Settlements, and

Marqinal Lands
Cool or cold farms, towns, etc. 3.0 1 3.0 1.5

Warm or hot farms, towns, etc. 9.3 1 9.3 5.6

GRASS AND SHRUB COMPLEXES 23.9 39.06 8.6 GRASSLAND (V), SHRUBS (III)

Main Grassland or Shrubland 21.4 26.76a

Warm or hot shrub and qrassland 17.3 1.3 22.6 7.0 VA2-5, B2-C6

Cool qrassland/scrub 3.94 1 3.94 1.2 VB5, C6-7b

Heath and moorland 0.15 1.5 0.22 0.04 IVA; 11IA-B

Cold Grass or Stunted Woody Complex 2.55 4.2

Tibetan. Siberian 0.85 1 0.8 0.1 VC6-8; IIA2

Wooded tundra 1.7 2 3.4 0.3 IIIA2a, B3b-d

TUNDRA AND DESERT 44.4 14.9 2.8 DWARF SHRUBS (IV), herbs (V),
shrubs (III):

Tundra, arctic desert, and 1ce 26.2 9

Tundra 11 0.8 9 1.4 IVB3, C7b-8, D; VC7b-8

Polar or Rock Desert 0.2 0 0 0 IVD2

Ice and Antarctic desert 15 0 0 0 Rock lichens

Nonpolar desert or semidesert 18.2 5.9 IIIC; IVC; VC3, D2b

Cool Semidesert Scrub 2.0 0.6 1.2 0.4

Sand Desert 5.2 0.05 0.26 0.5

Other Desert and Semidesert 11.0 0.4 4.4 0.5

Special Wet, Coastal, or Water Complexes

WETLAND and/or COASTAL 2.9 7.8 3.8 Shrubs (IV, III), herbs (V)
trees (II, I)

MAJOR WETLANDS 2.5 6.8

Boq/Mire of Cool or Cold Climates 0.9 2 2 0.4 IVE

Warm or Hot Wetlands 1.6 3 4.8 3.2 IB2a; III; VB5a(l), VE

Other COASTAL, AQUATIC, AND MISCELLANEOUS

Shore and Hinterland Complexes 0.35 3 1 0.2 Various combinations

Subtotal for Land (± Ice) 148 558.4 60.2

Aquatic Systems

Major lakes 3.2 0.2 0.6

Total: Land and Lakes 151 559

Oceans 360 •v3

TOTAL: EARTH 511 562

»D1gits beyond significant figures are sometimes carried tominimize
primarily nontree components of INTERRUPTED WOODS, but grassy parts

propagating
of the Tropl

rounding errors. Parentheses include some of the
cal Savanna and Woodland are not allocatedprimarily noniree components wi imtrnuntu nuuuj, uui. yi oasj k«' ••^ «• *"^ •.»!»•..-• —.—- — ••- -• - .- . i<„j+ k..

separately. Grass and other herb communities are interspersed in some tree formations besides those where this is made explicit by
listing of Unesco (1973) formation class V.

DInclud1ng malee, mulga in Australia; Juniper and/or very open or low pine woods.

^Including brigalow and the more open semiarid woodlands in Australia; quebracho in Argentina and Paraguay; locally dense saxaul in
Asiatic USSR and western China.
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3.1 MAJOR REGIONAL LAND SYSTEMS

Major regional land systems are those where flooding, if present
at all, typically involves a few days (or hours) in a few years, or is
extensive on a small percentage of the total area (most river courses
and shore fringes). These land systems are elaborated first because
they dominate patterns of the continents and the biosphere's global
exchange with the atmosphere.

3.1.1 Tree Formations

These ecosystem complexes are ones with prominent trees [i.e.,
woody plants with one stem (monopodia!) or occasionally several
(sympodial)], at least 2 or 3 m high, and generally more than 5 m [8 or
10 m in the tropical forest (Unesco 1973)] for individuals of the upper
canopy. Crown cover of the trees may be quite low (Table 1); tall or
dense shrubs (multistemmed or sympodial, mostly below 2 or 3 m) can
share parts of the upper canopy and much of the lower canopy
(understory). FOREST AND WOODLAND as used here encompasses most of the
diverging usage of these terms (Table 1). Open-forest (sensu Specht
1981b, 50-70% projective tree foliage cover; 70-90% crown cover) is
commonly included in "forest" as mapped, but is sometimes included in
"Woodland" by experts who emphasize the continuum of variation in the
real landscape (Gillison and Walker 198T-). Indeed "Woodland" in the
narrower sense of Specht (1981a,b) and areas of natural bamboo and palm
could qualify as "forest" in the inclusive sense of FAO (1973, p. 65)
if the land being classified is "not used primarily for purposes other
than forestry." The FAO also included areas temporarily unstocked and
young natural or planted stands, which have not yet reached a crown
density of 20%, and forest roads, streams, and other small open areas
that constitute an integral part of the forest; excluded are isolated
tree groups (typically e0.5 ha or 5000 m2), city parks, private
gardens and pastures, and wind breaks and shelterbelts too narrow to be
managed as forests.

"Other wooded areas" (FAO 1973, p. 66) include land with trees
with crowns less than 20% area, or with shrubs and stunted trees even
where covering more than 20% of the area, if not primarily used for
agricultural or other nonforestry purposes, such as grazing of domestic
animals. Areas with trees in lines (along roads or streams) are
included here, allocating 0.8 ha per 1000 m of length, as well as those
windbreaks and shelterbelts that were not included in forests. More
extensive than all of these are "open woodlands" and woody "savannas"
which intergrade and typically have grassy or other herbacous ground
cover. Such cover now leads FAO (Fontaine 1981, FAO 1981) to prefer
"mixed forest-grassland tree formations" instead of the terms "open
woodlands" and "savannas," because those familiar words had been subject
to such variable and confusing usage in different places and times.
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First-hand observations on most continents and photographs clearly

show a wide range of variation in biomass of plants and, hence, in

their organic carbon. Sampling studies cited in this report show that

where trees comprise more than a small fraction of the vegetative cover

(Fig. 2), they contribute more phytomass, and hence more carbon, than

is found in the nontree part of that stand or in most other kinds of

ecosystems.

Where national data summaries exist within a framework different

from the preferred worldwide synthesis, there is a natural tendency to

use the categories as given instead of superimposing subjective

guesswork to fit a new and perhaps more globally uniform set of

categories.

3.1.1.1 FOREST AND WOODLAND

Conifer (softwood, gymnosperm, or needle-leaved) forest and

Tropical/Subtropical Broad-Leaved Humid Forest of Plate 1 are examples

of classical plant formation groups. Evergreen foliage is most common

in both groups (Formation Subclass IA of Unesco 1973, Daubenmire 1978),

but important exceptions are deciduous conifers (larch, Larix,

bald-cypress, Taxodium); closely associated birch (Betuia),

Popuius, and other summergreen or cold-deciduous broad-leaved trees

or "hardwoods" (i.e., shedding leaves in winter); and drought-deciduous

hardwoods that shed leaves in dry months of the more strikingly

seasonal (e.g., monsoonal) parts of the hot, humid forest.

Conifer (excluding most taiga) is treated separately from the
Boreal* zones. Ahti et al. (1968) and many others associate the term
Boreal and taiga with conifer or mixed vegetations having northern
species and only four summer months averaging above 10°C (Ritchie
1977). Some "hemiboreal" zones of those authors, and few areas of
unusually massive Boreal conifer are included under Conifer. Note that
there are many additional conifer stands occurring in regional
complexes that are considered as "mixed" or occurring locally in
broad-leaved (hardwood) regions by our definition. Juniperus and
some other dry or highland tree or shrub types treated later include

♦Upper case "B" here indicates proper noun (cf. Eyre 1963, Chapter IV;
Olson 1971a)
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additional conifers, mostly open-forest to open-woodland, grading to or
mixed with shrubs on poor soils. Other junipers and "cedars," "old
field pine," and other secondary conifer stands, plantations, and
post-fire conifers are as conspicuous in some forest/field complexes of
regions naturally covered by broad-leaved forests as they are in
conifer regions. Based more on the status of snow (and hence winter
temperatures) than on summer or annual mean temperatures, cool and warm
or "Qt variants of the conifer forest are distinguished on Plate 1.

Among Tropical/Subtropical Broad-Leaved Humid Forest, evergreen
equatorial forest Tmost rain forest of Richards (1964). UnPsm/llNFP/FAn
119/8), or Eyre (1963, Chapters XIV-XV); RegengehSlze or
piuviiiignosa in Rubel's (1930) German and Latinized terminology of
Fig. 3] is also distinguished from tropical seasonal forest on Plate 1.
Walter (1979) describes how the number of dry months and the total
annual rainfall interact in conditioning the distinctions between
evergreen, semideciduous, and drought-deciduous tropical humid forest
(Unesco 1973 Formation Groups IA1, 2 or 4; IB1, respectively).
Champion and Seth (1968) describe and illustrate many of these for
India where the monsoon climate gives extreme contrasts of very wet and
very dry months at the same place. In Asia and elsewhere (e.g.,
gallery forests, commonly evergreen along streams or stream slopes of
seasonally dry climates in Latin America and Africa), local soils or
catchment storage of moisture carried over from wet to dry months may
have more influences on persisting leaves than hundreds of miles of
gradient in the regional climate (Eyre 1963, Chapters XVI-XIX).

Mostly Temperate Broad-Leaved Forest on Plate 1 includes
predominantly hardwood complexes above the latitudes or altitudes where
growth continues year-round on moist soils. Unesco (1973) formation
group IB3, essentially deciduous (summergreen) areas [sommergehdize,
Aestiiignosa), is typical of the northeastern United States, from
central and northwestern Europe to Southern Siberia, Tadzhikistan, and
northern Honshu, Korea, and China. Broad-leaved evergreen or partly
deciduous forests [laurel forests Or Lorbeergeholze Or Laurilignosa
of Rubel (1930), Brockmann-Jerosch (1930), and Schmithusen (1976)]
occur in southern Japan, Korea, and China; northern India; and some
tropical/subtropical highland areas. Broad-leaved south-temperate
forests occur in the southern hemisphere, such as wetter Eucalyptus of
southeastern Australia and Nothofagus of New Zealand. Unesco groups
IA6 and IA7 cover the gradients from wet to moist and tropical montane
to warm temperate to subpolar (southern hemisphere) broad-leaved
evergreens. Group IA8 (winter-rain evergreen broad-leaved
sclerophyllous or hard-leaved forest) includes open- and tall-open
("wet sclerophyll") Eucalyptus forest of coastal eastern and
southwestern Australia (Gill 1981, Ashton 1981).

"Mixed Woods" of conifer and broad-leaved evergreen or deciduous
cover (Eyre 1963, Chapter VI) are commonly dealt with by simply
associating with the end-member of the series which happens to prevail
(lower corners of the triangle in Fig. 2). It is mostly on local or
large-scale mapping that conifers (>75%) would be distinguished from 50
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to 75% conifer in the USA and many other countries; pooling of both
seems especially appropriate for global mapping. Commercially,
historically, and for indicator values in ecology and geophysics
(surface albedo effects), there are also reasons to distinguish mixed
conifers as low as 25 to 50% from pure or nearly pure hardwood stands.
A switch in legend terminology from forest to "woods" simply reflects a
reminder that the history of many of these regions has reduced typical
"forest" complexes to woodlands or open-woodlands (Table 2), through
fire, other disturbance, and cumulative degrading of soil and site
quality.

Mixed Woods of broad-leaved or hardwood trees and conifers are
generally distinguished where both kinds of trees are mixed in the same
stands. For global mapping, the units used here also include landscape
mosaics that have mixed stands plus other stands of locally predominant
conifers as described above alternating with broad-leaved stands.
Former conifer stands, now cut over, may have conifer relics or
regeneration no longer exceeding 50 or perhaps even 25% cover. The
cool hardwood-conifer types are exemplified by birch-beech-maple
(northern hardwoods) mixed with hemlock (rsuga) and/or pine {pinus
strobus, P. resinosa, P. banksiana in the Great Lakes and
New England-Acadian regions of North America). Mixed Woods with little
or no snow include deciduous warm woods with conifers (such as the
oak-pine forests of the southeastern United States), subtropical
broad-leaved evergreen or at least partly evergreen broad-leaved and/or
subtropical conifer, mostly montane forests with pine or Podocarpus,
and south temperate or sub-antarctic [in southern Chile (Quintanilla
1980)] evergreen broad-leaved and/or conifer forests with such genera
as Northofagus, Podocarpus, and Auraucaria.

The Main and Southern Taiga (Ritchie 1977) is climatically
distinguished from other conifer forests by the long, severe winters
(Rowe 1972, Walter 1979). In the main taiga, spruce {picea abies and
other species), fir (Abies spp.), and pine {pinus sylvestris and
others) are the principal evergreens, while larches {Larix) are
deciduous conifers that become especially important in Siberia.
Deciduous birch, various poplars (popuius spp.), and mountain ash
{sorbus) or alder (ainus) are locally important broad-leaved
species. What we identify as southern continental taiga has a
relatively large proportion of the deciduous conifer and broad-leaved
species in regions of continental climates that combine extremely cold
winters with brief warm summers and frequent droughts. The Russian
word "taiga" is used synonymously with Boreal forest and woodland,
where capitalizing the word "Boreal" distinguishes this usage from the
general meaning of boreal for anything "northern." Americans sometimes
use taiga in a narrower sense limiting it to a "northern Boreal"
subdivision described under INTERRUPTED WOODS.

Tropical Dry Forest and Woodland are widespread and often mixed in
complexes south of the Tropical/Subtropical Broad-Leaved Humid Forests.
Somewhat narrower fragments occur in the northern tropics and equatorial
belts. They alternate and mix with more grassy savannas, so that
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points of separation become arbitrary or traditional (Walter 1979). In
Africa (Huntley 1982), for example, the miombo (burned or otherwise
degraded versions of maheulu) and mopane woodland occupy large areas of
southern Zaire, Angola, and some neighboring countries (Malaisse et al.
1972). In Brazil, the cerradao tends to be more woody than cerrado
(mostly savanna), which grades to more open tropical grasslands
[campos, llanos (Eiten 1982)] or various thorn scrub and low woodland
[East Brazilian caatinga, chaco (Bucher 1982)]. In southern and
southeast Asia, the extreme contrast of the dry (spring/early summer)
and wet (later summer) monsoon seasons selected more deciduous species,
even among the moist seasonal forest types of Champion and Seth (1968).
Here, almost all dry seasonal trees drop leaves at some time during the
year. Many of the dry woodlands are leafless longer than humid
seasonal forest. In Australia, most woodlands are lower and more open,
by nature or as a result of prolonged human disturbance and naturally
or artificially degraded soil conditions (Walker and Gillison 1982).

3.1.1.2 INTERRUPTED WOODS

Some tree formations may be as dense locally as the forests or
woodlands just discussed, but they have various interruptions with no
trees or with small ones over extended landscapes. These openings
lower the plant mass and carbon when averages are taken over the whole
complex of woody and nonwoody communities. (For an example, see
Rutherford 1982 and Eiten 1982.) The characteristic feature defining
Tropical Savanna and Woodland is a field layer of grassy vegetation
with scattered trees and/or shrubs. A wide variety of production
conditions is included under savanna, ranging from naturally dry grassy
areas to degraded'tropical seasonal forest. Formerly closed- or
open-forest becomes increasingly degraded toward open woodland or grass
by fire and/or cutting, often with shifting cultivation. Huntley and
Walker (1982) provide regional descriptions and functional analyses of
savanna ecosystems, and also of Semi arid Woodland or Low Forest and of
other Woods/Scrub/Grass Complexes discussed further below.

Rainy Tropical Montane Complexes may have forests more locally
dense than in nearby lowlands. However, interruptions by cliffs or
avalanche openings and by subalpine and alpine complexes within the
0.5° x 0.5° mapped cells dilute the forest cover for each mountain
region as a whole. Cloud forest may be stunted, yielding to scrub or
grassland and perhaps alpine summits (Eyre 1963, 1971; "elfinwoods" of
Whittaker 1975). A cell typically includes some lowland areas with
additional open vegetation. Thus, mean carbon for an entire cell of
montane complexes is expected to be lower than that for a closed
continuous forest. However, the variance and standard error of carbon
density must be wide and is in need of improved estimation, along with
better averages for the main highland regions.
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The narrower meaning of "taiga" noted in Section 3.1.1.1 covers a
transition from Boreal forest and woodland with minor interruptions to
northern fringes where most of the same trees occur, but tend to be
more weatherbeaten, smaller, or localized to sites with more available
nutrient, or less inhibition by waterlogging, or infrequent but
sporadically devastating fires (Ritchie 1977, Rowe 1972). Such a partly
scrubby transition zone, and similarly erratic "parkland" or tree
groups near oceans (which lower the summer temperature and growing
conditions) are mapped as Northern or Maritime Taiga (Bazilevich et al.
1968, 1971; Johnson and Vogel 1966). For mapping purposes, it was also
combined with some subalpine woods and mountain taiga of similar stunted
or sparse structure. In continental climates, trees and especially
intervening scrub, tundra, or bog may be underlain by permafrost.

Various Second-Growth Woods and Field Mosaics are included with
nontree patches in the forest/field complex and field/woods complex.
In all of these gradations, plantations of trees or woody crops are
common in some countries. The nonwooded phase includes row crops,
pastureland, residential areas, and other nonwoody vegetation. The
field/woods complex includes some formerly closed forest, mostly
replaced by crops, grassland, or ornamental plantings. Other areas are
naturally open savanna or woodland that has been altered by
cultivation, grazing, or severe degradation of vegetation cover and
soils. Russian wooded steppe meadows and American tall-grass prairie
savannas typify areas where humus-rich grassland soils (Mollisols) are
sometimes overgrown by woods that expanded after earlier restrictions
related to fire and/or climatic change.

The Semi arid Woodland or Low Forest as mapped on Plate 1 refers
mainly to some distinct landscapes of Australia (Gillison and Walker
1981, Johnson and Burrows 1981). Maps of Moore and Perry (1969),
Carnahan (1976), and Specht (1981a,b) show rather sparse Eucalyptus
woodland {e. popuinea and others) inland from the more humid forests
of the east coast. Acacia aneura or a. exceisa are most common in
the understory, but may be codominant or dominant in some locations.
Interspersed in the same semiarid belt and locally dominant on heavy
cracking soils are low forests called brigalow {Acacia harpophyiia:
Moore et al. 1967). Here, trees have been mechanically uprooted from
large areas to increase the area in open pasture instead of in poor
woods or scrub pasture. Saxaul [Haioxyion ammodendron) is a quite
different kind of low woods found naturally or sometimes planted on
sandy soils of deserts of central Asia (Rodin 1979). It is mapped
somewhat schematically in a few cells, but generally occurs in patches
and stature too small to appear on such a world map. Most would occur
in semidesert or other shrub cells and may be dense locally in sand
desert. In northern Argentina and Paraguay, some of the more extensive
quebracho areas are also mapped as Semiarid Woodland or Low Forest (Zon
and Sparhawk 1923).
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The Woods/Scrub/Grass Complexes constituting the remaining
INTERRUPTED WOODS include three subdivisions. The mediterranean types
include the classical broad-leaved evergreen scrub, open woodland, and
some locally dense forests. Their hard-leaved (sclerophyll,
Hartiaubgehdize, Duriiignosa, Fig. 3) characteristic indicates good
adaptation to the typical climate of abundant rain in a few winter
months alternating with prolonged summer drought (diCastri and Mooney
1973, Walter 1979). High probabilities of fire in this climatic regime
no doubt contribute to the large fraction of the landscape that has had
a brief life span since the last burn and, therefore, has low average
tree stature (Olson 1981b). However, the native trees and especially
the planted conifers and Eucalyptus are common enough to increase the
mean tree height, plant mass, and carbon over wide areas to well above
the averages typical of scrub and grass vegetation alone. Through
adaptations to soil storage of the winter rain, both evergreen and
deciduous shrubs as well as the trees may be almost as productive as
comparable plants in climates without the summer drought. Human
disturbance, especially grazing and cropping, often with small-scale
irrigation, further diminishes plant carbon in some areas, while tree
planting, with fire protection, increases it in others.

A different distinctive tree/scrub mixture is the succulent and
thorn woods and scrub of consistently hotter climates. In equatorial
zones, such as eastern Brazil caatinga (Bucher 1982) and eastern
Africa, the storage of water in thick tissues helps keep the plants
alive between the one or two rainy seasons per year (Walter 1979).
Drought, even in the seasons when rain is the normal weather condition,
presumably helps further to explain the adaptations of the plants.
Many have thorns. Most have low surface area for evaporation relative
to the volumes of tissue wherein water storage occurs. Storage may be
accentuated in succulent tissue and loss rates diminished by
crassulacean acid metabolism (CAM) that permits carbon dioxide exchange
at night when evaporation stresses are diminished.

Other dry or highland tree or shrub types as mapped include such
sparse woodland types as pinyon-juniper {pinus edulis, p. monophylla,
and/or various Juniperus) in the western United States and other
juniper communities in central and western Asia and Africa (Uzbekistan,
Yemen, Abyssinia). Where remoteness of highlands effectively prevents
harvest, large trees are sometimes found. However, the dry or cool
climate, poor site conditions, fire, and human and goat disturbance in
many places have reduced the mean size, cover, and estimated biomass as
averaged over large areas.

Other kinds of vegetation in Australia are included in the same
miscellaneous category. Mulga {Acacia aneura) is a predominantly
shrubby vegetation but with spreading trees interspersed, especially in
places within rooting distance of water reserves (Johnson and Burrows
1981). Mallee is a Eucalyptus shrub formation that sends up many
shoots from large underground stems called lignotubers (Parsons 1981).
These and some other shrub/low "tree" communities typical of Australia
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and some other semiarid regions appear to carry as much total biomass
as small trees in other marginal environments. Further partly wooded
or shrubby subdivisions could no doubt be made from what was originally
very broadly defined (Fig. 1) as grazing lands by Hummel and Reck
(1979) after Jones (1972).

3.1.2 Nonwoods

GRASS AND SHRUB COMPLEXES, TUNDRA AND DESERT, and a variety of

MAINLY CROPPED, RESIDENTIAL, COMMERCIAL, PARK and associated marginal

land complexes cover broad areas. Wide extent only partly compensates

for the low density of carbon in live plants, in limiting global carbon

storage. Yet growth and decay of organic matter in these systems

contributes to much of the annual oscillation of the global atmospheric

co2.

3.1.2.1 MAINLY CROPPED, RESIDENTIAL, COMMERCIAL,
PARK and Associated Marginal Lands

Hummel and Reck (1979) mapped croplands over much wider areas than

are in the arable land category of national land-use statistics. One

reason for this is that the "Economic Atlas" (Jones 1972, followed also

by Cohen 1973) tends to identify farming as the land use contributing

the main income to a region, even where crops or pastures sometimes

occupy a quite small fraction of the total area. To rectify this

practical anomaly, the transitional categories of forest/field complex

and field/woods complex were created (already discussed in INTERRUPTED

WOODS, Sect. 3.1.1.2).

Agro-ecosystems are those dominated by cropping and associated
human activities. Residental areas have homes (and associated gardens)
dispersed widely among the cropped areas, and gradually replace the
latter as settlements become suburban and urban. Commercial areas
include extractive industries as well as cities and ports (mapped with
coastal strips on Plate 1) and are shown as spots and transportation
stripes on highway, railroad, and other atlases. Parks may be dispersed
among these, as well as in more or less wild landscapes. Less
concentrated mixtures of all the foregoing occur in the less intensely
exploited farm ranch lands that are identified mostly with grazing (see
GRASS AND SHRUB COMPLEXES in 3.1.2.2) or with the other landscape
complexes. Even the latter are commonly managed or modified unwittingly
by humans. Totally "unmanaged ecosystems" (Strain and Armentano 1980)
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cover a fairly small fraction of the land, mostly in quite inhospitable
environments, but most of the world is "less managed" than cropland or
tree plantations.

Paddy!and is mapped separately on Plate 1 for regions dominated by
rice cropping. Additional storage of humus carbon in anaerobic soil
and sediment may occur in ponded fields. In the same regions, there
are many other tropical and subtropical crops on sites less suitable
for lowland or even hillside rice. The regional average plant mass and
carbon are increased by permanent (mostly woody) crops and also by the
typical configuration of trees around settlements and along those
rivers and ridges that are less favorable for cropping.

Other Irrigated Dryland Row Crops tend to be in climates that are
dry or at least have a pronounced dry season. There is incentive to
extend cropping with irrigation as a supplement in areas not mapped as
such. However, even in the coldj cool, and warm-hot variants of
irrigated land, there is usually a significant area of surrounding dry
landscape in mapping cells.

Other Crops, Settlements, and Marginal Lands occupy much more area
than any of the irrigated lands. Only the relatively cool or cold
farms, towns, etc., typically having three to five months growing
season, are distinguished from the warm or hot farms, towns, etc.,
which have longer seasons (sometimes double cropping) and higher average
plant mass and carbon. Section 4.1 gives more specific national data
on the extent of arable lands and provides a method for testing the
area estimates that were made independently on Plate 1 from general
land/environmental-use maps (e.g., Espenshade and Morrison 1978)
and from hundreds of other observations and sources. The Food and
Agriculture Organization (1979 and later) yearbooks provide tabular
detail on crops growing in different regions and on locations of
irrigation.

The existence of tree cover in hedgerows and along some
transportation corridors probably raises the mean plant mass and carbon
for all of the foregoing artificial ecosystems, compared with levels
typical of annual crop fields and lawns by themselves. Parks, other
than wilderness or natural reserves (Eilart 1976), vary from intensely
used tracts that have less carbon than crops to landscaped or wild
areas having considerably more local tree biomass and carbon than crops
(even orchards) and most commercial areas.

Marginal lands are associated with the main categories of
agro-ecosystems and settlements. Surrounding croplands, there may be
old fields or temporary fallow areas not yet planted for forest or
grazing land use. Suburban fringes commonly include areas already
removed from these forest or grazing land uses but not yet fully
occupied by residential or commercial cover.
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3.1.2.2 GRASS AND SHRUB COMPLEXES

Grassland or Shrubland is defined by prevalence of herb vs small
woody life form (Eyre 1963, Chapters IX, X; Coupland 1979). They are
more intermixed than many atlases indicate. Particularly in warm to
hot climates, tall or low shrubs pose brush problems on many grazing
lands when palatable grasses are reduced by overgrazing. Prairie,
pampa, and some steppe grasses have gained ascendency over shrubs and
trees on many other temperate areas. The roles of fire, other history,
climate, and site in making dominance by grasses effective are still
controversial issues (Kucera 1981, Mueller-Dombois 1981, Olson 1981b,
Wright and Bailey 1982).

Warm or hot shrub and grassland is a broad category on Plate 1,
for purposes of carbon inventory or cycling. The response of the
plants and their grazing resources to changing carbon dioxide
concentrations and to possible climatic change involves a common set of
physiological problems. Some of these center on relationships between
warm season grasses and other plants with metabolic pathways involving
dicarboxylic acid (C4) and a wider assortment of other plants with
Calvin cycle (C3) metabolism (Baker et al. 1982). Some maritime
grasslands with mild winters and summers are included, but most share
an absence of snow or its relatively brief duration compared with the
following complexes.

Cool grassland/scrub is frequently snowy, and most is even more
devoid of tree or shrub growth than the preceding complexes. The woody
encroachment seen along some fringes or island seed sources suggests
that many sites would have supported a mixture of woody and herbaceous
growth in the cooler climates up to timberline. However, fires,
mowing, or widespread grazing and poor seed sources commonly combined
to limit the woody parts of this community. In any case, the dominant
grasses and other herbs (forbs) mostly die down during cold or dry
seasons, whether burned or not. Belowground parts (roots and "crowns"
of stem structure), nevertheless, have continuity of plant mass from
year to year (Coupland 1979).

Heath and moorland typically have some grass-like (graminoid)
plants, but are defined by their shrubs, especially dwarf shrubs.
Typical shrubs include heather and other members of the family
Ericaceae, which define restricted European sense of the word "heath"
[Ericiiignosa of Rubel (1930) and Heide of many German authors].
Heath is also applied, as in Australia, to similarly appearing
hard-leaved (i.e., sclerophyll) plants that are not closely related
botanically, but which share a similar adaptation to acid infertile
soils -- many are sandy, peaty, or both (Specht 1981c). Dwarf shrubs
of the Mediterranean-type climate have already been discussed above. A
third still broader sense for heath includes a variety of other low or
sparse woody vegetation that is not tilled for field crops but that may
be pastured or frequently burned to improve nutrient recycling and
fresh shoot growth. Any of these concepts may apply over significant
parts of the areas mapped as heath and moorland on Plate 1. However,



33 ORNL-5862

grid cells are large enough that other kinds of ecosystems generally
will be included, too. Moorland includes upland heaths, associated
bogs with heather {Erica) or European heath {calluna vulgaris), and
a variety of other wet (cottongrass Eriophorum) or poor grass-like
vegetation (Heal and Perkins 1978). In coastal Europe, prolonged human
disturbance since Viking times or much earlier replaced former tree
formations with various mixtures of all of the above. In the cold,
foggy climate of the Aleutians, trees have long been absent naturally,
and heath-grass {Empetrum-Eiymus) meadows are differentiated, along
with tussock tundra, with Eriophorum, on the higher mountains. Here,
winter cold as well as summer heat are moderated by the oceanic climate
with prolonged fog.

The grasslands, shrublands, and heaths just described are the main
formations referred to as grazing land with other farming by the
"Oxford Economic Atlas" (Jones 1972). Figure 1 identifies several of
the INTERRUPTED WOODS complexes as additional grazing lands. National
data on permanent pastures as defined by the FAO, with or without
trees, are given in FAO (1979). Such land also includes some grazing
lands of extremely Cold Grass or Stunted Woody Complexes.

Among Asian grazing lands with very short growing seasons are the
Tibetan meadows on lower summits, slopes, or valleys of or near the
Tibet highland. Many are shown on the new Chinese vegetation map and
illustrated by photographs in the book describing it (Committee for the
Vegetation of China 1980). The traditional raising of yaks and some
nomadic tending of other livestock on these Tibetan meadows and
timberline scrub have been important to Tibetan and Mongolian and other
herdsmen since medieval and ancient times.

An aerial view of east-central Siberia shows not only Northern or
Maritime Taiga, interrupted by tundra on many mountains and bogs in
valleys and on plains, but also some parklands and even steppes in
relatively dry valleys. Precipitation there and in dry tundra may be
as low as 15 cm/year, with extremes of winter temperature reaching
-79°C (Volkovintser 1974). Siberian parklands (on Plate 1) or steppe
with stunted larches or no trees (dry tundrar~identify some of these
areas. Reindeer ranches are an extension of more conventional range
management around Yakutzk, as in some open parts of the taiga, and the
following wooded tundra and timerline areas.

Fringing the northern or upper altitudinal margin of Northern or
Maritime Taiga is the so-called wooded tundra and timberline. Outlier
conifer trees, if any, tend to be conspicuous by dwarfing or other
distortion by wind, ice, and cold. In Europe, birch makes deciduous
outliers more prevalent than evergreen. In Lapland and its Soviet
counterparts, reindeer grazing has been important in wooded tundra as
well as in parts of the Northern or Maritime Taiga. In some highlands,
other stunted trees are also mapped as wooded tundra and timberline.
Some islands and coastal outposts of southern Chile represent a very
limited antarctic counterpart, dominated by contorted Nothofagus or
southern beech.



ORNL-5862 34

3.1.2.3 TUNDRA AND DESERT

Large areas of the earth are too cold and/or dry to support much
live plant mass or carbon. Bliss (1981) defines and describes the
North American and Canadian low and high arctic Tundra, while Andreev
and Aleksandrova (1981) do likewise for the Russian counterparts.
Terminology varies between countries, but all refer to low vegetation
with short growing seasons. Polar or Rock Desert is defined and mapped
on Plate 1 to include the narrow extreme of high Arctic where low
precipitation and extremely low temperature combine to give extremely
low available moisture and spotty plant cover. Parts of Antarctica
that are not covered by ice add substantially to the area of arctic
Polar or Rock Desert, but this continent is not included in Plate 1.

Between the arctic and antarctic, some geodetic cells shown as
Tundra approximate locations of highlands with alpine tundra. Some
mountain meadow (cool grassland above the local timberline but not
necessarily qualifying as Tundra) is also included. In addition, both
of these are represented on some highlands that could be mapped as cool
grassland/scrub, Tropical Montane Complexes, or other kinds of woods.
The special vegetation of coarse herbs and marginal woody growth called
paramo (Barclay 1977a, Whittaker 1975, Walter 1979) occupies relatively
small areas of the equatorial Andes and a few other tropical
mountains. These areas have little or none of the seasonal contrast
that is so typical of Tundra, but fluctuations above and below freezing
occur most months of the year. In subtropical latitudes, the Andes
typically have puna vegetation of grass and cushion plants that have
become adapted to a climate with both seasonal and diurnal fluctuations
(Barclay 1977b). Puna areas may never become very warm, but are mostly
mapped with other grassland/scrub having little snow except at the high
altitudinal fringe of the nival zone.

Semidesert Scrub is shown on Plate 1 only for a few very notable
cool dry regions. In Patagonia and North Central Asia, semishrubs
(woody tops dying back partially) and shrubs as well as herbs (e.g.,
cushion plants) provide typical sparse cover (Petrov 1973, Rodin
1979). In the United States' northern Great Basin and parts of the
arid Columbia Plateaus, which are not mapped as desert on page 22 of
McGinnies (1981), taller species like Artemisia tridentata, the big
sagebrush, dominate. Winters can be cold enough to retain snow, but
the low quantity of total precipitation may leave much of this area
relatively bare of snow cover in many winters.

Sand Desert includes wide areas of continuous blowing dunes: the
eastern and western sand (or "erg") and similar dunes of the Saharan
and Libyan desert in Africa, the Ar Rub' Al Khali (Empty Quarter) of
Arabia, the Namib of southwest Africa, and several areas large enough
to map in northwestern China (Petrov 1973). In addition, there are
wide areas in Australia, the Kalahari, and some other deserts where
blowing sand is common but sparse grass or shrubby vegetation coexists.
\lery low average foliage or crown cover, plant mass, and carbon are
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typical of all these areas. Oases and exceptional small patches of
carefully reclaimed desert can support plant mass as high as that of
grass shrubland or even sparse or dry savanna or woodland (Rodin 1979).

Other Desert and Semidesert regions are mostly warm to hot. Good
descriptions on a continental basis are now available from several
authors in McGinnies' (1981) section of the Goodall and Perry (1981)
synthesis for the IBP. The extremely arid and arid deserts are rather
consistently recognized and named in a vast additional literature on
arid lands. It is the semiarid lands for which there is much variation
in identity and interpretation. Inevitably, these grade into GRASS AND
SHRUB COMPLEXES where the statistics of precipitation favor less
sporadic or nomadic grazing uses.

3.2 WETLANDS, COASTS, AND WATERS

Only a few of the MAJOR WETLANDS and a sampling of areas with

OTHER COASTAL, AQUATIC, AND MISCELLANEOUS complexes can be represented,

even schematically, on a global map like that of Plate 1. Their

special relations to the storage of dead as well as living carbon and

their sensitivity to influences of climatic and sea level changes were

among the reasons for including them. These estimates are subject to

refinement as more attention is given to such special areas.

Besides the larger landscape complexes that are mapped separately,
many smaller ones occur. Additional poorly drained ends of the
moisture sequences of soils (sometimes called catenas, or "chains") in
each of the major regional land systems could be identified with
intermittently wet transitional ecosystems or even added to WETLANDS
themselves. Similarly the sandy, saline, or rocky coastal habitats
which terminate various tree or nonwoods formations along prominent
shorelines are transitional to COASTAL COMPLEXES that reflect some
peculiarities in carbon cycling or response to climatic change.
AQUATIC systems interspersed in these landscapes include the streams,
reservoirs, and other lakes which are counted along with the lands
proper in total areas of each nation; all too seldom are these studied
in a manner integrated with their catchment basins (Degens 1982).

3.2.1 MAJOR WETLANDS

The Bog/Mire of Cool or Cold Climates complexes are landscapes
storing carbon in peat and are most extensive in cool to cold
climates. Bogs are especially significant for the accumulation of
acidic peat moss deposits undergoing very slow decay, partly to methane
under anaerobic conditions. The main areas mapped are south of Hudson
Bay and east of the Ural Mountains. Low Bog/Mire is not mapped
separately where occurring extensively with heath and moorland or
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Tundra. Dwarf bog shrubs, along with varying mixtures of stunted trees
like Larix and Picea mariana, grade into main taiga and some of the
less strictly Boreal forests. Mires also include fens, where the
intake of mineral nutrients from groundwater or from surrounding
uplands enhances their productivity but may also increase the turnover
rates of organic decay.

Warm or Hot Wetlands locally include some additional mires that
are mapped with the swamp/marsh and mangrove/tropical swamp woods
complexes. Swamp/marsh complexes are more or less open mosaics of
thickets, marsh, or still more sparsely vegetated wetlands, but some
parts could be included as forests or open woodlands. In parts of the
tropics and subtropics, mangrove/tropical swamp woods include some
relatively tall forest, more or less reduced by cutting and other
damage. More shrubby thickets occur in fringe areas that are
climatically marginal for tree development or too young to mature since
the last hurricane or wood cutting. Shoreline denoted in solid red on
Plate 1 indicates the coastal presence and at least local dominance of
mangroves. Extended broken red lines indicate the presence but lesser
prevalence of mangrove. Barth (in press) maps the numbers of mangrove
species and many isolated occurrences hitherto overlooked.

3.2.2 OTHER COASTAL, AQUATIC, AND MISCELLANEOUS Complexes

Shore and Hinterland Complexes peculiar to the coastal climates
and habitats of each region are locally important along coastal lines
of Plate 1 marking most coasts of continents and islands. Some coastal
area symbols are placed in water deliberately to represent islands
(e.g., barrier islands along sandy coasts), but flaws in printing
registration occasionally place these or other symbols in areas of
water. Tropical coasts (and associated noncoastal vegetation),
temperate shore vegetation, high latitudes, and arctic waters where
shore ice action is important are noted in Plate 1 and defined in the
legend.

Ocean, Lake, and Small Islands complexes cover large areas, but
may have low mass of living carbon. The largest of the world lakes are
outlined; white geodetic cells (other than for glaciers) indicate
locations of a few more lakes which prevail in 0.5° x 0.5° cells.
Ocean ecosystems are not further discussed in this report. Very small
islands may be mapped with or without additional legend symbols on or
near the island. Clearly, a larger scale would be required for
treating details along abrupt spatial gradients in either water or
land. The mapping to date calls attention to such special complexes,
in addition to the more extensive continental complexes.

"Miscellaneous" complexes offer an open place for identifying
special combinations or variations of the preceding, or complexes of
landscapes that were omitted through oversight or because of their
generally small size.
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CHAPTER 4

INFERENCE OF CARBON IN MAJOR ECOSYSTEMS

To estimate the total organic carbon in a region or vegetation
type, the area, a^ and density, d^ of carbon per unit area for
type i are needed. The product of areal extent and density gives v.,

the amount of carbon for each major world vegetation type. The

resulting products, v.., are then totaled over all map cells and

vegetation types to give a global estimate, v, of global carbon in

living plants.

n

Z = Z (a.)(d.) = v . (1)
i=l

Figure 4 presents the main results that can also be examined in

detail in Table 2. The width of the boxes (horizontal axis) is

proportional to areas covered by the ecosystem complexes. Height of

the bars is our present best estimate of average carbon in the live

plants of each complex, per unit area. Multiplying width by height in
each segment of the box gives a product (i.e., box area) that is

proportional to the contribution of the named ecosystem groups to the

global total for plant carbon (Eq. 1).

Of the major land systems, Fig. 4A shows that the relatively

uninterrupted closed FOREST AND WOODLAND and the more INTERRUPTED WOODS

complexes each cover approximately 30 X 106 km2. Higher carbon
density of the former naturally gives it a larger share of carbon in

the category we call "woods." Figure 4B gives the main categories of

"nonwoods." In addition to these main land ecosystem complexes, the

special (MAJOR WETLAND and COASTAL) complexes are also shown in the

lower right corner of Fig. 4B as having limited area, and with a modest

average carbon (i.e., intermediate between the high and low parts of

their wooded and nonwooded portions).
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(A) "WOODS" LANDSCAPE COMPLEXES:
TREE FORMATIONS TYPICAL OR NATURAL
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Fig. 4. Global picture of major ecosystems areas (horizontal), carbon
per unit area (vertical), and carbon totals (box areas).
(A) "Woods" landscape complexes, and (B) "Nonwoods" and
"special" complexes.
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(B) "NONWOODS" AND "SPECIAL"
LANDSCAPE COMPLEXES*
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4.1 AREAS OF ECOSYSTEMS AND LAND USE

This section discusses the estimated areal extent of the ecosystem

complexes based on the map of Plate 1, the widths of the respective

portions of Fig. 4. Among closed FOREST AND WOODLAND areas that are

dense or tall (mostly both), the upper part of Fig. 4A shows

approximately the same area of tropical broad-leaved forest (humid and

dry together) as the denser parts of Boreal (taiga) forest, other

conifer, plus mixed or broad-leaved temperate forest. However,

tropical forest with long dry seasons, and seasonal humid forests with

short or less severe dry seasons probably each occupy more area than

the tropical wet forests (including rain forest).

Among the INTERRUPTED WOODS, relatively more area is occupied by

grassy savanna and closely associated woodland patches (Fig. 4A; see

also Huntley and Walker 1982) than by either the tropical dry, humid

but seasonally dry, or constantly wet, closed forest. Areas and

further subdivisions of other INTERRUPTED WOODS, nonwoods, and

"special" ecosystems are discussed below. It is helpful at this point

to note briefly some older sources of estimates of major ecosystem

areas, and two kinds of United Nations statistics that offer

independent current estimates of forest and nonforest land cover and

land use. These sources confirm that the first reason for some

previous overestimates of global plant mass (and hence its carbon) is

simply because areas of closed forest were overestimated substantially.

The independent source of area estimates based on Soviet atlases treat

only the inferred natural extent of vegetation types. When the

different bases underlying these and a few other very recent estimates

are understood, we find an approach to consensus on areas as close as

could be expected from the very uneven sources of biogeographic data.

Zon and Sparhawk (1923) had mapped world forests in a very

preliminary way* They excluded the savannas as being too sparsely

stocked to be attractive, and hence accurately inventoried, for forest

products, even though the wood of the savanna's isolated trees is used

widely for local construction and fuels (Persson 1974, 1977a,b). Areas

of traditional broad nonforest categories were based on climate or life
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form: desert, tundra, or grassland. Areas of these and of the classic
tree formations were analyzed by Shantz (1954). His wide experience
from travels helped make corrections for the areas of each broad

formation that were actually occupied by inclusions of the other
formations.

Two distinct kinds of information from the United Nations Food and

Agricultural Organization (FAO) are summarized briefly from surveys
that were independent of the mapping in Plate 1. First, Table 3 is a
very condensed summary of national and regional figures that are given
from individual countries or by statisticians having no specialized
expertise in forestry or the use of relatively wild lands. Total areas

differ from land areas, essentially by the amounts of lake, reservoir,
and estuary encompassed within national boundaries (excluding
Antarctica). Estimates of "arable land" and "permanent crops" (mostly
woody, such as rubber, orchards, vines, shrubs; also bananas, etc.) are
documented in far more detail than we can review here in relation to

various kinds of grains and other commodities (FAO 1979). Areas
actually planted and harvested are smaller than the total lands that

could be, because of poor weather in some years and other reasons for

leaving some arable land idle or fallow. On the other hand/there are
planted areas of shifting cultivation (swidden agriculture) that are
known and recorded incompletely, if at all, in some countries,

especially in the tropics. The columns showing recent statistical
change to 1977 (the reference year in models of Moore et al. 1981)
indicate faster increase in permanent crops (averaging 10%/year since
1967) than in other or total cropland (4%/year).

The total of 14.6 x 106 km2 is somewhat smaller than the
15.9 x 10 km summed up from Plate 1 for MAINLY CROPPED, RESIDENTIAL,
COMMERCIAL, PARK, but the latter includes the areas in the named

categories besides crops. Ryabchikov (1975) estimated only 12 x 106 km2
as farm land and an additional 7x106 km2 to include other crops grown
in gardens, for decoration, and as more or less wild vegetation around

fields and along roadsides (and presumably other transportation
corridors). His sum of 17 x 106 km2 is remarkably close to the
15.9 x 10 km based on Plate 1. Both of these totals presumably
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Table 3. Summary of land-use trends on a continental and global basis
using the FAO land-useestimates (units = 103 hectares)

1967 to
1961 1967 1972 1977 1977

1977

change

(%)

COUNTRY TYPE to 1967 1972 1977 minus minus minus minus

1965 1965 1967 1972 1967

Africa Total area

Land area

3031168

2964696

3031168

2964696

3031168

2964696

3031168

2964612

Arable & permanent crops 188103 197965 203766 208724 9862 5801 4958 10759 6

Arable land 175829 184279 189649 193669 8450 5370 4020 9390 5

Permanent crops 12271 13686 14117 15055 1415 431 938 1369 "10

Permanent pasture 807369 802840 801751 797935 -4529 -1089 -3816 -4905 -1

Forest & woodland 664398 651532 640357 637003 -12866 -11175 -3354 -14529 -2

Other land 1304826 1312359 1318822 1320950 7533 6463 2128 8591 1

N C America Total area

Land area

2241492

2135549

2241492

2135549

2241492

2135549

2241492

2135536

Arable & permanent crops 255838 253200 267711 266643 -2638 14511 -1068 13443 5

Arable land 250375 247639 261812 260383 -2736 14173 -1429 12744 5

Permanent crops 5464 5561 5899 6260 97 338 361 699 13

Permanent pasture 370262 369624 356870 354023 -638 -12754 -2847 -15601 -4

Forest & woodland 728889 723940 720804 718189 -4949 -3136 -2615 -5751 -1

Other land 780560 788785 790164 796681 8225 1379 6517 7896 1

So. America Total area

Land area

1781851

1753548

1781851

1753548

1781851

1753548

1781851

1753562

Arable & permanent crops 82367 89814 98558 107675 7447 8744 9117 17861 20

Arable land 62607 69393 77074 85160 6786 7681 8086 15767 23

Permanent crops 19759 20421 21484 22515 662 1063 1031 2094 10

Permanent pasture 407332 419867 434286 442964 12535 14419 6678 23097 2

Forest & woodland 948299 939853 929803 920807 -8446 -10050 -8996 -19046 -2

Other land 315550 304014 290901 282116 -11536 -13113 -8785 -21898 -7

Asia Total area

Land area

2757442

2677049

2757442

2677049

2757442

2677049

2757442

2676993

Arable & permanent crops 436133 441129 447581 4f901 4996 6452 10320 16772 4

Arable land 416703 420977 425544 434322 4274 4567 8778 13345 3

Permanent crops 19431 20152 22037 23579 721 1885 1542 3427 17

Permanent pasture 548263 551412 551693 537495 3149 281 -14198 -13917 -3

Forest & woodland 540986 553880 562028 571174 12894 8148 9146 17294 3

Other land 1151668 1130628 1115747 1110423 -21040 -14881 -5324 -20205 -2

Europe Total area

Land area

486949

472858

486952

472848

487012

472839

•187031

472796

Arable & permanent crops 152189 148851 143749 142199 -3338 -5102 -1550 -6652 -4

Arable land 137989 134326 129059 127368 -3663 -5267 -1691 -6958 -5

Permanent crops 14201 14525 14690 14831 324 165 141 336 2

Permanent pasture 89653 90335 88914 87118 682 -1421 -1796 -3217 -4

Forest & woodland 143077 147038 151658 154656 3961 4620 2998 7618 5

Other land 87939 86624 88518 88823 -1315 1894 305 2199 3

Oceania Total area

Land area

850956

842906

850956

842906

850956

842906

850956

842906

Arable & permanent crops 35238 42990 44889 46471 7752 1899 1582 3481 8

Arable land 34373 42082 43937 45515 7709 1855 1578 3433 8

Permanent crops 865 908 952 956 43 44 4 48 5

Permanent pasture 459250 461419 470013 464851 2169 8594 -5162 3432 1

Forest & woodland 186582 186385 186127 155173 -197 -258 -30954 -31212 -17

Other land 161836 152112 141877 176411 -9724 -10235 34534 24299 16

USSR Total area

Land area

2240220

2227200

2240220

2227200

2240220

2227200

2240220

22227200

Arable & permanent crops 229496 229250 232431 232404 -246 3181 -27 3154 1

Arable land 225080 224600 227500 227500 -480 2900 0 2900 1

Permanent crops 4416 4650 F 4931 4904 234 281 -27 254 5

Permanent pasture 371600 373300 375300 373600 1700 2000 -1700 300 0.1

Forest & woodland 920000 920000 • 920000 * 920000 * 0 0 0 0 0

Other land 706104 704650 699469 701196 -1454 -5181 1727 -3481 -0.5

World Total area

Land area

13390078

13073806

13390081

13073796

13390141

13073787

13390160

13073605

Arable & permanent crops 1379364 1403199 1438685 1462017 23835 35486 23332 58818 4

Arable land 1302955 1323296 1354575 1373917 20341 31279 19342 50621 4

Permanent crops 76407 79903 84110 88100 3496 4207 3990 8197 10

Permanent pasture 3053729 3068797 3078827 3057986 15068 10030 -20841 -10811 -0.4

Forest & woodland 4132231 4122628 4110777 4077002 -9603 -11851 -33775 -45626 -1

Other land 4508483 4479172 4445498 4476600 -29311 -33674 31102 -2572 -0.1

NOTE:

F = Estimated by FAO staff.
* = Estimated by national government.



43 ORNL-5862

include much of the urban and suburban land which the FAO would

submerge as a relatively minor part of the 44.8 x 106 km2 of "other
land."

Most of this "other land" in Table 3 would be TUNDRA AND DESERT

but considerably more is left to include some of the less accessible

GRASS AND SHRUB COMPLEXES and some unproductive tree formations. The

30.6 x 10 km of "permanent pasture" presumably includes the

balance of GRASS AND SHRUB COMPLEXES area (with minor stunted woody
fringes) and a very substantial part of our INTERRUPTED WOODS. The

fi ?
40.8 x 10 km of forest and woodland of Table 3 is only extensive

enough to include the closed FOREST AND WOODLAND of Fig. 4, plus about

one-third of the INTERRUPTED WOODS cover; the wooded areas having major

market use for grazing, instead of for wood products, would be excluded

by definition (FAO 1973).

The second FAO information source, with far more detailed

information on tropical and other tree formations (Table 4), is the

Forest Resources Division (Lanly, pers. comm.). While working there,

Reidar Persson encouraged FAO to develop more critical regional

appraisals, instead of depending on World Forest Survey questionnaires.

More consistent data on forest areas and merchantable woody material

(Persson 1974, 1977a,b; FAO 1973, 1976a,b) were received from

correspondents and organized by experienced staff field officers. The

sum of the forest and woodland category given in the FAO Production

Yearbooks (e.g., FAO 1979) does not use such refinements promptly; the
Yearbooks' main emphasis is on crops and grazing lands.

Table 4 shows the geographic distribution of tree formations,

indicated by specialized surveys and evaluations. Persson's (1977b)

best estimate and judgment of accuracy are given in columns 3 and 4 for

closed forest (see Table 1 for broad FAO definition). For forests,

Forestry Department estimates (in braces) (Fontaine 1981) are higher

than Persson's, probably because more areas already disturbed by earlier

logging and old shifting cultivation are included. Singh's recent "open

woodland" estimates in col. 5 (updated by personal communication 1982)

are lower than Persson's, mainly because he makes separate provision

for tropical/subtropical fallow areas of both tree formations and scrub.
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Table 4. Areas of closed forest, open woodland, and arable land plus permanent crops; also tropical fallows and scrub

Land area (10)6 km24

Continent

TROPICAL &

SUBTROPICAL

COUNTRIES

Total

areab

Closed forest9

Estimates Accuracy

Open
woodlandc

grass

Tree

formations

* forest

+ woodland

Fallowsd Scrub and Arable land
of tree Its fallow" + permanent
formations areas crops

10

Mid-Africad 21.48 1.682
[2.037]<=
(2.17)

1.37-1.76 7.1"

{4.86}*

8.16a
[6.62]e
{7.03} {1.66)6 {4.43)e

America (S, Central) 16.91 5.67

[6.593]
(6.79}

4.6-6.65 2.5

(2.17}

8.17

[8.23]
{8.96} {1.70} {1.46}

1.03

Asia (S.SE) 8.99 1.75

[2.62]
1.45-2.32 1 2.75

[2.97]
2.70

Oceania 3.55f 0.5f
[0.411+]

0.4-0.6 0.5f 1.0' 0.11

Asia and Oceaniae-f

50.93

(3.061

9.6

[11.669
+11.32]

8-11

(0.311

11.1

[6.41]

{3.36} {0.73} {0.36}

20.08

FAO: 1975*

19806

[18.07] 5.49

Fontaine 1981 (for 1980}
[Brown and Lugo (1980)
after Persson (1974)] 48.44

(12.01)

10.44

(7.34}

7.93

(19.34)

18.38

{4.09} {6.25}

Unesco 1978 46.09 11.0 8.2 19.2

SOUTH OF "TROPICS"

South Africad 3.08 0.016 0.015-0.017 0.65 0.666 0.19

South America 3.39 0.12 0.08-0.16 0.4 0.52 0.43

Oceania 4.69f 0.26f 0.2-0.3 0.62f 0.88 0.35f

11.43 0.396 0.3-0.47 1.65 2.07 0.97

NORTH OF "TROPICS"

Africa 5.75 0.016 0.013-0.027 0.06 0.066 0.2516

Asia (W,E, Central) 18.60 1.52 1.27-1.84 0.34 1.86 2.97

Europe 4.87 1.37 1.29-1.4 0.2 1.57 1.42

USSR 22.4 7 6.2-7.7 2 9 2.324

N. America 19.34 4.6 4.4-5.5 2 6.6 2.61

70.96 14.51 14-16 4.60 19.10 8.16

Non-"trop1cal"
subtotal 82.39 15.9 14.3-16.4 6.19 21.17 9.13

Totals

Accuracy
133.35 26.29

21.5-27.5

17

12-24

41.25 14.62

Additional "scrub

and brush!and"

10-20 {10.34} "tropical"
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aNonfarm estimates without brackets are mainly after Persson, especially Table A of his 1977b review. He evaluates the many
sources of uncertainty leading to the range of accuracy estimated 1n column 4. Possible high biases of "official" national
forest estimates may also be reflected in bracket summaries even though later FAO staff attempted independent judgments (see d).

DFrom Persson 1977b; finer breakdown and farmland from Yearbooks of United Nations Food and Agricultural Organization
(e.g., FAO 1979). "Total area" includes not only land but also inland water bodies, estuaries, and wetlands that are sometimes
flooded for long periods.

cThe FAO supposedly uses "open woodland" as the designation for areas with a 5 to 20JS crown cover. Vet, even such sparse cover
may in fact be labelled "closed" forest if the community type normally has denser canopy (I.e., 1f 1t has been opened by fire,
cutting, or other disturbance but might recover). Because of such disturbance, extensive forest areas that formerly were closed
(according to either a loose or strict definition) have since become "open." Also, the label "open woodland" has been used 1n
refining designations formerly called "forest" for administrative reasons.

dBefore the 1980s it was difficult (e.g., Persson 1974) or impossible to estimate fallow land (formerly cropped but partly
regrowing trees or shrubs) separately. Doing so identified components of the landscape that may have formerly exaggerated
"woodland" estimates, especially for Mid-Africa, i.e., Sub-Saharan Africa excluding South Africa, Swaziland, Lesotho, Botswana,
Namibia, and also Zimbabwe. Zimbabwe was included in (all tropical) East Africa by FAO (1981) map. They defined Botswana and
Namibia as "Tropical South Africa" and excluded the first three from their tropical tables and Fontaine's (1981) summary.

eSquare brackets have 1979 estimate of Lanly and Clement for 1975, and also 1980, following the arrow on the FAO line. Braces
have K. D. Singh's 1982 estimates (pers. comm.), mostly represented 1n his contribution to Fontaine (1981). (Asia and
developing Oceania are combined in that reference, without including tropical Australia.)

f3 x 106 km2, including 0.11 x 106 km2 agricultural area, 0.19 x 106 km2 of closed forest, and 0.43 x 10* km2 of open
woodland for Australia, were allocated tentatively to tropical (including subtropical) Oceania. The 3 plus 0.55 x 106 km2 of
"Developing" Oceania islands gives the total area in col. 2. The 0.31 x 10° km2 of forest in "Developing" Oceania plus an
allocation of 0.19 x 106 km2 from Australia's part of "Developed Oceania" forest gives the round number of 0.5 x 10* km2 for
the closed forest. The open woodland estimate for col. 5 includes only 0.07 x JO6 km' for "Developing Oceania," and the allocation
of 0.43 x 10° km'from Australia, summing to a rounded total of another 0.5 x 10°km2.of 0.43 x 10b km'from Australia, summing to a rounded total of another 0.5 x 10° km2.

9(11.20 + 0.46) x 10J km2 including 1975 "natural types" but possibly more or less disturbed stands (mostly hardwood
excluding 0.05 x 10* km2 of "industrial plantations1' in 1975 and 0.0655 x 106 km2 projected (1n late 1978) to 1980.
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Areas from dot counts on maps of the "Physical-Geographic Atlas of

the World" (Gerasimov et al. 1964) and data from early studies were

compiled by Bazilevich et al. (1968, 1971). However, these authors did
not"deduct farmed or fallow areas, nor adjust area or phytomass

estimates for ecosystem types that show gross human or fire

modifications of natural patterns and carbon density.

We previously reviewed the areal coverage which Bazilevich et al.
(1968, 1971) estimated for the preagricultural landscape/soil categories
and then attempted to allocate to them the proportions of clearing
that had presumably occurred before and after 1860 (Table 2.1 of Olson
et al. 1978). The estimates cited there, others from SCOPE 13

(Tables 1.2, 5.3, and 5.5 in Bolin et al. 1979), and additional study
led to the following review of other authors' areal estimates and new

ones based on the present data base.

One example of geographical allocation is the latitudinal

distribution of our mapped complexes of Second-Growth Woods and Field

Mosaics. Of the 5.2 x 106 km2 currently mapped in the forest/field
complex category, 1.7 x 106 km2 occur between 30°N and 30°S latitudes.
This category is meant to include additional degraded, regrowing, or
planted areas of the tropical and subtropical, mostly humid forest
types on Table 2. Table 2 also identifies where and how allocations of
area and carbon are made between the wooded and nonwooded parts of

certain ecosystem complexes. Proportionately more of the warm to hot

field/woods complex, 2.6 x106 of the total 4x106 km ,is in these
tropical or subtropical latitudes. The geographical distribution of
the areal extent of the field/woods complex suggests that approximately

50% of this category could also be mapped as fields, grass or shrub.

Most areas of these complexes also include some cultivated crops. Our

first approximation for areas of both complexes assumes that these

cropped areas are balanced by patches of FOREST AND WOODLAND,
INTERRUPTED WOODS, or GRASS AND SHRUB COMPLEXES in the MAINLY CROPPED,

RESIDENTIAL, COMMERCIAL, PARK landscapes. Unless otherwise noted or

questioned, we tentatively assume that additional area offsets may

occur among other nonprevalent types due to occurrences in other

complexes. Presumably, further improvements in areal estimates can be
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made, based on region-by-region data. However, such improvements may
require several years of additional work, preferably including

independently verifiable and repeatable data from satellite imagery and
related ground truth data.

Table 5 supplements Table 2 and Fig. 4 in the following ways.

Re-allocations of area with affiliated vegetation of certain

INTERRUPTED WOODS were just noted for the two broad groups of

Second-Growth Woods and Field Mosaics. Proportions of bare and

nonwooded to forest area in Tropical Montane Complexes are not known,

but seem likely (from general geographic knowledge) to be in the range

of 40 to 60% average over most regions. Provisionally the partition is

taken simply as 50% until better allocations can be made. The choice

has relatively slight effect on the carbon numbers unless much larger

areas become identified as "montane." Other ways of regrouping are

made just for convenience of associating various tropical, all Boreal,

and mostly temperate tree formations to parallel more closely some

other investigators' tables (cf. Whittaker and Likens 1973, 1975;

Tables 2.1 and 5.5 in Bolin et al. 1979).

Finally a major purpose for including columns for low and high as

well as medium estimates of carbon is to summarize aspects of

variability and uncertainty that were omitted for simplicity in

Table 2 and Fig. 4. Carbon densities and totals will be discussed in

Sects. 4.2 and 4.3 after more specific details about the ecosystem

areas derived from the map (Plate 1) and some of the ancillary sources

just reviewed are discussed.

4.1.1 Tropical and Subtropical Woods Areas

The 1.7 x 10 km from the forest/field complex plus

10.4 x 10 km actually mapped as Tropical/Subtropical Broad-Leaved

Humid Forest totals 12.1 x 106 km2, remarkably close to the
fi 7

12 x 10 km noted by Fontaine (1981) from the latest FAO regional

forest summaries (braces in Table 4, column 3). Of the 1.2 x 106
?

km mapped as Tropical Montane Complex in the 30°N to 30°S latitude
fi ?

band, the 0.6 x 10 km was considered as subalpine, upper montane,



Table 5. Regrouped estimates of ecosystem areas and ranges of carbon in plants

Major world ecosystem complexes

TREE FORMATIONS ("W00DS")d:
FOREST AND WOODLAND and INTERRUPTED WOODS

Tropical Montane Forests

Other Tropical/Subtropical Forest (lowland humid)

Mangroves (of forest structure)^

Other wet site, other wet nonseasonal evergreen
equatorial forest

Lowland "tropical wet" and rain forests9

Tropical seasonal forest

Evergreen or deciduous "moist" forest,
closed or regenerating well

Planted, degraded, poor site,
or marginal "forest"

"Tropical moist" with lower carbon

Mapped "lowland" wet-moist closed
Tropical/Subtropical Broad-Leaved
Humid Forest

Additional forest/field area allocated""
to tropical humid forest

Combined wet-moist tropical/subtropical
closed forest (including seasonal humid)

Mostly Temperate Broad-Leaved Forest

Mixed Woods: alternating evergreen
and broad-leaved

Subtotal, mostly midlatitude

Remnants of above, interspersed with
fields, etc. (forest/field)

Broad-leaved forest, some with plantations and
other conifers mixed or alternating: subtotal

Predominantly Conifer forest (mostly nonboreal)

Mostly nonboreal conifer, temperate
broad-leaved, and mixed forest

Tropical and temperate forest, mostly
closed and humid: cumulative subtotal

Area (106 km2 or 108 ha)a

Major
subtotals

(0.5 x 1.2) - 0.6 foreste

0.2

2.8

3.0

6.09

1.4"

7.4

1.5

3.5

10.4

1.7

5.0

3.51

8.5

3.5i

12.7e

12.0

24.7

Phytomass C estimates0

Estimated densities'
per unit area (kg/m2)

LOW

6

3

10

4

MEDIUM

9

7

20

14

10

10

10

16.8

HIGH

15

10

25

17

12

14

14

20

Global totals
(Pg - 10" g
= 109 ton = Gton)

LOW MEDIUM HIGH

3.6 5.4 9

0.6 1.4 2

42 56 70

42.6 57.4 72

60 84 102

6 14 17

66 98 119

108.6 155.4 191

6.8 8.5 13.6

119J 169 214 J

(130 to 200) k

13 15 21

21 35 49

34 50 70

14 17.5 28

48 68 102

42 59 70

90 128

296

172

209J 386

(250 to 350)

O
73

CT1
00

ro

00



Table 5. (continued)

Area (106 km2 or 108 ha)a

Major world ecosystem complexes

1.6

5.56

4.7

6.7

4.0

7.16

4.4

TREE FORMATIONS: (continued)

Boreal forest and woodland ("taiga")1

Southern continental taiga forest with openings

Main taiga, closed or open woods

Main and Southern Taiga

Northern or Maritime Taiga, stunted subalpine woods

Boreal forest and woodland: subtotal "cold woods'

Tropical/Subtropical Woodland/Savanna/Tall Scrub1"

Tropical Dry Forest and Woodland, mostly
drought-deciduous

Tropical Savanna and Woodland, moist or dry seasonal

Xerophytlc succulent thorn woods and scrub
or grass

Tropical dry: subtotal

Wooded parts in tropical field/woods

Main partly wooded tropical areas outside
major humid forests

Other Dry Woodlands, Forest, and Tall
or Dense Scrub

Mediterranean-type woods, with savanna,
chaparral, etc.

Other semi-arid woodland or low forest

Other dry or highland tree or shrub types,
fairly open

Seasonally dry or highland woods

Mostly temperate field/woods

Partly wooded complexes, mostly of
mid-latitudes

15.4

(0.5 x 2.6)" 1.3

Combined cold to (seasonally)
dry woods, averaging

Subtotal FOREST AND WOODLAND,
and INTERRUPTED WOODS (including
some savannas and fallows)

1.0

0.9

2.6

(0.5 x 1.4)n

4.5

0.7

Major
subtotals

11.6

16.7

5.2

33.5

58.2

Phytomass C estimates0

Estimated densities'
per unit area (kg/m2)

LOW MEDIUM HIGH

14

11

10

LOW

10

22

45J

(66

Global totals

(Pg = 10I5 g
= 109 ton = Gton)

MEDIUM

18

44

22

84

to

HIGH

22

62

35

119J

98)k

24 33 42

13 20 33

8 16 24

45 69 99

2.6 5.2 7.8

480 74 107^

(60 to 90)k

2 5 9

5 10 21

9 19 38

1.4 2.8 3.5

100 22 41j

(11 to 31)k

1030 181 267J

(142 to 220)k

3120 477 653J

(400 to 550)0

10

o
73

00
en

PO



Table 5. (continued)

Major world ecosystem complexes

WETLANDS AND COASTAL (Woods and/or nonwoods)

MAJOR WETLANDS (additional exist in other types)

Swamps, and/or shrub or herb marshes

Bogs/mires of cool or cold climates
(graminoid or woody)

Subtotal

COASTAL AND MISCELLANEOUS

Subtotal WETLANDS and COASTAL

NONWOODS (trees, if any, small, scattered, or plants)

MAINLY CROPPED, RESIDENTIAL, COMMERCIAL, PARK

Irrigated farms and settlements

Paddyland plus associated settlements and trees

Other irrigated dryland row crop and pasture

Major irrigated areas: subtotal

Other Crops, Settlements, and Marginal Lands

Cool or cold farms, towns, etc.

Warm or hot farms, towns, etc.

Subtotal

Combined Crop, Settlements, and
Fringe Land

GRASS AND SHRUB COMPLEXES

Grass-scrub interspersed in field/woods: (1.3 + 0.7)

Grass-scrub in Tropical Montane Complexes

Heath and moorland, maritime scrub with meadows

Very cold Tibet and Siberian meadows and parklands

Subtotal

Cool grassland

Warm or hot grassland, or maritime or montane
grass with little or no snow

Similar, with relatively more shrub, trees

Subtotal, nonsnowy shrub and grassland

Combined GRASS AND SHRUB COMPLEXES
(besides scrub 1n wooded tundra,
tundra; and desert)

Area (106 km2 or 108 ha)a

1.6

0.9

2.0

1.6

3.0

9.3

2.5

0.35

3.6

12.3

2.0 grass/scrub

0.6

0.15

0.85

3.6

3.94

8.65

8.65 "

17.3

Major
subtotals

2.85

15.9

24.8

Phytomass C estimates0

Estimated densities'
per unit area (kg/m2)

LOW

1.5

2

1.5

0.8

0.8

2

0.6

1

0.5

0.5

0.5

1

MEDIUM

3

2

3

1

1.5

1

1

1.6

HIGH

6

6

LOW

2.4

3.4

0.3

4J

(5

Global totals

(Pg = 1015 g
= 109 ton = Gton)

MEDIUM

4.8

6.8

1

7.8

to

HIGH

5.4

15

1.4

16J

15)k

4 6 8

2 3 4.8

6 9 12.8

2.4 - 3 6

7.4 9.3 18.6

9.8 12.3 24

16 21.3 57T

(17 to 30)k

4 6 8

0.4 0.6 1.2

0.15 0.2 0.3

0.4 0.8 3.4

5.05 7.6 12.9

2 4 8

4.3 8.6 17.3

8.6 14 26

12.9 22.6 43

17.9 32.1 640

(20 to 50)k

O
73

I

en
oo
en
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Table 5. (continued)

Major world ecosystem complexes

TUNDRA AND DESERT

Wooded tundra and timberline fringe

Tundra and Related Complexes

Arctic Polar Desert (besides ice)

Other High Arctic Tundra

Low Arctic Tundra

Arctic: subtotal

Other Tundra, alpine desert, meadow and paramo

Combined tundra, alpine,- and woody fringe

Desert and Semidesert

Sand Desert: scrub/herbs or barren

Cool Semidesert Scrub

Other Desert and Semidesert. mostly warm to hot

Semidesert, Desert, and Bare (nonpolar)

Combined TUNDRA AND DESERT

Arid, Cold, Other Grassland, and Scrub
(combined "Nonwoods" besides major wetland,
coastal, and crops, etc.)

Total for "NONWOODS" excluding major
wetland and other coastal

Total for "Land" (Total of numbers
below double lines)

WATER AND ICE:

Lakes, Streams, and Reservoirs0

ICE and Antarctic POLAR DESERT

Total area for "Continents" (Land, freshwater, and ice)

Total area for Oceans

TOTAL FOR "WORLD"

Area (106 km2 or 108 ha)a

0.2

1.6

3.8

5.2

2.0

11.0

1.7

5.6

'5.7

3.2

•vl5

Major
subtotals

13.0

18.2

31.3

133

150.6

360

510.6

Phytomass C estimates0

Estimated densities'
per unit area (kg/m2)

LOW

1

0.002

0.1

0.6

0.5

0.02

0.3

0.2

0.1

MEDIUM HIGH

2 5

0.01

0.5

1

0.8

0.02

1

1.2

1.5

0.05 0.2

0.6 1.0

0.4 1.0

0.2 0.3

Global tota
(Pg - 10'5
• 109ton =

lis

9 ,
Gton)

LOW MEDIUM HIGH

2 3.4 8.5

0.0 0.0 0.0

0.2 0.8 1.6

2.3 3.8 4.6

2.8 4.6

12.6

8.5

23.2 J

(10 to 15)k

0.1 0.26 1.0

0.6 1.2 2.0

2.2

2.9

10.2J

4.4

5.9

18.5

11.01

14

37J-
(15

28.10

to

52.7

25)k

101 j

(45 to ' 90)

440 74 138J'
(60 to 120)°

3600 557.8 8070

(460 to 660)°

0.3 0.5 0.9

0 0 0

460 558.3 661

1 3 45

(461 561.3 665)

cn

o
73

i

cn
00
cr>

ro



aAreas from sum for 0.5° x 0.5° cells (adjusted for latitude), except for tundra. Arctic tundra divisions are after Tables 2 and 3 of Miller (1981).
Above- and belowground estimates for year-round average. Carbon assumed mostly 0.43 to 0.47 of oven-dry mass.

'Judgments are essential where biomass or carbon of poorly sampled types can be estimated relative to types sampled more widely. Disturbance commonly
makes the landscape support less biomass or carbon than for well-developed or "mature" types. Extra digits may be carried to minimize rounding errors,
but do not imply accuracy of more than one or two significant figures. Uncertainties are indicated by low and high estimates (see footnotes j, k, and o).

d"Woods" here include forest, woodlands, associated savannas, and scrub where it commonly becomes tall (>2 m) or dense.
includes half the 1.2 x 106 km2 provisionally mapped montane that is estimated to be woods. Carbon for this part is higher than the average for the
whole montane complex, but much lower than for montane forest stands of maximum biomass.

fAreas mapped and tabulated as "swamps" probably include an additional •*. 0.1 x 106 km2 of mangrove, mostly lower or sparser than areas included in
(and closely interspersed with) other tropical forest, along many of its ocean shorelines. Mangrove total of 0.3 x 106 km2 from Ajtay et al. (1979)
matches this plus the 0.2 x 10° km2 counted in "forest."

9Areas estimated by difference: subtracting 0.6 x 106 km2 for montane forest from Persson's (1977b) best estimate of tropical closed forest
(9.6 x 10° km2), and tentatively allocating 1/3 to the "wet" tropics and 2/3 to "moist tropical lowland closed forest. The latter is mostly
seasonal—evergreen, semideciduous, or drought-deciduous (e.g., monsoonal) humid forest. Slightly lower proportions of "moist" were estimated by Olson
et al. (1978) and Brown and Lugo (1982), but most subtropical and some tropical wet forests are also "seasonal," and these remain to be mapped.

"Degraded, poor site, or other marginal forest is inferred by subtracting the 9 x 10° km2 in footnote g from 10.4 x 106, mapped as "tropical
lowland" closed forest. Similar figures are reached by Persson (1974) and Brown and Lugo (1982) with slightly different scope.

'"Forest/field" and "field/woods" complexes were defined mostly in areas where agriculture is the dominant economic land use, but where forest remnants
and/or plantations or woody crops are important enough to raise the live carbon well above the averages expected for croplands and grass or scrub area.
For simplicity, all forest/field is allocated to forest area, but assumed to have a low range of carbon because of interruptions, thinnings, young stages
of regrowth or plantings, and cumulative disturbances by fire, grazing, or erosion.

ORanges summed simply by adding all the low and high estimates probably suggest excessively wide uncertainty on totals, if some positive and negative
errors tend to cancel one another.

In view of footnote j, uncertainty

'Areas including some dense conifer forests typically have regional averages lowered by the substantial areas of open growth and regrowing forest
following cutting, fire, or old-field successions. Some but not all of these recently disturbed forests are included in Mixed Woods and forest/field.

""Typically outside the equatorial belt of wet and seasonal moist forests, but may include nutrient-poor, drier-site, and rainshadow areas. These include
frequently burned regions; some have higher carbon stands as exceptions to the general cover, especially as gallery woods along streams.

"Until regional data suggest refinements, field/woods areas are allocated half to woodland (with locally denser forest remnants) and half to scrub and
grassland. Cropping and grazing are important in most of these complexes, but the areas so managed are provisionally assumed to be balanced'approximately
by forest, woodland, scrub, and grassland in other places that are mapped as cultivated.

°These ranges attempt further to allow for the likely compensation of errors (see footnote j), on the high and low side, for different areas and carbon
densities per unit area.

D0nly the largest bodies of inland water are mapped separately with the resolution of 0.5" x 0.5° grid cells.
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and some of the lower montane forest or woodland (Grubb 1977), but the

remainder would include even smaller areas of such diverse types as

alpine, paramo, or high puna formations (Barclay 1977a,b), artificially
cleared areas, and cliff or avalanche areas - all having much lower

than average cover, biomass, and carbon (see short bar in Fig. 4A).

Even the 11 x 106 km2 (the wooded 0.6 x 106 km2 of Tropical
Montane Complexes, plus 10.4 x 106 km2 of Tropical/Subtropical
Broad-Leaved Humid Forest) that are not mapped separately as

forest/field complex probably include additional degraded forest areas

in many countries (Persson 1974, 1977a,b; Wacharakitti 1976; Sommer

1976; Synott 1977; Lanly and Clement 1979; FAO 1981; Myers 1980a,b;

Brown and Lugo 1980, 1981, 1982; Olson 1982). Persson's (1977b)

estimate of accuracy spanned a range of 8 x 106 to 11 x 106 km2
for closed forest. His best estimate, Table 4 (column 3), was

fi ? f\ o
9.6 x 10 km . Subtracting the 0.6 x 10 km of the montane forest

fi 2
suggests ^9 x 10 km of relatively dense nonmontane or marginal lower

montane humid forest. Subtracting that in turn from 10.4 x 106 km2 of
area mapped as Tropical/Subtropical Broad-Leaved Humid Forest suggests

that the latter includes approximately an additional 1.4 x 106 km2
that have been fairly recently or seriously disturbed, or are marginal

in site quality or already degraded, and hence lowered in carbon.

Some of the more degraded forest area could correspond with the
fi fi 9

3 x 10 to 5 x 10° km , as estimated by Wong (1978), Fontaine (1981)
and Seiler and Crutzen (1980) to be involved in the cycle of

slash-and-burn agriculture, alternating with fallow periods of regrowth

of trees. However, there are 1.7 x 106 km2 of fallows in open woodland
formations (Singh, pers. comm.). In seasonally humid savannas, as well

as seasonal humid forests, burning is even more effective than in rain

or wet forests (Olson 1981b) and commonly propagates coarse grasses

that make further cultivation difficult (Mueller-Dombois 1981, Fontaine

1981).

Brown and Lugo (1980, Table 6) independently estimated
fi ?

10.4 x 10 km of closed tropical and subtropical forest when they

allocated by country the portions of Persson's 1974 World Forest
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fi 2
Inventory. In 1982, they took 10.7 x 10 km of closed forest as

an approximation to the area of moist, wet, and rain-forest categories

of Holdridge (1947), without claiming to test the equivalence. They

also accepted "open woodland" as an approximation to the dry, very dry,

and some thorn forest categories of Holdridge (1967). J. P. Lanly,

K. D. Singh, and other FAO staff do not consider these approximations

consistent with the detailed data underlying either Persson's or later

summaries (Hall and Brown, pers. comm., December 1982). Tropical Dry

Forest and Woodland (upper right of Fig. 4a) may range over the gamut

of projected foliage cover (pfc) and crown cover given in Table 1.

That includes very little closed-forest in the sense of Specht (1981a),

much "woodland" in the sense of Gillison and Walker (1981, including

open-forest in Specht's sense), and some open-woodland.

INTERRUPTED WOODS are increasingly exploited for fuel wood,

although they do not contain much industrial timber. In the tropics
fi ?

they include M x 10 km of succulent and thorn woods and scrub and

smal1 parts of other dry or highland tree or shrub types among the

Woods/Scrub/Grass Complexes. These and the grassy Tropical Savanna and
fi ?

Woodland (6.7 x 10 km ) plus Tropical Dry Forest and Woodland
fi ?

(4.7 x 10 km ) occur in climates with long dry seasons (Fig. 4A).

All of these types are reported to be expanding where closed, humid

tropical seasonal forest is being destroyed or degraded along the

latter's margins. In part, the conversion is due to accelerated use of

fire by farmers and hunters (Olson 1981a,b).

The drier types, with naturally or artificially low biomass, cover
fi ?

more area than the 12 x 10 km of Tropical/Subtropical Broad-Leaved

Humid Forest and related types in Table 5, including degraded and

marginal areas. The former account for large parts of the areas which

Whittaker and Likens (1973) called tropical rain and tropical seasonal
fi ?

forest (24.5 x 10 km ). They assigned to these types the very high

average biomass values of 45 and 35 kg/m dry matter (approximately 20
2

and 16 kg/m of carbon), respectively. The main result was an

unrealistically high estimate of the tropical tree formation carbon.
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4.1.2 Other Ecosystem Areas

Table 5 provides additional comparisons of the areas of dry and

humid tropical tree formations with the other mapping units of Plate 1.

Other FOREST AND WOODLAND include 12 x 106 km2 of mostly Temperate
Broad-Leaved, Conifer, and Mixed Woods of hardwood and conifer, not

counting the taiga zones. Temperate Broad-Leaved Forest types occur

almost exclusively outside the tropics, but Mixed Woods are meant to

include significant subtropical and even small tropical areas,

especially in highlands. Boreal forests include slightly over
fi 7

7 x 10 km in Main and Southern Taiga which are predominantly FOREST

AND WOODLAND with brief growing seasons. Northern or Maritime Taiga
fi 7

(4.4 x 10 km ) includes the transition belt where trees become shorter

and more interrupted northward, upward in altitude, or toward cold

oceans where maritime climates diminish the effective growing

temperature during the brief summer. The Semi arid Woodland or Low

Forest groups identified earlier are in southern temperate/subtropical
fi 7

climates (0.9 x 10 km ), while the succulent and thorn woods and

scrub prevail in more tropical and equatorial areas. The other dry or
fi 7

highland tree or shrub types (2.6 x 10 km ) are mostly nontropical.

Categories of "nonwoods" other than wetland or coastal each cover

much wider areas. MAINLY CROPPED, RESIDENTIAL, COMMERCIAL, PARK

comprises almost 16 x 106 km2.- GRASS AND SHRUB COMPLEXES not allocated
fi 7

to other groups such as savanna or desert comprise almost 25 x 10 km .
fi 7

This includes approximately 0.85 x 10 km (type 42 on Fig. 1) divided

between the extremely cold areas of Tibetan meadows and Siberian

parklands or steppe areas where trees are also stunted or missing
fi 7

altogether. This does not include the 1.7 x 10 km of dwarfed trees

and scrub called wooded tundra and timberline. Wooded tundra and

timberline (Plate 1) grades toward tall-shrub tundra (a negligible part

of the tundra area) from Northern or Maritime Taiga. Arctic and other

tundras (including mountain meadows and rocks nearly bare or lichen
fi 7

covered), along with the wooded tundra comprise 13 x 10 km of

arctic-alpine land. The Tundra, Polar or Rock Desert, and Ice estimates

in Table 5 are based on Miller (1981) in part and on cell counts of our
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ecosystem map (Plate 1) below arctic tundra latitudes. Along with over
CO CO

18 x 10 km of nonpolar desert and semidesert, over 31 x 10 km

are very low in both the pools and exchange rates for plant carbon.

Areas of Bog/Mire of Cool or Cold Climates large enough to map are

mostly in very northern areas, while Warm or Hot Wetlands along coasts,

floodplains, and poorly drained interfluves vary irregularly with

latitude. The Shore and Hinterland Complexes mapped to date (in

addition to black shorelines) occur in proportion to the land

distribution by latitude. Tentatively, such land areas given are

estimated as 35% of the total area of cells mapped as Shore and

Hinterland Complexes, since one or two quadrants of such cells typically

overlap land. The prevalent ecosystem type is commonly used to identify

the coastline cells if more than 50% of the area is land. The mapped

cells of MAJOR WETLAND and OTHER COASTAL, AQUATIC, AND MISCELLANEOUS
fi 7

land complexes add up to less than 3 x 10 km . The collective

addition of many small patches of such landscapes that are spread over

the rest of the map would probably not double this total.

4.2 CARBON DENSITIES IN PLANT MASS (PHYTOMASS)

Ovington (1962, 1965) reviewed many estimates of local forest

biomass density and production rates. By the early 1960s, plans had

developed to use models relating inventories and production rates for a

variety of ecosystems that included litter and humus materials (Olson

1963, 1964) as well as phytomass. The Oak idge biomass work

concentrated on species that reach large s ie (Sollins and Anderson

1971, Sollins et al. 1973). Shanks and Clebsch's (1962) and Whittaker's

(1966, Whittaker et al. 1963) harvesting estimates and litter decay

estimates (Shanks and Olson 1961) in the nearby Great Smoky Mountains

National Park deliberately sought old-growth forests, mostly of large

tree dimension. This permitted using the working hypothesis of steady

state in model balance calculations. Subsequent IBP studies mostly

favored virgin or well-developed stands (Newbould 1967, Duvigneaud

1971, Reichle et al. 1975, Reichle 1981). A bias toward high global

biomass pool inventories emerged only when these specially selected

stands were uncritically averaged as if they were widely representative

of average conditions.
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Field stations of the Komarov Botanical Institute of the USSR

Academy of Sciences (Rodin et al. 1968, 1972), many scientists
following Remezov's tradition at Moscow State University, and other
Soviet workers documented data for stands of many ages. But apparently
they too selected many research sites which epitomized "high quality"
instead of average ecosystem development (Rodin and Bazilevich 1968).
For example, Rodin and Praudin's extraordinarily massive Brazilian
coastal mountain rain forest (pp. 209-211 in Rodin and Bazilevich 1967)
did not represent vast tropical areas subject to hurricane or other

disturbance such as the El Verde Puerto Rican "lower montane" rain

forest. Data from El Verde are analyzed by Ovington and Olson (1970)
and tabulated in Appendix A of this report.

Very high local carbon levels have been documented for certain

tropical and temperate rain forests (Rodin 1953, Brlinig 1967, Fujimori
et al. 1976, Waring and Franklin 1979). Poor soil conditions lowered

tropical pools elsewhere [e.g., Rio Negro forest (Stark and Spratt
1977; Stark and Jordan 1978; Jordan and Escalante 1980; Jordan 1982)].
For Southeast Asia, Chan (1982) and Appendix A of this report illustrate
typical ranges of variation and regional averages. For additional
sources of information leading to global pools, see Appendix B.

Seeking stands approaching the natural upper limits for growth
allowed by local climate and site is sometimes justified by the
knowledge that some intermediate levels of plant mass and carbon for

the realistic average landscape of young and old stands can be

interpolated indirectly if needed. Depending on whether young or old
stands are prevalent from the region's history of fire and cutting,
this regional average must be more or less drastically below the upper
bound estimated from virgin and mature stands. Rarely, if ever, is the

selection of cover types, sites, and age classes by researchers
expected or designed to make a systematic or random sampling to

represent an unbiased estimate of regional average biomass or carbon.

Routine resource inventories (like the forest surveys noted in the

Appendix A) do seek such averages, but generally only for some
merchantable subset of the total biomass (e.g., for sound, straight

tree boles, exceeding 10, 30, or 50 cm in diameter at 130 or 137 cm
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above the ground level, on the uphill side of the tree; or above

buttress level in some tropical forests). How to convert extensive

surveys of this type to valid relations with complete biomass sampling
is addressed further in Appendix A, but this remains a large problem

for continuing studies of the biospheric carbon (Johnson and Sharpe

1982).

The best estimates for the regional averages, combining all the

allowances the senior author could make in 1981, are given in the

single column of carbon density shown for simplicity in Table 2.

Parentheses there call attention to the lower averages attributed to

the nonwoody areas of Tropical Montane Complexes to field/woods

complexes (see also Table 5 and dotted lines in Fig. 4A).

Table 5 restates these numbers, but relocates the woody and

nonwoody areas of these mixed complexes in proximity to related

ecosystems so that sums of area and total carbon can more easily be

compared with equivalent estimates by other authors. Table 5 also adds

columns for low and high as well as medium estimates of average carbon

density (and corresponding global totals). These are based on
experience and judgment, combining all known or suspected components of

sampling variance and bias that might make the medium estimates above

the expected value (unknown true mean) in some cases and below it in

others.

Based mainly on Appendix A and its sources, Table 5 also gives

some further breakdowns of the tropical forest to illustrate how the

admittedly high carbon density of lowland rain forest and some other

wet-climate and wet-site closed forest might be offset by lower mass of

most mangrove forests. (Some of these were covered separately in

swamp woods.) Seasonal moist forest (evergreen to drought-deciduous)
and other lower-mass forest types also affect the broad average of 14.9

kg C/m2 that was rounded to 15 for Tropical/Subtropical Broad-Leaved
fi" 2

Humid Forest in Table 2. The allocation of an extra 1.7 x 10 km

of forest/field area as predominantly younger Second-Growth Woods and

Field Mosaics of this type increases the area matching "rain forest" in

the very loose sense used by Whittaker and Likens (1973). That is

still only 12.7 x106 km2 instead of their 17 x106 km2. For
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any plausible carbon density that might be assumed for this

Second-Growth Woods, and for its additional dilution by fields

currently in the mapped areas of INTERRUPTED WOODS, the corresponding
combined carbon density is lowered to amean near 13.3 kg C/m2.

If all the low estimates on carbon density were added, the mean

for all the wild and disturbed variants of the preceding paragraph
might be as low as 9.4 kg C/m2. Only by taking all on the high side
might the mean be increased to 16.8 kg C/m2 -- in the lower part of
the 16 to 20 kg C/m which Whittaker and Likens (1973) assigned to a
tropical forest area almost twice as large as we find for humid

tropical forest. It is implausible that all our errors would be either

all on the high or all on the low side (footnote j in Table 5). A more

credible range of uncertainty for mean carbon density would be 10.2 to

15.7 kg C/m , corresponding with the subjectively rounded global
total range of 130 to 200 kg C (footnote k in Table 5).

The next regrouping of importance in Table 5 brings together the
several kinds of taiga or Boreal forest. The arealy weighted mean of 8

2
and 11 kg C/m for Main and Southern (Continental) Taiga, respectively,
gives the 8.66 kg C/m average, rounded to 8.7 in Table 2. Table 5

also brings up the Northern and Maritime Taiga and its estimated mean
2 — —

of 5 kg C/m , for convenience in grouping in the Boreal (taiga) total
of 84 Pg C. The combined average density is 7.2 kg C/m2. All low
and high estimates would give 3.9 to 10.6 kg C/m2 (footnote j); more
credible uncertainty around the preceding mean would be 5.7 to

8.4 kg Cm2 (footnote k).
These figures all exclude the wooded tundra and timber!ine (often

translated "forest tundra" and pooled with Boreal or taiga forest.

Including it would increase the total C to 87.4 Pg C, but lower the

average density to 6.6 kg C/m2 over the combined area of
13.3 x 10 km ). That complex is grouped with Cold Grass or

Stunted Woody Complexes on Table 2 (i.e., with other potential grazing

lands of GRASS AND SHRUB COMPLEXES). In Table 5, the same transitional

zone is alternatively juxtaposed with the neighboring Tundra. Its

higher carbon density does not quite offset the low carbon of high
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arctic and alpine complexes having much bare rock. The combined mean
2

is very close to the round number ofl kg C/m taken for the average

of various low arctic tundra communities.

Like Polar and Rock Desert, most Sand Desert is almost bare, and
2 • •

merely dilutes the overall desert mean to 0.3 kg C/m . Combining
Tundra (along with wooded tundra and timberline but not _Ice) and Desert
(along with Semidesert) gives 0.6 kg C/m weighted average. Again,
summing low and high estimates indicates conceivable mean densities
from 0.3 to 1.2 kg C/m2. If some over- and underestimates of carbon
cancel, the global totals of 15 to 25 Pg C imply uncertainty of their

2
density average more like 0.5 to 0.8 kg C/m .

Between the massive forest and bare rock or sand, from hottest to

coldest and wettest to driest habitats, best estimates for ecosystems

with less extreme averages and uncertainties about carbon can similarly

be read from Tables 2 and 5. The countries from which stand values of

carbon density are available are given in Appendix B (Table B-l for

Tree Formations; Table B-2 for other ecosystems). The broad ranges of

carbon given for major legend groups on Plate 1 are believed to span

all the type means in each group and most of the mapping cell stand

averages that contribute significantly to those means.

4.3 GLOBAL CARBON ESTIMATES

The total petagrams (billion metric tons, or gigatons) of carbon

on Table 2, and ranges for these global total estimates given in the

Low, Medium, and High columns of Table 5, were estimated by multiplying

square meters of area by kilograms of carbon per square meter (Eq. 1).
Huge though these totals are, present estimates are significantly below
other recent high estimates reviewed briefly in Sect. 4.3.1. Credible
ranges for the true but still imperfectly known totals are summarized
in Sect. 4.3.2, considering the uncertainties just discussed. Finally,

in Sect. 4.3.3 we review some early historic estimates based on an

idealized assumption of the world carbon balance being in a steady

state (Eqs. 2 and 3 below). That section and its equations also remind
us that production and storage have not actually equalled the carbon

loss (turnover) during the many millenia when primeval plant carbon was
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being drawn down to modern levels estimated in the present report. An

analysis of net rates of change, probably still contributing almost

1 Pg C/year of excess C02 to the atmosphere, is treated by Olson
(1982).

4.3.1 Recent High Global Carbon Estimates

When Bazilevich and colleagues extended available data to world

maps (Bazilevich et al. 1968, 1969, 1971; Rodin and Bazilevich 1968),

allowance for reduced forest area and reduced biomass per unit area due

to human disturbance was not yet incorporated. Bazilevich (1974 and

pers. comm.) and Rodin confirmed the understanding (Olson 1974) that

their averages (mostly compiled by Rodin and Bazilevich 1967)

refer to selected, mostly well-developed or potential vegetation, not

typical managed or degraded vegetation/soil types. Hence, the phytomass

total for all continents (2400 Pg dry matter of Bazilevich et al. 1971,

approximating 1080 Pg C) has to be very much higher than an upper bound

for modern conditions, where harvest, accelerated disturbance, and

incomplete recovery are typical.

Whittaker and Likens (1973, 1975) criticized Bazilevich et al.

(1971) for using extreme values as if they were means for wide areas.

Yet, Whittaker's tabulations and averages clearly did not omit or

de-emphasize the disproportionately large share of virgin stands which

he and Becking selected in the Great Smoky Mountains (cf. comparisons

of Olson 1971b), or the oldest oak forest that could be found on Oak

Ridge sites [right column of Cannell (1982), p. 282], compared with

more typical second-growth forests of Tennessee and North Carolina

restated on pp. 282-283 of Cannell (1982). Multiplying high averages

resulting from such old-growth forests by overly large areas designated

as closed forest affects their own global estimates on the high side.

Whittaker and Likens (1973) estimate of 1837 Pg of global plant dry

matter, assuming 45% C, gave 827 Pg C for the continents. The latter

value is often quoted (Bolin et al. 1979; Hampicke 1979a,b, 1980) and

factored into high flux estimates for C0? to air (Woodwell and
Houghton 1977, Woodwell 1978, Woodwell et al. 1978, Prentice and Coiner

1980), despite Whittaker and Likens' stated misgivings about how
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representative their estimate could be. The 1976 synthesis estimate

(Baes et al. 1976) of 680 Pg C (about 600 Pg C for woody tops and roots

and 80 Pg C for other live vegetation) also seems now like a high, but

less extreme, upper bound (Olson et al. 1978).

4.3.2 Credible Ranges of Plant Carbon for Major Landscape Complexes

The less-degraded closed nonmontane Tropical/Subtropical

Broad-Leaved Humid Forests (Richards 1964, Jordan 1982, Brown and Lugo

1982) and their degraded remnants (109 to 191 Pg C) still dominate the

totals, and the uncertainties, for the tropical forest (119 to 214 Pg C)

and for world woods (400 to 550 Pg C). Tropical Dry Forest and

Woodland (24 to 42 Pg C), without or with much opening to shrub, and

grassy Tropical Savanna and Woodland (13 to 33 Pg C) contribute

intermediate amounts to the tropical woods total. However, these

groups do deserve closer attention (Huntley and Walker 1982) because of
rapid net lowering of live organic carbon by fire, as well as

significant charcoal storage as a potential sink (Seiler and Crutzen
1980, Olson 1981b). Both fluxes could be important for changes in the

global income/loss budgets of carbon and carbon dioxide. Succulent and

thorn woods and scrub [e.g., caatinga in northeastern Brazil as

discussed by Bucher (1982) and mapped by Hueck and Seibert (1972),
rather than oligotrophic wet forest caatinga on poor, sandy Upper

Amazon Spodosols (Stark and Spratt 1977, Stark and Jordan 1978, Brunig

et al. 1979, Jordan and Herrera 1981)] may have still less carbon mass

(8 to 24 Pg C) to affect global totals. An additional 11 to 31 Pg C in

other dry, low, open, or scrubby woods are mostly temperate or marginal

subtropical.

The Temperate Broad-Leaved Forest, Conifer, Mixed Woods, Main and

Southern Taiga, and Northern or Maritime Taiga include 48 to 102 Pg C

(broad-leaved and mixed types), 94 to 119 Pg C (Taiga), and 42 to

70 Pg C (other Conifer) in the FOREST AND WOODLAND pool of carbon.

Carbon density in live plants in nonwoods ecosystems is low. The

main uncertainties concern how much to add for the scattered trees or

wooded inclusions not counted in woods per se. GRASS AND SHRUB

COMPLEXES (20 to 50 Pg C) do not contribute nearly as much as woods to
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global totals nor do Tundra (10 to 15 Pg C) or various Desert and

Semidesert (3 to 14 Pg C). MAINLY CROPPED, RESIDENTIAL, COMMERCIAL,

PARK agro-urban and fringe areas contribute only slightly larger totals

and uncertainties (17 to 30 Pg C) than Tundra and Desert taken together,

but less than our estimate of GRASS AND SHRUB COMPLEXES. MAJOR WETLANDS

add at least 5 to 15 Pg of live carbon, but these ecosystems are more

important for storage of carbon in soils and sediments.

In taking the final step from such ranges to an estimated value of

carbon per unit area and a global total in Table 2, there is still

considerable leeway from judgment and experience to use the sampled

averages differently. Adding all the low and high estimates in Table 2

for nonwoods would give 44 to 153 Pg C, but the compensation of some

errors on low and high sides would narrow the credible range from 60 to

120 Pg C. The true total is obviously large compared with wetland and

coastal (8 Pg C), but small compared with the current estimate of

476 Pg C for the main "Tree Formations." Only by taking the high

estimate for every unit in Table 2 could we approach the value

routinely cited and used by Whittaker and Likens for carbon in global

plant mass. A more credible current estimate is 558 ± 100 Pg C for

land vegetation. However, as closer refinements are made, future

estimates seem more likely to move downward than upward.

4.3.3 Discussion of Earlier Estimates of Organic Carbon
and its Annual Production Rates

Lieth's (1978) review of production rate estimates notes Liebig's

(1862) extrapolation that 64 Pg C/year would be taken up if the global
-2 -1

land area fixed carbon at the estimated rate of 0.5 kg C m year ,

based on uncorrected harvest data from a typical European meadow.

Schroder's (1919) classic was also based primarily on production rates

but included an indirect inference about global plant mass. He

conjectured a global forest biomass estimate of 550 Pg of carbon, using

a common geochemical hypothesis of steady state. This assumed that his

annual carbon income estimate for all world forests (11 Pg/year) equals

annual loss. The loss is the product of the unknown pool size

multiplied by a mean annual turnover fraction (i.e., 1/residence time,
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averaged over the varying actual times between photosynthetic input and
loss by cutting or death of tree or branch, leaf, etc.). The

steady-state equations were equivalent to those used in ecosystem
modeling of litter (Jenny et al. 1949, Olson 1963), humus (Jenny et al.
1949), or multicompartment systems (Olson 1964, Sollins et al. 1973,
Innis 1978, Bazilevich and Titlyanova 1980, Breymeyer and Van Dyne
1980):

(income) = (loss) (2a)
(forest production) = (1/residence time) x (pool size), (2b)

11 = (fractional turnover) x (pool size). (2c)

If the turnover time were 50 years, then elementary algebra provides
the pool estimate:

(pool size) = (production) x (residence time) = 11 x 50 (3a)
= (production)/(turnover) fraction = 11/0.02 (3b)
= 550.

These estimates are remarkably close to those of the present report.
Yet they hinged strongly on their authors' intuitions about the meadow

value or mean tree mass age chosen for one-step extrapolation
to the world.

Other early estimates of biomass or its carbon were generally much
lower. Hutchinson (1954) seemed ready to follow Rubey (1951) and
others in accepting an estimate near 700 Pg for carbon in humus.

However, he rejected Rubey's estimate of 29 Pg for living mass, stating
that "A value of the order of 1017 gwould be reasonable " Craig
(1957) also rejected the very low estimates, but considered
0.06 g/cm of the whole earth (511 x 1016 cm2 land plus water
area), or 307 Pg, as accurate enough for his models of isotope
distribution among major global carbon pools. In his diagrams, live
organic carbon was taken as 50% of the atmospheric content, then
estimated to be 644 Pg.
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Mii'ller's (1960) synthesis on carbon cycling combined extensive

records of biomass as a function of stand age (Miller 1947, Miller

et al. 1954) with other data. Numerous species and sites were compared

by Ovington (1962, 1965, and earlier works cited there). Muller's own

field and laboratory research on photosynthesis and respiration in

Denmark and the Ivory Coast were updated by Muller and Nielsen (1965).

Muller's (1960) judgment retained a global estimate of approximately

300 Pg of plant carbon (also followed by Lieth 1963).

Production rates fluctuate from year to year with changing weather.

But if that could be averaged out, production is generally presumed to

vary less than stored biomass and carbon do, following a temporary

readjustment period when old ecosystems are replaced by young ones, or

by different ones using undegraded sites. There are important losses

in productivity: where soils are eroded, air is polluted, water is less

available, or less of the potential growing period is used by substitute

vegetation. But additions of nutrient and water on the localities that

reward cultivation may offset some loss of organic production rate, on

a given site, or elsewhere. Reviews of the problem and data on

production and carbon cycling have been made in earlier reports (Olson

1964, 1974, 1975; Lieth and Whittaker 1975; Olson et al. 1978; Ajtay

et al. 1979) and are beyond the scope of this report. Nevertheless, a

few more words are needed along with summary values (from Table 2) in

order to relate these values to the map of Plate 1.

Many of those references cited below include estimates of net

primary production, the intake of organic matter from C02 and water
by photosynthesis (and incidental mineral uptake) minus the plants' own

loss or "tax" due to respiration. Comparatively few studies have enough

independent measurements of respiration, especially for enough times in

the cycle of seasons and growth, to allow for the latter respiratory

losses and to infer the photosynthetic rate or gross primary production

(Olson 1964, Cooper 1975). Many of the International Biological

Programme studies made fuller allowance than earlier research did

(Lieth and Whittaker 1975) for various losses that tend to occur

concurrently with growth, thereby obscuring and generally

underestimating the inference of total production from harvest of

plants through time.
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The resulting findings are numerous only for aboveground plant

parts. Careful excavation is often made for root systems as well.

Allowance for the sloughing of part of the production as roots grow and

perhaps exuding of organic matter is approximate at best (Gilyarov

et al. 1968, Singh and Singh 1981). Commonly the adjustment, or even

the harvest, required to infer belowground production is so difficult

that it is not even attempted or completed. Conversion factors from

aboveground growth rates, like those for root mass, may be substituted.

That makes it important to distinguish between cases where the study in

question has included its own basis for inferring belowground mass or

production, and many others where an approximation is made from related

research, or from plausible but untested assumptions (Rodin et al.

1968).

If syntheses were limited to those few experimental situations

where photosynthesis/respiration balances and detailed root studies had

been attempted and were successful, very few geographic points would be

available. Most would be restricted to mid-temperate latitudes, or

else to a few expeditionary situations for short periods in very cold

or hot, rainy, snowy or dry, or windy, exposed situations. For these

reasons and others, conclusions about regional and global production of

organic matter are sometimes derived through indirect inference from

climatic measurements that are more routinely made and summarized

(cf. Leith and Whittaker 1975).

Even the preliminary summary of Table 2 indicates that all major

complexes besides Tundra and Desert contribute significantly to the

biosphere's annual flux. The global total near 60 Pg C/year is very

similar to that of Ajtay et al. (1979) and only slightly larger than

old estimates of Deevey (1960) and Olson (1970a, also Olson et al.

1970). It is significantly above estimates of Lieth (1963, 1975) and

Fung et al. (in press), and could possibly modify the interpretation of

seasonal exchange which especially concerns these authors. For these

reasons, and for a more basic understanding of biospheric cycling of

elements, it is still important to evaluate and possibly improve these

inferences of carbon flux.
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CHAPTER 5

IMPLICATIONS AND CONCLUSIONS

5.1 GLOBAL DISTRIBUTIONS OF PLANT CARBON IN LANDSCAPES

The reasons for downward revision in estimates of carbon in mass

of present vegetation are: (1) diminished areal extent of relatively

continuous closed FOREST AND WOODLAND, and (2) lesser mass and carbon

per unit area in live plants of these and INTERRUPTED WOODS. The

inferred products of area and mass per unit area were summed to give

approximately 477 Pg C in these groups of tree formations, among major

regional land systems. After minor adjustments for some inclusions of

nonwoody landscapes in the former (Tables 2 and 5, Fig. 4a),

approximately 74 Pg C is currently attributed to plants in land systems

without trees, or with relatively few trees or those of low status, or

artificially planted: the mainly "nonwoods" landscapes. These figures

exclude separate allowance of 8 Pg C for MAJOR WETLANDS and COASTAL

COMPLEXES; allocation to these could be increased by redefinition but

that would just cover more of the small inclusions that are currently

accounted for along with the major land systems. Variations of such

figures due to different grouping and rounding are small compared with

inherent uncertainties near 20% in most of them.

A generous allowance for emergent as well as submerged freshwater

plants brings the total to near 559 Pg C as a medium estimate for land

and lakes. Seaweeds and plankton may add ^3 Pg C in the oceans, but

that is imperfectly known. The total of ^562 Pg C for all live

plants is a tentative medium estimate, within a wide range of other

possibilities. A review of actual variability among literature values

observed locally and ranges of uncertainty for inferring regional

averages suggests that ±100 Pg C is a credible margin of error around

this expected value.

On the high side, the estimates of over 800 Pg C for plants seem

misleading unless massive tropical forest is far more extensive than we

find in more detailed regional analysis (Appendix A). Further revisions

on the low side, well below 560 Pg C, would be less surprising if
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recent use of forest inventories and new remote sensing were more fully
utilized. The standing, fallen, or partly decayed residues of plant

material are not included in these figures, nor are the somewhat larger

estimates attributed to humus within soil profiles (Post et al. 1982a,
1982b).

5.2. IMPLICATIONS FOR HISTORIC CHANGE

The global carbon budget can readily become unbalanced by a small

relative shift in either income or loss, for either atmospheric or

biospheric carbon (Olson 1982). It is a remarkable feature of the

earth's geochemical regulatory system that the balance of C0? and
climate have averaged as close to zero as various geologic indicators
of net change seem to indicate (Lovelock 1979).

Carbon in postglacial but preagricultural world vegetation might
have approached 800 to 1100 Pg, near a global carrying capacity

(Bazilevich et al. 1971, Olson 1974, Olson et al. 1974). But for

recent centuries, such very high totals seem incompatible with estimates

presented here. Previous estimates of 680 to 700 Pg C (Baes et al.

1976) now seem high for the present, perhaps being appropriate for 100

or more years ago (Olson et al. 1978).

Recent estimates of 560 to 590 Pg C for actual current vegetation

may reflect an interim medium consensus (Olson et al. 1978, Bolin

et al. 1979) that is also compatible with the Major World Ecosystem

Complexes map (Plate 1). Further downward adjustment of estimates

(below 500 Pg) is conceivable as forest disturbance, incomplete
regrowth, and poor site conditions are more precisely evaluated.

The unequal changes of large income and loss rates could make the

small net balance shift from source of atmospheric C0? to atemporary
sink, and back to source. Because humus pools are even larger than

phytomass, but slower to adjust, a closer review of their relations to

release of live plant carbon is also clearly important. The inferred

release of carbon from vegetation and soils could help to explain the

increase from lower atmospheric C02 which Oeschger (pers. comm.)
infers from ice cores containing inclusions of preindustrial and

preagricultural atmospheric gases.
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5.3 CONCLUSIONS

The rates of C0„ release to the atmosphere and removal from it

are controlled differently by factors affecting photosynthesis,

respiration, and burning as well as by shifts in land use and climate.

These relations and further improvements in knowledge of the plant

pools undergoing change will affect our ability to integrate

understanding of biology and geography into geophysical modeling of

element cycles and climate.

1. The map of Major World Ecosystem Complexes (Plate 1) provides

a current reference base for interpreting the role of vegetation in the

global cycling of C0„ and other gases. It combines improvement in

available ecological data and techniques for computer generation of

maps.

2. Landscape areas inferred from the map and other sources and

weighted averages of carbon in various kinds of vegetation suggest

significantly lower carbon in global vegetation (^560 ± 100 Pg C) than

has been sometimes used in recent analyses of global geochemical cycles.

3. Tabulations still show tree formations holding most of the

plant carbon. Yet decreases in area and mass of closed forest have

already been so extensive that hundreds of petagrams (billion metric

tons) of C were probably released over centuries or millenia prior to

recent industrialization and human population growth.

4. The remaining plant pool is still large enough to contribute a

few petagrams of C per year to atmospheric C02, if conversion as well
as harvesting of massive tropical forest continues (a significant

fraction of recent releases of 5 Pg C/year from burning of fossil

fuels). The problem remains, however, to infer how much of that

release is offset by renewed storage in untilled areas of the tropics.

In temperate or Boreal zones, even more forests are regrowing after

earlier harvesting and clearing and because of recent fire protection

(Olson 1981b, 1982).
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APPENDICES

These Appendices explain in greater detail methods and data used

for relating the map of Major World Ecosystem Complexes (Plate 1) to

the vegetation's carbon. Most detail is provided for tropical forest

examples in Appendix A, for which there has been the greatest

uncertainty and large differences between present and some previous

global estimates. Appendix B identifies the countries in which sample

plot values of mass (or implied carbon) are available for these and

other complexes. Publications cited above or in the Bibliography offer

sources of still more information.

While concentrating on the map and its data sources, this report

clarifies how some improvements can be made in future versions. The

authors welcome data and advice to aid such improvements, as well as

suggestions or techniques for summarizing real change over time.

Readers can derive alternative values, e.g., using different average

conversions from mass to carbon, inferences from aboveground samples to

total mass (including roots), or expansions from local (and possibly

atypical) stands to regional complexes. Using specific examples, we

start with the estimation for a single site, and then consider a larger

region (Southeast Asia and nearby islands), and finally the whole earth

to illustrate the approach taken in deriving present estimates.
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APPENDIX A

DETAILS ON ESTIMATING BIOMASS AND CARBON: TROPICAL EXAMPLES

Many early studies, especially on plantations of even-aged
monocultures, sampled a single tree of intermediate size and multiplied
mass of its parts by the number of trees to estimate stand mass and

sometimes inventory of chemical elements. Since no one tree would be

"representative" in every respect (Gholz and Fisher 1982, foliage vs
bole mass), an early extension of this technique was to stratify the
tree population (e.g., into 3 to 5 size categories), and calculate
weighted averages for the stand from these. Appendix A.l illustrates

an extension for coping with multiple species of widely varying size,
by statistical regression methods. Mathematical refinements of this

approach may still be in order. Bias may arise from doing the

regressions on logarithms, and then taking antilogs from the resulting
regressions for the final summaries in original units of mass

(Beauchamp and Olson 1973). Departures from linearity (e.g., between
foliage and other biomass) may require other methods of mathematical

analyses (Hozumi et al. 1968, 1969).

A.l BIOMASS ESTIMATION FOR AN INDIVIDUAL SITE

The following example draws on Ovington and Olson's (1970) study
on the biomass and chemical content of the Puerto Rican El Verde "lower

montane" rain forest—more like lowland forest than the stunted elfin

forest or "summit forest" of nearby peaks (Howard 1970). Many

complementary studies are documented in Odum and Pigeon (1970).
A few biomass studies in tropical rain forests have involved

clear-felling and weighing of all plant material (e.g., Nye and

Greenland 1960). In the El Verde experimental plots, no destructive

sampling was allowed. Therefore, several possibilities for allometric

analysis of plant dimensions were examined. Relations between mass and

stem length or diameter or some combination were expressed as

regressions (Table A-l).
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Table A-l. Regressiondata for predicting tree mass in
El Verde Forest." Source: Ovington ad Olson (1970)

Coefficients
Species group Intercept
compartment a

b, b2

A - "Light"trees*

Leaf 2.9254 0.0012 1.3277

Branch 2.7453 0.0004 2.2401

Bole 4.3821 0.0010 1.9379

Roots <0.5 cm 1.3583 -0.0003 0.8582

Branch + bole 4.5978 0.0009 2.0008

Roots >0.5 cm 3.0020 2.5538

B - "Heavy" trees'"

Leaf 3.0115 0.0004 1.8169

Branch 2.6456 0.0007 2.2707

Bole 4.5939 0.0005 2.2212

Roots <0.5 cm 0.8625 -0.0004 1.9700

Branch + bole 4.7647 0.0007 2.1158

Roots >0.5 cm 3.0089 0.0001 2.6212

C - Minor species''

Leaf 4.0243 1.5726

Branch 4.1189 1.9357

Bole 5.3717 1.8010

Roots <0.5 cm 1.5415 0.9779

Branch + bole 5.6533 1.8433

Roots >0.5 cm 4.2850 1.9367

Palm' 3.8463 2.9123

"Major tree and shrub species were treated using natural
log of diameter, and height, untransformed because of
slightly better pattern of linear dependence. This is
equivalent to the form used in forestry volume tables of
the Tabonuco forest. Weights predicted are in natural
logarithms; antilogs or exponentials transform the data
back to mass.

'Group A - Cordia borinquensis, Cyrilla racemijlora,
Cordia sulcata, Dacryodes exceisa, Ardisia glauci/lora,
Micropholis garciniaefolia, Meliosma herberlii, Ocotea
leucoxylon. O. moschata. O. spathulala. Palicourea
riparia, Tabebuia pallida.

'Group B - Andira inermis, Buchenavia capitata,
Casearia arborea. C. guianensis, C. sylvestris. Como-
cladia glabra, Guatteria caribaea. Guarea trichilioides,
G. ramiflora, Homalium racemosum, Inga laurina. I.
vera, Linociera domingensis, Matayba domingensis.
Magnolia splendens, Mangifera indica, Manilkara
bidentata, Miconia prasina. M. tetrandra, Ormosia
krugii, Sloanea berteriana.

''Group C - Alchornea latifolia, Alchorneopsis portori-
censis, Byrsonima coriacea. Cecropia peltata, Clusia
gundlachii, Croton poecilanthus, Calycogonium
squamulosum, Dendropanax arboreus, Drypetes
glauca, Didymopanax morototoni. Daphnopsis philip-
piana, Eugenia stahlii, Ficus laevigata, F. sintenisii,
Gueltarda laevis. Hirtella rugosa, Ixora ferrea, Ocotea
portoricensis, Psychotria berteriana, Sapium
laurocerasus, Tetragaslris balsamifera, Trichilia pal
lida, Myrcia deflexa, M. splendens, M. leploclada.
Mass of minor species was estimated using natural log
of diameter alone as a predictor.

'Mass of palm (Euterpe globosa) was estimated using
natural log of height alone as a predictor.
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For the palm (Euterpe globosa) the natural logarithm of height
xi (centimeters to the highest leaf tip) was the most satisfactory
predictor of tree dry mass, y., in the form:

An yi = a+ biln xi . (Al)

Natural logarithm of diameter (centimeters at 130-cm height above
ground = x2) was the single predictor used for a group (C) of minor
species. For two groups of major species, unexplained variance could
be reduced best by using regressions with both height (untransformed)
as well as the log of diameter:

An yi =a+ b] x] + b2 in x2 . (A2)

Most of the reduction of unexplained scatter that was gained by using
both x1 and Jin x2 as predictors of dry mass was given by diameter
for the groups of species (other than palm, Euterpe) listed in groups
A, B, and C in footnotes to Table A-l. Figs. A-l to A-5 show this
dependence of height on diameter for the plant parts (leaves, branches,
bole, roots) greater than 0.5 cm, and retrievable roots less than

0.5 cm—typical examples of aliometric relations connecting various
measures of plant parts.

From these relations, the weights of plants then could be

estimated for all 11 experimental forest blocks (Table A-2). The
graphical relations between the dry weights of tree components and the
diameters for all groups pooled are given in Figs. A-l to A-5.

After several successive regroupings of like species, a

satisfactory arrangement of three broad groups (Table A-l) was made.

Even within these groupings, there was considerable scatter, but most

of this seemed to be due to inherent variability in form and wood

density of individuals. This was also found in a number of similar

Japanese studies, commonly using another regression form of mass on the
product of squared diameter multiplied by height (e.g., Ogawa 1965b,
Hozumi et al. 1969).
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Figs. A-l - A-5. Logarithmic relations of El Verde lower montane
forest tree diameters (at 1.3 m height) to: dry mass
of leaves (A-l); branches (A-2); bole (A-3); roots
coarser than 0.5 cm (stump and other) (A-4); roots
finer than 0.5 cm (A-5). Three groups of species with
23 individuals of 9 genera in Group A, 25 individuals
of 11 genera out of 13 in Group B, and 22 individuals
in 8 genera out of 22 in Group C are combined in the
scatter plots shown here (see Table 2 of Ovington and
Olson (1970)].
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Table A-2. Biomass of major living components of the El Verde Lower Montane Rain Forest.*
(average g m or Mg km predicted from regression; multiply by 10 for kg ha ).

Source: Ovington and Olson (1970)

Area and subdivision Leaves Branches Bole
Roots

(>0.5 cm)
Nonpalm

total

Euterpe
globosa

Radiation center, later irradiated

0 to 10 m radius* 1018 6017 29364 12422 48821 126

10 to 30 m, northeast 1134 6145 26799 10448 44526 3

10 to 30 m, southeast 921 3644 15364 6190 26119 112

10 to 30 m, southwest 948 4428 18275 8155 31806 145

10 to 30 m, northwest 639 3062 11113 4158 18972 66

0 to 30 m total 922 4508 19162 7813 32405 87

South control centerc

0 to 10 m radius 259 893 3705 1678 6595 16

10 to 30 ,m, northeast 346 1243 5110 2255 8954 575

10 to 30 m, southeast 754 3129 12518 5789 22190 382

10 to 30 m, southwest 527 2509 10303 4880 18246 445

10 to 30 m, northwest 723 4989 20446 11217 39375 40

0 to 30 m average 551 2737 11162 5447 19897 322

North cut center

0 to 20 m radius 1024 3924 16173 5807 26928 59

Weighted average** 788 3677 15345 6480 26292

"Excludes tree ferns, epiphytes, individuals of less than 1 cm diameter at 1.3 m, and a few small
unidentified trees.

*Includes one emergent Cyrilla racemiflora, 105 cm diameter, with estimated values of 441, 4017,
20220, and 8856, respectively.

cEstimates differ slightly from earlier calculations by including trees which were unidentified in the
stand table data and which are here treated as relatively minor species (Group C of Table A-l).

^Contribution? -'oportional to plot areas, 2862, 2862, and 1256 m2 circles.
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For leaves (Fig. A-l), variance is great for trees of all sizes.

The extremes may reflect variations between suppressed trees in low

canopy layers versus individuals that are dominant or favored by

sunlight through emergence above the rest of the upper canopy. Branch

mass is more predictable, in spite of contrasts between multilimbed or

narrow-crowned individuals (Fig. A-2). Bole mass, the biggest part of

the total plant mass in old forests, is very predictable, even for

pooled data of all three species groups (Fig. A-3).

Figure A-4 refers only to roots >0.5 cm, including stumps; some

outlying values could reflect old root stocks of sprouting trees or

other growth habits that make massive underground parts. The large

variations in small roots (Fig. A-5) are partly artifacts, owing to

unavoidable losses before and during collection. These data on roots

<5 cm diameter have not been used in Table A-2. Reasonable allowances

for such losses can be made but have small influence on biomass

estimates. They would be more important for calculations of turnover,

because the death and replacement of small roots is a continuing or

episodic process, consuming an important but poorly known fraction of

the ecosystem's total carbon production (Singh and Singh 1981).

Dry matter must be calculated by summing individual tree weights

derived by regression equations, as in Table A-2 for the 11 experimental

subplots. Although the resulting values were within the range given by

Ovington (1965) for mixed tropical rain forests, some values were far

from maximum. For example, leaf mass was about 30% of the maximum

value recorded in the literature. Simple generalization from literature

values representing especially favorable conditions apparently has

resulted in significant error. In many cases, authors convert from dry

weight to carbon using a standard value (45% in Whittaker and Likens

1973; 50% in Brown and Lugo 1982), so that relatively slight differences

in the assumed conversion factors are not confounded with the much

greater variation noted between stands, types, and regions. Variations

among analyses of actual percent carbon compiled for various tissues

[Ajtay et al. 1979 (Table 5.4)] are great enough to make some further

adjustment desirable, but not so urgent as a broader geographic sampling

of the wide variation of dry matter per unit area.
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A.2 MASS PER UNIT AREA FOR MAJOR REGIONAL TYPES: SOUTHEAST ASIA

Results of similar analyses for the major natural and secondary

woody vegetation types of Southeast Asia are summarized in Table A-3.

Some Australian mangrove examples are also included to illustrate the

high value of roots compared with tops in some tidally flooded forests

of this type. The contrast between these well-developed mangrove

forest stands and the less massive ones from the Philippines, Thailand,

and Vietnam leads to an overall mean of 6.9 kg C/m2 (rounded to 7for
the provisional "medium" value in Table 5). A slightly higher value

was given for tropical swamp forests other than mangrove in section B

of Table A-3.. Measurement data on tops by Hozumi et al. (1969) could

be converted to totals by using the uncertain estimate of 2 kg C/m

for belowground parts, based on the Japanese group's root data from

other kinds of stands. Chan's (1982) analysis of Malaysian stem volume

data explains his rather indirect estimates from merchantable wood

volumes to equivalent carbon for aboveground stems and roots. The

volumes clearly include cases well above and below the adjusted harvest

results of Hozumi et al. (1969). Chan's tabulations, incidentally,

remind us of the much higher values of humus carbon in the soil column

of Table A-3 compared with plant carbon. The commercial stem volumes

from Sarawak, Malaysia (FAO 1974), are for merchantable trees (e.g.,

>50 cm diameter), making it difficult to convert to total mass or

carbon. It is, nevertheless, clear from the highest volume numbers for

the Malaysia site and in Papua New Guinea that some of these wet-site

forests rank high in the range expected for rain forests on

better-drained sites. The high value of 20 kg C/m2 under the MAJOR
WETLANDS legend (Plate 1) would allow such occasional outliers to be

identified there with mangrove/tropical swamp woods category. Table

A-3 suggests a rather skewed distribution, with many more lower values

estimated there. Still lower regional averages for wetlands seem

likely because of interruptions by shrubby or herbaceous and aquatic

parts observed in many swamp/marsh complexes.

In section C of Table A-3, the "high stocking" and very tall

lowland wet forest, including rain forest, is well above the global

mean we consider representative for Tropical/Subtropical Broad-Leaved
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Table A-3. Stem volumes and carbon in aboveground stems by vegetation type (may include belowground stems, "roots," and some
stump; noted in ( ) where estimated by ratio instead of by harvest)

Leaf

carbon

Total live

aboveground
Root

Root/top
Fine Large
litter litter

SoilStem

volume

(m'ha1) (kgm!) (kg-m-2)

A. MANGROVE FOREST AND SCRUB

Australia'

Australia

Australia

MEAN

SUM OF TOP + ROOT

Papua-New Guinea

Philippines
Philippines
Philippines
Philippines

SUM

Malaysia
Malaysia

Thailand

Vietnam

Vietnam

MEAN

SUM OF TOP + ROOT

MEAN OF ALL 7 IN GROUP A

B. SWAMP FOREST

Indonesia

Kampuchea, Melaleuca
Kampuchea, Melaleuca
Peninsular Malaysia
Peninsular Malaysia
Sarawak, Malaysia
Sarawak, Malaysia
Sarawak, Malaysia
Sarawak, Malaysia

MEAN

SUM OF TOP + EST. ROOT
MEAN OF 10 IN GROUPS A & B

450"

39

34

23

39

232

6.56 6.63

5.06 7.21

3.87 6.57

5.16 6.80

2.07 (2)

1.32

(1 assumed)

0.54 (0.43) (0.8 assumed)

1.53 (1.22) (0.8 assumed)
2.25 (1.80)

(111)

(0.8 assumed)

1.60

2.7

6.9

193c

7.73 (2)d
(200-300)°

20" (2.0)' (1.0)'
130* (12.0)* (3.0)'
51'
87'

189*
224'

7.24 (2.0)
9.2

7.6

(24-36)"
(38-114)"

Reference

Briggs(1977)
Briggs (1977)
Attiwill and

Clough (1980)

Paijmans and
Rollet(1977)

Walsh (1977)
Banaag(1972)
Banaag (1972)
de la Cruz and

1(1967)

Walsh (1977)
Walsh (1977)

Zinke (1976)

Zinke (1976)
Zinke (1976)

Dilmy(1971)

Hozumi et al. (1969)
Tran (1974)
Chan(1982)
Chan (1982)
FAO (1974)
FAO (1974)
FAO (1974)
FAO (1974)
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Table A-3 (continued)

Vegetation

Stem

volume

(m'ha')

Leaf

carbon

Total live

aboveground Root
Root/top

ratio

Fine

litter

Large
litter

Soil

Reference

(kg-m2) (kg-m"2)

C. HIGH-STOCKING LOWLAND WET FOREST

Indonesia

Indonesia

Indonesia

188"

198"

219"

Dilmy(1971)
Dilmy (1971)

Indonesia 239"
Dilmy (1971)

Indonesia 246"

320"

434"

Dilmy (1971)

Indonesia

Indonesia

Dilmy (1971)
Dilmy (1971)
Dilmy (1971)

Papua-New Guinea
Papua-New Guinea
Papua-New Guinea
Papua-New Guinea

380"
437"

477"
992"

Paijmans (1970)
Paijmans (1970)
Paijmans (1970)
Paijmans (1970)

Malesia 1.13 39.6 2.93 (0.074)" 0.75 Brunig (^967)
Wong(1,967)
Wong (1967)
Wycherley and

Peninsular Malaysia
Peninsular Malaysia
Peninsular Malaysia

580«

735«

18.0

Peninsular Malaysia .0.34 18.95
Templeton (1969)

Kira (1977)
Kira (1977)
Kira (1977)
Whitmore(1978)
DeAngelisetal.(1981)
Chan (1982)
Chan(1982)

_j

Peninsular Malaysia
Peninsular Malaysia
Peninsular Malaysia
Peninsular Malaysia
Peninsular Malaysia
Peninsular Malaysia

140"

310"

0.35 19.40

21.38

16.47

18.37

(12.0)'
(21.0)'

2.25

5.99

(5.0)"
(7.0)'

0.137

0.326

0.22

0.16

0.63

2.45 6.87

5.18

(4-11)'

O
CO

Sabah, Malaysia 0.51 22.19 Kira and Ogawa (1971)
MEAN (excluding old "Malesia")
SUM OF TOP + ROOT

D. LOW-STOCKING LOWLAND RAIN FOREST

Peninsular Malaysia
Peninsular Malaysia

Solomon Islands

MEAN

SUM OF EST. TOP + ROOT
UNWEIGHTED MEAN IN GROUPS C & D

110"

220"

236"

21.8

(8.0)'
(13.0)'

(10.5)"
15.5

21.0

26.8

5.0

(5.0)"
(5.0)'

(0.23)

(3-11)' Chan (1982)
Chan (1982)

Whitmore (1975)
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Table A-3 (continued)

Vegetation

Leaf Total live

carbon abovegroundStem

volume

(m'ha-1) (kg-m-1)

E. MONTANE RAIN FOREST

Indonesia

Papua-New Guinea (actual high)

Papua-New Guinea (av)

760"

0.4

24.71"

22.73

13.95"

Papua-New Guinea (range) (10.98-

Papua-New Guinea (range) 41.62)

Papua-New Guinea 12.87"

Thailand

Thailand

MEAN OF UNCERTAIN VALUES" 17.2

SUM OF TOP + EST. ROOT

F. HEATH FOREST

Peninsular Malaysia 0.31 12.96

Sarawak, Malaysia 11.07

Sarawak, Malaysia 31.91

Sarawak, Malaysia 195"

Sarawak, Malaysia

MEAN

1760"

18.6

G. CONIFEROUS AND HILL EVERGREEN FORESTS

Indonesia 429"

Peninsular Malaysia 0.31 12.96

Thailand 1.53 17.61

MEAN 15.3

19.5

Root

2.84"

1.8"

2.3

(2.4)

Root/top

ratio

0.12

0.13

(0.13)

Fine

litter

0.39

(0.39-
0.25)

0.73

0.89

Large
litter

(kg-m'2)

0.55

Soil

Reference

Dilmy (1971)

59.9 Edwards and
Grubb(1977)

Edwards and

Grubb(1977)

Enright(1979)

11.4' Yoda and Kira (1969)
12.8' Yoda and Kira (1969)

Kira and Ogawa (1971)

Brunig (1976)
Brunig (1976)
Brunig (1973)
Brunig (1973)

Dilmy (1971)

Kira and Ogawa (1971)

9.7 Sabhasri (1978)
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Vegetation

H. BROAD-LEAVED EVERGREEN FOREST
Kampuchea
Kampuchea

Thailand

Thailand

Thailand

Thailand

Thailand

MEAN ROOT RATIO

Region

MEAN

SUM OF TOP + ROOT

I. MIXED DECIDUOUS FOREST

Thailand

Thailand

Kampuchea

MEAN

SUM OF TOP + ROOT

UNWEIGHTED MEAN IN GROUPS H & I

J. SAVANNA AND DRY DIPTEROCARP FORESTS
Thailand

Kampuchea

MEAN

SUM OF TOP + ROOT

K. OLD SECONDARY FORESTS

Peninsular Malaysia
Peninsular Malaysia
Philippines

MEAN

SUM OF TOP + ROOT

Table A-3 (continued)

Leaf Total live
Stem

volume carbon ab°ve8r°»"">
(m'ha1)

(kg-m2)

(150-200)'

120

80

50°

160°

0.68 14.49

15.53

0.38 14.99

0.33 14.63

0.22

0.21

0.12

17.10

15.35

6.48

12.06

9.27

3.11

3.11

(4.0)'
(10.0)'

8.87'

7.62

17.8

10.2

14.0

3.6

11.12

Root
Root/top

ratio

Fine Large
litter litter

2.70 0.18

3.15 0.20

1.44 0.10 0.09

0.13

0.18

2.43

0.72

1.13

0.93

0.45

0.45

(2.0)'
(5.0)'

3.5

(0.16)

0.11

0.09

0.10

0.15

0.15

0.13

0.17

(kg-m2)

Soil

Reference

Hozumi et al. (1969)
Hozumi etal. (1969)

7.54 Ogawa et al. (1965)
Kira and Ogawa (1971)

5.71' Yodaand Kira (1969)
7.16' Yoda and Kira (1969)

Tran (1974)

Tran (1974)

3.74 Ogawa etal. (1965)
8.89 Ogawa et al. (1965)

Tran (1974)
O
cn

2.42 Ogawa et al. (1965)

Tran (1974)

Chan (1982)
Chan (1982)
Kellman(1970)

O
73

I

cn

oo
o\



Vegetation

L. BAMBOO BRAKE

Burma

Burma

Burma

MEAN

M. SWIDDEN FALLOW

Thailand (4 year)
Thailand (4 year)
Thailand (7 year)
Thailand (7 year)
Thailand (10 year)
Thailand (10 year)
Thailand (10 year)
Thailand (10 year)

MEAN

N. SUBALPINE SCRUB

Thailand

'Included for comparison purposes.
bEstimated as 0.5 X basal area X mean height.
"Volume of woody material with diameter > 30 cm.
"Uncertain value.
"Values in parentheses are estimates.
'Commercial timber with diameter > 50 cm.
•All woody material with diameter > 7 cm.
hAH woody material with diameter » 10 cm.
'Soil carbon to 50 cm depth.
'Average of two sites, and assumed 50% moisture content.

Stem

volume

(m'ha1)

Table A-3 (continued)

Leaf

carbon

Total live

aboveground

(kg-rn2)

0.30 6.61

0.32 1.85

0.48 7.58

5.35

1.13

1.15

1.20

1.29

1.29

2.71

2.87

4.37

2.00

Root
Root/top

Fine Large
litter litter

(kg-m2)

0.46 0.75

0.40 1.90

0.63 0.95

Soil

7.8

8.1

8.1"

Reference

Rodin and

Bazilevich (1967)
Rodin and

Bazilevich (1967)
Rodin and

Bazilevich (1967)

Sabhasri

Sabhasri

Sabhasri

Sabhasri

Sabhasri

Sabhasri

Sabhasri

Sabhasri

(1978)
(1978)
(1978)
(1978)
(1978)
(1978)
(1978)
(1978)

Yoda and Kira (1969)

O
73

cn
GO

ro

O
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Humid Forest, regardless of whether the Malesian (Borneo) outlier of

Brunig (1967) is included or not. Brunig (pers. comm.) suggests one

reason for high Borneo values is the higher genetic potential of

dipterocarp and ottfer species of the Southeast Asia region, compared

with those of Latin America and Asia. But there are also substantial

areas in this region of low-stocking rain forest (section D of

Table A-3) due to artificial or natural disturbance (e.g., wind damage)
and soil leaching on hilltop sites in the lowland (Chan 1982).

Other evergreen forest subtypes in which local gaps partly offset

the locally high stand carbon and fairly high means are montane rain

forest (section E), heath forest (section F), and hill evergreen
broad-leaved forests with some conifers (section G). Broad-leaved

evergreen (somewhat seasonal) forest of Kampuchea and southern Thailand

(Kao Chong) averaged near 18 kg C/m . Two seasonal mixed

drought-deciduous forests on lower and mid-slopes of Ping Kong,

northernmost Thailand (section H), averaged 10*2 kg C/m2 when roots
were estimated from regressions from the preceding stand. Ogawa et al.

(1965 a,b) used the term dry "dipterocarp savanna forest" for the stand

(#3) on the ridgetop directly above the last two preceding stands;

photographs and a crown map (Fig. 2 of Ogawa 1965a) indicate a

condition straddling open-forest and woodland in the narrow sense of

our Table 1, rather than "savanna" (there are almost no grasses, but

many shrubs). The surprisingly low 3.6 kg C/m2 (section Jon
Table A-3) is probably below average even for our Tropical Dry Forest

and Woodland type, but is here grouped with that complex rather than

with savanna in Appendix B (see below). Yet this example, bordering on

Tropical Montane Complexes, and general aerial observations in other

areas mapped as Tropical/Subtropical Broad-Leaved Humid Forest remind

us again how local stands having low carbon help to offset the

unusually high carbon values in section C of Table A-3.

Prior disturbance history further offsets the high carbon values,

and must be considered in seeking regionally representative averages

for carbon. Even sparse tribal populations and sporadic, partial

commerical cutting leaves some fraction of the landscape in secondary

forests (section K of Table A-3). Aboveground carbon of 7.6 kg C/m



ORNL-5862 108

2
suggests a total not exceeding 11 kg C/m , even if a generous root

mass of an extra 50% were assumed (to allow for coppice sprouting, or

for a generally higher ratio of roots to tops for smaller trees).

Bamboo stands occur naturally, but also expand in disturbed areas, in

varying proportions to the associated overstory stands (section L of

Table A-3, after Rozanov and Rozanova 1964). Recently abandoned

(swidden) plots, 4 to 10 years after shifting cultivation (section M on

Table A-3), had only 1.13 to 4.37 kg C m (in aboveground parts only,

after Sabhasri 1968). All these examples would occur in, and would

lower the mean carbon of, many areas mapped and included in area totals

for tropical humid forest.

A.3 INFERENCE OF AREALLY WEIGHTED AVERAGES FOR CARBON

Chapter 4 explained how provisions for censused agriculture, for

patchy clearing and regrowth, and for older or less severe disturbance,

have been attempted in narrowing'areas identified as closed, high,

humid tropical forest. Results seem quite compatible with informed

forestry surveys (Table 4). The U.S. National Academy of Sciences (NAS

1982, Appendix, Table 1) provides a very recent review of national or

(usually) more localized forestry inventories from all tropical

continents. It illustrates Persson's (1974, 1977b) arguments for the

desirability of more information of that type, combined with a regional

ecological perspective that is beyond the scope of such economic

inventories. The example of Southeast Asia (and adjacent Melanesia

islands, east of Indonesia) will be carried one step further here, by

summarizing findings on areal extent of forests in a region of rapid

change. For Peninsular Malaysia, Chan (1982) published a regional

carbon analysis, combining such area data with the carbon mass data

reviewed in Table A-3. The following additional areas are included in

an extension of that work.

Persson (1974) estimated that Southeast Asian and Melanesian
fi 7

tropical forest covers approximately 2.77 x 10 km . Insular Southeast

Asia (Indonesia, Malaysia, Papua New Guinea, and the Philippines) has
fi 7

0.95 x 10 km (Myers 1980a,b) of mostly evergreen tropical moist

forest. Seasonal, partly deciduous Tropical/Subtropical Broad-Leaved
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Humid Forest and also Tropical Dry Forest and Woodland occur in

continental Southeast Asian districts having either a relatively low

annual rainfall or a long dry season, but not necessarily both (Walter

1979).

For estimates of wooded area in individual countries, we depend

heavily on the summaries of Persson (1974), FAO (1976), Unesco (1978),

and Myers (1980). The Statistical Yearbook for Asia and the Pacific

(UN 1975) provides areas of major crop species in these countries.

In continental Southeast Asia, only Thailand is known to survey

its forest resources periodically. The two latest surveys (Boonyobhas

and Klankamsorn 1976, Wacharakitti 1976) used satellite remote-sensing
technology. Information on vegetated areas in other countries is scarce

and probably obsolete. For Burma, Myers (1980) cites 0.365 x 106 km2
of forested area. /Reliable estimates of forested area in Laos,

Kampuchea, and Vietnam are not immediately available. The few reviews

that have been published (e.g., Persson 1974, Myers 1980) depend partly

on data antedating the major military actions in this region.

The three major countries of insular Southeast Asia (Indonesia,

Malaysia, and the Philippines) have organized national surveys of their

forest resources. Some preliminary results from Malaysia are given in

papers presented at the ASEAN seminar on tropical rain-forest management

(Anon. 1978a,b,c) and at the seventh Malaysian Forestry Conference

(Anon. 1979a,b,c). Meijer (1970) discusses regeneration of Malaysian
forests after clearing has stopped.

In the Philippines, the 1971 land-use pattern and timber stocking

estimates given by FAO (1976) have been updated to conditions at the

end of 1976 (Anon. 1978d). Recent surveys based on LANDSAT imaging

reveal that forest covers only about 38% of the national land area

(Myers 1980, Grainger 1980).
fi 7

About 12 x 10 km of the land area in Indonesia are

considered forest land (Anon. 1978e). However, the actual area

supporting productive forest is poorly known (Myers 1980). According

to Warsopranoto (1974) and Subagio (1974), approximately 0.36 x 106 km2
have been invaded by grasses of the genus imperata, and the rest of

the area is covered mainly by secondary or poorly stocked forests.
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Approximately 0.4 x 10 km of Papua New Guinea are still

covered with forest (Persson 1974, Myers 1980). Many vegetation types

are present (Paijmans 1976), primarily due to the dominance of a

central mountain range, rising in places to more than 4500 m (Loffler

1977). In lowlands, the major forest type is basically evergreen

equatorial forest. Patches of tropical seasonal forest forest may

occupy drier sites along the rain-shadow slopes. The lowland forest

graduates to Tropical Montane Complexes with subalpine scrub (Paijmans

1976). The combined effect of low temperature and high rainfall allows

the montane forest to store relatively large amounts of biomass and

soil carbon (Edwards and Grubb 1977) per unit area. However, better

estimates of the limited highland areas not already disturbed by tribal

farming and fires are needed.

Some islands of Melanesia (Winslow 1977) are virtually covered

with forest. Human occupancy has denuded much land in others, as in

parts of Papua New Guinea (Watson and Cole 1977). However, seasonal

typhoons also produce gaps in the forest canopy that would reduce the

average phytomass of the forest (Whitmore 1974, 1975).

It should be clear from these examples why a coordinated matching

of areal extents and carbon masses for the areas estimated is needed.

For either a region like Southeast Asia or the entire world, it is

possible to define the area of tropical "rain" forest very broadly [as

Whittaker and Likens (1973, 1975) did in their global estimate of

17 x 10 km area]. However, in that case, the carbon per unit area

would be even lower than the values presented in Tables 2 and 5. The

lower average would encompass seasonally dry types and the many kinds

of variation and disturbance and incomplete recovery illustrated in

Appendix A.2. We could instead define the existing ecosystem complexes,

or life zones approximating their potential development, more narrowly

(Olson et al. 1978, Brown and Lugo 1982). Then the special types

represented by extremely high plant mass and carbon will at last become

identified with much more limited areal extent. The mean carbon
2 7

densities of 14 kg C/m in humid forest and 15 kg C/m for

Tropical/Subtropical Broad-Leaved Humid Forest in this report compare
2

with 14.99 kg C/m for the unweighted average of 33 stands of rain,
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wet, and moist forest recently compiled by Brown and Lugo (1982,

Table 3, lines 1, 2, 4 and 6), if the conventional value of 45% carbon

is used instead of their 50% carbon.

This report, and Appendix B, are still concerned mainly with an

overview covering the biosphere as a whole, because that is what is

exchanging so much carbon with the atmosphere. The more detailed

regional example in this Appendix illustrates some of the data used in

associating carbon with the areas in Tables 2 and 5 (derived from

Plate 1, and confirmed in Table 4). The possibility of treating other
regions in more detail, so that categories, maps, and tables would do

less averaging over the real variability that exists in natural and

disturbed landscapes has been posed. If methods could be further

refined to make separate carbon estimates for the thousands of map
cells in each region, the challenge would then be turned around: to

see whether the regrouping of these isolated points would re-emerge

into patterns similar to those already reflected more broadly in the
map of Plate 1.
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APPENDIX B

SOURCES OF ADDITIONAL INFORMATION BEARING ON GLOBAL CARBON

In addition to sources previously cited for mapping the locations

of ecosystems, the following tables list countries from which the most

equivalent estimates of plant mass (or implied carbon) have been

summarized. Stands of many ages are compared for some forest types,

especially those which occur most commonly as plantations. Simplicity

of measurement and research interests in early growth rates explain why

averages for such plantations are more likely than not to

over-represent young age classes and low biomass, compared with

regional averages of certain planted or natural types, especially

conifers. The contrasting research motives of finding the upper bound

for carrying capacity, or at least nearly "mature" stands where loss

rates are approaching production input rates, were noted in Chapter 4

as reasons why several early compilations over-represented the

distribution of unusually massive stands—especially for "virgin" or

"old growth" forest or "climax" community types.

The "local ranges" of variation, derived partly from inspection of

tabulated data and partly from the bounds of definition of the various

surface categories in the data base for types listed in Table 1, were

already summarized in Table 3 in the data sampler of Clark (1982,

pp. 436-483). Very wide ranges represent cases where the nature of

terrain and the landscape complex suggest large departures from the

mean. Such ranges could exist for extended complexes within whole map

cells, counties, etc. For individual stands, still wider variations

may exist, but these probably represent too small an area to modify

type averages for the cover category or complexes. On the other hand,

the uncertainties in this expected or mean carbon density, and of the

global total for each category based on that mean, have a somewhat

narrower range. Many of the high and low values (especially the

extremes) tend to cancel each other. An attempt was made in Table 5,

and is explained in several of its footnotes (j, k, o), to apply the

best judgment from experience in suggested means and ranges of
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uncertainty arising either from random variability or from the biases

that might have occurred in selecting and grouping data. Sampling in

the studies cited below was actually done for a variety of special

purposes and made no pretense at either random or systematic coverage

of age classes, site qualities, etc. For this reason and others

discussed earlier, simple averages of data for a type group in the

following tables might or might not be close to the global or regional

weighted average (i.e., giving proportional representation for the many

unsampled areas fitting the definitions of each category or complex).

B.l TREE FORMATIONS

The grouping of ecosystems in Table B-l was made to diminish the

inevitable repetition of citations; compilations and many original

references often include stands from more than one subcategory. In

many cases, we need further analysis of the climate itself (or

locations for which stand climate could be inferred, relative to

weather stations at other places) or at least knowledge of snow

persistence, before separating the hot, warm, cool, or cold subtypes.

Brown and Lugo (1982) have started that for tropical areas. The small

number and sparse coverage for vast areas obviously point to some

priorities where new field effort or discovery of overlooked prior work

are possible.

Additional information sources can be anticipated from recent

initiatives for using biomass for energy (e.g., Ferm 1982, Kuusela

1982). Reporting on these is deferred here because so many documents

are in preliminary form. Most are limited to plantations too young,

small, or atypical to be widely representative, even for second-growth

woods (Korsmo 1982).
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Table B-1. Major sources of summaries of tree and plant mass (and
carbon or related information) for tree formations of the
world (FOREST AND WOODLAND plus INTERRUPTED WOODS). Some
references cover additional countries or typesa»D

Main group of
ecosystem complexes

Taiga (Boreal forest)
and other Conifer

Northern or

Maritime Taiga

Main and Southern
Taiga (Boreal)

Conifer plantations

Other Conifer

(andforest

open woodland)

References0

Johnson and Vogel 1976
Marchenko and Karlov 1962
Manakov 1961 plus the
following 4 references

RODIN AND BAZILEVICH 1967a»D
Pozdnyakov 1975
Gortinsky et al. 1975
CANNELL 1962

CANNELL 1982

Gholz and Fisher 1982
OVINGTON 1956, 1957,

1962, 1965

Malinovsky 1975
Gortinsky et al.
Pozdhyakov 1975

CANNELL 1982

1975

Location

USA-Alaska
USSR

USSR

USSR

Siberia
European USSR
Canada

Finland

USSR

Sweden

Australia
Belgium
Ireland

Italy
Japan
Netherlands

New Zealand

United Kingdom
USA

USSR

USA

United

Kingdom3*0

USSR

European
Siberia

Canada
France

Germany
Japan
Nepal

USSR
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Table B-1. Continued

Main group of
ecosystem complexes

116

References0

ART AND MARKS 1971

REICHLE 1981

Mid-latitude broad-leaved OLSON 1971

and mixed woods DUVIGNEAUD 1971

Temperate Broad-Leaved CANNELL 1982
Forest

Ovington and Madgwick 1959°

Mixed woods: deciduous CANNELL 1982

to evergreen
broad-leaved forest

or woodland, often
with conifer

Whittaker and Woodwell 1969,
1970, 1971

Location

Sweden
Switzerland
USA

USSR
USA3*0
USA3*0

USA

Europe3*0

Australia
Belgium
Bulgaria
Canada
Czechoslovakia
Denmark
Finland
France
Germany
Hungary
Italy
Japan
Nepal
Netherlands
New Zealand
Poland

Rumania

Sweden
United Kingdom
USA

USSR

United Kingdom

Czechoslovakia

Japan
Poland

Rumania

Sweden

Switzerland

United Kingdom
USA

USSR

USA
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Main group of
ecosystem complexes

117

References0

Tropical/Subtropical forest
and interrupted woods

Broad-leaved
humid forest

Dry forest and
woodland

Savanna and woodland

CHAN 1982

RODIN AND BAZILEVICH 1967
Fittkau and Klinge 1973
CANNELL 1982

Jordan 1981a, 1982
Freson et al. 1974
Briinig et al. 1979
Huttel and Bernhard-Reversat

1975; Huttel 1975
Drew et al. 1978
Sabhasri et al. 1968
BROWN AND LUGO 1982

Vyas et al. 1979
CANNELL 1982

Ogawa et al. 1965a,b

Menault and Cesar 1979, 1982
Cesar and Menault 1974
Lamotte 1975, 1982
Cresswell et al. 1982
Huntley and Morris 1982
Rutherford 1982

San Jose & Medina 1975, 1976

ORNL-5862

Location

Malaysia0
Brazil0

Brazil

Brazil

Columbia

Ghana

Ivory Coast
Japan
(Okinawa)

Kampuchea
Malaysia
Panama

Thailand

Venezuela

Zaire

Venezuela

Zaire

Venezuela

Ivory Coast

Thailand

Thailand
Latin

America3*0

India

India

Puerto Rico
Zaire

Thailand

Thailand

Ivory Coast
Ivory Coast
Ivory Coast
South Africa

South Africa
South Africa
Zimbabwe

Venezuela
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Table B-1. Continued

Main group of
ecosystem complexes

Tropical Montane

Other (dry or cool
woods, mosaics,
scrub, or grass)

118

References0

CANNELL 1982

GRUBB 1977

Bucher 1982

CANNELL 1982

Gudochkin 1955

Rodin 1979

Rodin et al. 1972

Gray 1982

Location

Guatemala

Jamaica

Papua New
Gu ine a

Puerto Rico

Venezuela

Papua
New Guinea3

Argentina
Brazil

Australia

France

Nepal
USSR

USSR

USA

USA

3Reference also covers additional nations or types listed above the
callout.

bReference also covers additional nations or types listed below the
callout.

°References in "capitals" indicate sources of additional references.
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B.2 NONWOODS AND WETLAND/COASTAL FORMATIONS

The lower average carbon in formations with few trees, low trees,
or none at all (Table B.2) means that the inventory contributions of
their woody components are limited. Also, carbon in nonwoody parts is
relatively small as well. Production for some formations is very high,
but turnover of carbon is so rapid that the average pools remain low.
Carbon fluctuates more or less regularly where seasons dictate and
sometimes irregularly with the weather of successive years. The
resulting variability in space and time makes it hard to infer

appropriate averages over the whole year. Where results are given only
for a year-end harvest, or for a time of maximum green tops, it would
be desirable to know more about the normal (and abnormal) cycles of
changing top and root mass.

For regions that are MAINLY CROPPED, RESIDENTIAL, COMMERCIAL,
PARK, data exist for merchantable commodities, but total mass

(especially of belowground parts) and its carbon require more attention.
Weeds were included with maize in fields studied by Ovington and
Lawrence (1967). Chephekar (1972) shows that weedy growth in marginal
lands around Bombay may quickly accumulate as much plant mass and
carbon as many crops do, except where fertilizers and irrigation are
managed near optimal levels. Evans (1981) draws on extensive experience
of experimentation in fields and phytotrons to estimate maximum

production and crop mass, sometimes with multiple cropping each year.
For rice, sugar cane, and a few specialty crops, the theoretical maxima
may be approached in the field, but usually the averages over wide
areas would be substantially lower than the theoretical maxima (Iwaki
1974, Wojcik 1979).

Biomass of grasslands is presented in numerous tables of the

IBP Synthesis Volumes. The aboveground biomass of green shoots in
grazed and ungrazed natural temperate grasslands of the United States

and Canada is described by Sims and Coupland [1979 (Table 5.3)].
Numata [1979 (Table 11.3)] summarizes aboveground biomass values from
Rychnovska (1972) and Balatova-Tulackova (1973) for meadow sites in

Eastern Europe, Japan, and the USSR. Seasonal and monthly variations
in aboveground biomass at several tropical grassland sites are compared
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Table B-2. Major sources for data on plant mass (or its carbon) or related information for
nonwoods and wetland/coastal formations

Main group of
ecosystem complexes

MAINLY CROPPED, RESIDENTIAL,
COMMERCIAL, PARK

GRASS AND SHRUB COMPLEXES

Hot, warm or cool grassland

Heath and moorland

Wooded tundra

References3

FAO 1979 .
Hubbel 1965
Chepkekar 1972

Evans 1980

Bray, Lawrence and
Pearson 1959

Ovington and Lawrence 1963
WOJCIK 1979

Iwaki 1974

Willoughby 1979
Hutchinson and King 1980

LOOMIS and GERAKIS 1975

COUPLAND 1979

BREYMEYER and

VAN DYNE 1980

COOPER 1975

Bazilavich 1975

HEAL and PERKINS 1978

HEAL and PERKINS 1978

CANNELL 1982

BLISS et al. 1981

Location or aspect

All countries and crops
Tropical countries
India (Bombay):
Urban weeds (monsoonal)

Maximum crop growth
USA, crops and herbs0

USA, maize with weeds
Poland, rye ?.nd/or potatoes
Japan,, various

Australia, improved pasture
Israel, improved pasture
Many countries

Australia

Canada

Czechoslovakia
Finland

Germany (Fed. Rep.)
Hungary
India

Ivory Coast
Japan
Netherlands

Panama

South Africa

Uganda
USA

USSR
Zaire
United Kingdom
USSR
United Kingdom

United Kingdom0

Finland

Norway
USSR



Table B-2. Continued

Main group of
ecosystem complexes

TUNDRA AND DESERT

POLAR

Other Desert and
Semidesert

WETLANDS AND COASTAL

121

References3

BLISS et al. 1981

RODIN 1979
Other GOODALL AND

PERRY 1979, 1981
Cannell 1982
COOPER 1975

Hussey and Long 1982

Rychnovska

ORNL-5862

Location or aspect

Australia (Macquarie Island)
Austria

Canada (Devon Island)
Finland (Kevo)
Greenland (Disko Island)
Norway (Hardangervidda)
Signey Island
South Georgia Island
USA/Alaska
USA/Colorado
USSR

USSR

Various

USA-Fouquieria
Various

United Kingdom
USA

Czechoslovakia
Denmark

Netherlands

Sweden

References in "capitals" indicate sources of additional references.

References also covers additional nations or types listed below the callout.
r

References also covers additional nations or types listed above the callout.
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by Singh and Joshi [1979 (Tables 17.1 and 17.4)], while belowground

biomass is considered by Singh and Joshi [1979 (Table 17.6)] and

Coupland [1979b (Table 33.2)]. Other important tables in Coupland

(1979a) describe the biomass of bacteria and fungi [Ulehlova 1979,

(Table 13.3); Paul et al. 1979 (Tables 7.1 and 7.2)], consumer biomass

[(Dyer 1979, Table 6.1)], and canopy biomass for grassland sites around

the world [Coupland 1979b (Table 33.1)].

Biomass of desert ecosystems is small and considered only briefly

here. Rodin [1979 (Table 7.3)] compares phytomass data for several

vegetation communities at five desert and semidesert sites in the

USSR. Values for the absolute amount of phytomass range from 5 to
p

34 Mg/ha. The highest of these figures (equivalent to 3.4 kg/m , and

approximately half as much carbon) is a good example that could be

taken near an upper extreme for desert landscapes, or as a low extreme

for very dry, low Saxaul {Haioxyon ammodendron) "forests." For

other Desert and Semidesert complexes, totally bare areas, especially

on sand deserts, would lower the regional averages considerably.

In tundra, aboveground live plant mass is affected by latitude,

altitude, available nutrients, and soil water. Influenced by increases

in mean annual temperature and length of growing season, phytomass

increases from the polar deserts of the High Arctic to the shrub tundra

of the Low Arctic and alpine regions [Tikhomirov et al. 1981

(Table 7.1); Wielgolaski et al. 1981 (Table 6.5)]. Above- and

belowground biomass for communities in arctic, alpine, and antarctic

sites also shows a wide variation within each zone [Wielgolaski et al.

1981 (Table 6.5)]. Aboveground phytomass for polar deserts, tundra,

and forest tundra in the USSR is compared by Tikhomirov et al. [1981

(Table 7.1)].



123 ORNL-5862

ADDITIONAL BIBLIOGRAPHY

Adams, J. A. S., M. S. M. Mantovani, and L. L. Lundell. 1977. Wood

versus fossil fuel as a source of excess carbon dioxide in the

atmosphere. A preliminary report. Science 196:54-56.

Ajtay, G. L., P. Ketner, and P. Duvigneaud. 1979. Terrestrial primary

production and phytomass. pp. 129-181. IN B. Bolin, E. T. Degens,

S. Kempe, and P. Ketner (eds.), The Global Carbon Cycle. SCOPE 13.

John Wiley & Sons, New York.

Andersson, P. 1970. Ecological studies in a Scanian woodland and

meadow area, southern Sweden. III. Plant biomass, primary

production and turnover of organic matter. Bot. Not. 123:8-51.

Ando, T. 1965. Estimates of dry-matter and growth analysis of the

young stand of Japanese black pine (Pinus thunberqii). Adv.

Front. Plant Sci. 10:1-10.

Andreev, V. N., and V. D. Aleksandrova. 1981. Geobotanical division

of the Soviet Arctic, pp. 25-34. IN L. C. Bliss, 0. W. Heal, and

J. J. Moore (eds.), Tundra Ecosystems: A Comparative Analysis.

International Biological Programme 25. Cambridge University

Press, Cambridge, United Kingdom.

Anon. 1978a. Forest resources of Peninsular Malaysia. Malay.

For. 41:82-93.

Anon. 1978b. Forest resources of Sabah. Malay. For. 41:94-98.

Anon. 1978c. Forest resources of Sarawak. Malay. For. 41:99-103.

Anon. 1978d. Philippine forest resources. Malay. For. 41:104-113.

Anon. 1978e. Indonesian forest resources. Malay. For. 41:118-120.

Armentano, T. V., and C. W. Ralston. 1980. The role of temperate zone

forests in the global carbon cycle. Can. J. For. Res. 10:53-60.

Armentano, T. V., and J. Hett (eds.). 1980. The Role of Temperate

Zone Forests in the World Carbon Cycle. Problem Definition and

Research Needs. C0NF-7903105. National Technical Information

Service, Springfield, Virginia.



ORNL-5862 124

Art, H. W., and P. L. Marks. 1972. A summary table of biomass and

net annual primary production in forest ecosystems of the world.

pp. 3-32. IN International Union of Forest Research Organizations,

Forest Biomass Studies. University of Maine Press, Orono.

Attiwill, P. M., and B. F. Clough. 1980. Carbon dioxide and water ,

vapour exchange in the White Mangrove. Photosynthetica 14:40-47.

Balatova-Tulackova, E. 1973. Zur Problematik des Erhaltens der

hochproduktiven Uberschwemmungswiesen in Trockengebieten. Quaest.

Geobot. 11:41-54.

Banaag, J. F. 1972. Vegetational composition and association in a

mangrove forest ecosystem in Puerto Rico, Galera, Oriental

Mindora. Nat. Appl. Sci. Bull. Philipp. 24:1-39.

Bandhu, D. 1973. Chakia project. Tropical deciduous forest ecosystem.

pp. 39-62. IN D. E. Reichle, R. V. O'Neill, J. S. Olson, and

L. Kern (eds.), Modeling Forest Ecosystems. EDFB-IBP/737.

Oak Ridge National Laboratory, Oak Ridge, Tennessee.

Barclay, H. G. 1977a. Paramo, pp. 623-625. IN McGraw-Hill

Encyclopedia of Science and Technology, Vol. 9. McGraw-Hill,

New York.

Barclay, H. G. 1977b. Puna. pp. 106-108. IN McGraw-Hill

Encyclopedia of Science and Technology, Vol. 11. McGraw-Hill,

New York.

Barth, H. Mangroves. IN D. N. Sen and K. S. Rajpurohit (eds.),

Contributions to the Ecology of Halophytes. Dr. W. Junk,

Publishers, The Hague (in press).

Bartholomew, W. V., J. Meyer, and H. Laudelout. 1953. Mineral nutrient

immobilization under forest and grass fallow in the Yangambi

(Belgian Congo) region. Publ. Inst. Nat. Etude Agron. Congo Ser.

Sci. No. 57. 27 pp.

Baskerville, G. L. 1965a. Dry matter production in immature fir

stands. For. Sci. Monogr. 9:362-478.

Baskerville, G. L. 1965b. Estimation of dry weight of tree components

and total standing crop in conifer stands. Ecology 46:867-869.



125 ORNL-5862

Bazilevich, N. I. (ed.). 1975. Steppe, meadow and swamp biogeocoenoses

of the forest-steppe, pp. 56-95. IN L. E. Rodin and N. N. Smirnov

(eds.), Resources of the Biosphere, Vol. 1. Academy of Science,

USSR, Nauka, Leningrad (Russian).

Bazilevich, N. I., and A. A. Titlyanova. 1980. Comparative studies of

ecosystem function, pp. 713-758. IN A. I. Breymeyer and

G. M. Van Dyne (eds.), Grasslands, Systems Analysis and Man.

Cambridge University Press, Cambridge, United Kingdom.

Bazilevich, N. T., and L. Ye Rodin. 1967. Maps of productivity and

the biological cycle in the earth's principal terrestrial

vegetation types. Izv. Vses. Geogr. Obschestva. 99(3):190-194.

Bazilevich, N. I., and L. Ye Rodin. 1971. Geographical regularities

in productivity and the circulation of chemical elements in the

earth's main vegetation types. Sov. Geogr.: Rev. and Transl.

12:24-53.

Beauchamp, J. J., and J. S. Olson. 1973. Corrections for bias in

regression estimates by logarithmic transformation. Ecology

54:1403-1407.

Bliss, L. C. 1981. North American and Scandinavian tundras and polar

deserts, pp. 8-24. IN L. C. Bliss, 0. W. Heal, and J. J. Moore

(eds.), Tundra Ecosystems: A Comparative Analysis. International

Biological Programme 25. Cambridge University Press, Cambridge,

United Kingdom.

Bliss, L. C, 0. W. Heal, and J. J. Moore (eds.). 1981. Tundra

Ecosystems: A Comparative Analysis. International Biological

Programme 25. Cambridge University Press, Cambridge, United

Kingdom.

Bolin, B., E. T. Degens, S. Kempe, and P. Ketner (eds.). 1979. The

Global Carbon Cycle. SCOPE 13. John Wiley & Sons, New York.

Boonyawat, S., and C. Ngampongsai. 1974. An analysis of accumulation

and decomposition of litterfall in hill-evergreen forest, Doi-Pui

Chiengmai. Kog-Ma Watershed Res. Bull. No. 17, Department of

Conservation, Faculty of Forestry, Kasetsart University, Bangkok,

Thailand (in Thai with English abstract).



ORNL-5862 126

Boonyobhas, C, and B. Klankamsorn. 1976. Application of ERTS-1.

Imagery in Forestry. Technical Report 760130. National Research

Council of Thailand, Bangkok, Thailand.

Box, E. 0. 1978. Geographical dimensions of terrestrial net and gross

primary productivity. Radiat. Environ. Biophys. 15:305-322.

Bramryd, T. 1979. The conservation of peatlands as global carbon

accumulators, pp. 297-305. IN Proc, 5th International Symposium

on Classification of Peat and Peatlands. International Peat

Society, Helsinki, Finland.

Bray, J. R. 1962. The primary productivity of vegetation in central

Minnesota, USA, and its relationship to chlorophyll content and

albedo, pp. 102-108. IN H. Lieth (ed.), Die Stoffproduktion der

Pflanzendecke. Fischer-Verlag, Stuttgart, Germany.

Bray, J. R., D. B. Lawrence, and L. C. Pearson. 1959. Primary

production in some Minnesota terrestrial communities for 1957.

Oikos 10:38-49.

Bray, J. R., and L. A. Dudkiewicz. 1963. The composition, biomass,

and productivity of two Populus forests. Bull. Torrey Bot. Club

90:298-308.

Breymeyer, A. I., and G. M. Van Dyne (eds.). 1980. Grasslands,

Systems Analysis and Man. International Biological Programme 19.

Cambridge University Press, Cambridge, United Kingdom.

Briggs, S. V. 1977. Estimates of biomass in a temperate mangrove

community. Aust. J. Ecol. 2:369-373.

Brockmann-Jerosch, H. 1930. Klimatisch bedingte formationsklassen der

erde: Aquatorialmasstab, 1:90,000,000. Inside back cover. IN

E. Rubel (ed.), 1930, Pflanzengesellschaften der Erde. Verlag

Hans Huber, Bern-Berlin.,

Broecker, W., T. Takahashi, H. J. Simpson, and T.-H. Peng. 1979. Fate

of fossil fuel carbon dioxide and the global carbon budget.

Science 206:409-418.

Brown, J., P. C. Miller, L. L. Tieszen, and F. L. Bunnell. 1980. An

Arctic Ecosystem. The Coastal Tundra at Barrow, Alaska. US/IBP

Synthesis Series 12. Dowden, Hutchinson and Ross, Stroudsburg,

Pennsylvania.



127 ORNL-5862

Brown, S., and A. E. Lugo. 1982. The storage and production of organic
matter in tropical forests and their role in the global carbon

cycle. Biotropica 14:161-179.

Brun, R. 1976. Methodik und Ergebnisse zur Biomassenbestimmung eines
Nebelwald-Oekosystems in den Venezolanischen Anden. pp. 490-499.
IN Proc, Div. I, 16th IUFRO World Congress. IUFRO, Secretariat,
Schonbrunn, Vienna.

Brunig, E. F. 1967. On the limits of vegetable productivity in the
tropical rain forest and the boreal coniferous forest. J. Indian

Bot. Soc. 46:314-322.

Brunig, E. F. 1973. Biomass diversity and biomass sampling in tropical
rainforest, pp. 269-293. IN IUFRO Biomass Studies. Proc,

Working Group on Biomass, 54.01-1. University of Maine Press,
Orono.

Brunig, E. F. 1976. Classifying for mapping of Kerangas and peatswamp
forest as examples of primary forest types in Sarawak (Borneo),

pp. 57-75. IN P. Ashton and M. Ashton (eds.), The Classification

and Mapping of Southeast Asian Ecosystems. Transactions of the

4th Aberdeen-Hull Symposium on Malesian Ecology. Miscellaneous

Series No. 1/. Department of Geography, University of Hull,
United Kingdom.

Brunig, E. F., F. Herrera, J. Heuveldop, C. Jordan, H. Klinge, and

E. Medina. 1979. The international Amazon MAB rainforest

ecosystem pilot project at San Carlos de Rio Negro: Review of

developments since the 1st International Workshop, pp. 47-66. IN

S. Adiosoemanto and E. F. Brunig (eds.), Transactions of the 2nd

International MAB-IUFRO Workshop on Tropical Rainforst Ecosystem
Research. Special Report No. 2. Hamburg-Reinbek, Germany.

Bucher, E. H. 1982. Chaco and caatinga - South American arid savannas,

woodlands and thickets, pp. 48-79. IN B. J. Huntley and

B. H. Walker (eds.), Ecology of Tropical Savannas. Ecological

Studies 42. Springer-Verlag, Berlin-Heidelberg-New York.

Burger, H. 1940. Holz, Blattmenge, und Zuwachs. IV. Ein 80 jahriger

Buchenbestand. Mitt. Schweiz. Anst. Forstl. Versuchswes.

21:307-348.



ORNL-5862 128

Burger, H. 1945. Holz, Blattmenge, und Zuwachs. VII. Die Larche.

Mitt. Schweiz. Anst. Forstl. Versuchswes. 24(1):7-103.

Burger, H. 1953. Holz, Blattmenge, und Zuwachs. XIII. Fichten im

gleichalterigen Hochwald. Mitt. Schweiz. Anst. Forstl.

Versuchswes. 29(1):38-130.

Cannell, M. G. R. (compiler). 1982. World Forest Biomass and Primary

Production Data. Academic Press, London.

Carnahan, J. A. 1976. Natural vegetation, 1:600,000. IN Atlas of

Australian Resources. Scientific and Industrial Research

Organization (CSIRO), Canberra, Australia.

Cesar, J., and J. C. Menaut. 1974. Analyse d'un ecosysteme tropical

humide: la savane de Lamto (Cote d'lvoire). II. Le peuplement

vegetal des savanes de Lamto. Bull. Liaison Chercheurs Lamto.

Ecole Normale Superieure, Lab. de Zoologie, 46, Rue d'Ulm, Paris.

Champion, H. G., and S. K. Seth. 1968. A Revised Survey of the Forest

Types of India. Government of India Press, Nasik, Delhi, India.

Chan, Y.-H. 1982. Storage and release of organic carbon in peninsular

Malaysia. Int. J. Environ. Stud. 18:211-222.

Chan, Y.-H., and J. S. Olson. 1980. Limits on the organic storage of

carbon from burning fossil fuels. J. Environ. Manage. 10:147-163.

Chaphekar, S. B. 1972. Studies on productivity of ruderal vegetation

in Bombay, India, pp. 101-113. IN P. M. Golley and F. B. Golley

(compilers), Tropical Ecology with an Emphasis on Organic

Production. Proc, Symposium on Tropical Ecology. Institute of

Ecology, University of Georgia, Athens.

Clark, W. C. 1982. Carbon Dioxide Review. Oxford University Press,

New York.

Cole, D. W., S. P. Gessel, and S. F. Dice. 1967. Distribution and

cycling of nitrogen, phosphorous, potassium, and calcium in a

second-growth Douglas-fir ecosystem, pp. 197-213. IN H. Young

(ed.), Symposium on Primary Productivity and Mineral Cycling in

Natural Ecosystems. University of Maine Press, Orono.

Cooper, J. P. (ed.). 1975. Photosynthesis and Productivity in

Different Environments. International Biological Programme 3.

Cambridge University Press, Cambridge, United Kingdom.



129 ORNL-5862

Coupland, R. T. (ed.). 1979a. Grassland Ecosystems of the World:

Analysis of Grasslands and Their Uses. International Biological

Programme 18. Cambridge University Press, Cambridge, United
Kingdom.

Cresswell, C. F., P. Ferrar, J. 0. Grunow, D. Grossman,

M. C. Rutherford, and J. J. P. van Wyk. 1982. Phytomass,

seasonal phenology and photosynthetic studies, pp. 476-497.

IN B. J. Huntley and B. H. Walker (eds.), Ecology of Tropical

Savannas. Ecological Studies 42. Springer-Verlag,

Berlin-Heidelberg-New York.

Crow, T. R. 1980. A rain forest chronicle: A 30-yr record of change

in structure and composition at El Verde, Puerto Rico. Biotropica

12:42-55.

Davis, R. C. 1981. Structure and function of two Antarctic moss

communities. Ecol. Monogr. 51:125-143.

Dawkins, H. C. 1967. Wood production in tropical forests. J. Appl.

Ecol. 4:20-21.

DeAngelis, D. L., R. H. Gardner, and H. H. Shugart, Jr. 1981.

Productivity of forest ecosystems studied during the IBP: The

Woodlands Data Set. pp. 567-672. IN D. E. Reichle (ed.), Dynamic

Properties of Forest Ecosystems. International Biological

Programme 23. Cambridge University Press, Cambridge, United

Kingdom.

Deevey, E. S. 1960. The human population. Sci. Am. 203:195-204.

de la Cruz, A. A., and J. F. Banaag. 1967. The ecology of a small

mangrove patch in Matabung Kay Beach, Batangas Province. Nat.

Appl. Sci. Bull. Philipp. 20:486-494.

Delcourt, H., and W. F. Harris. 1980. Carbon budget of the

southeastern U.S. biota: Analysis of historical change in trend

from source to sink. Science 210:321-323.

diCastri, F., and H. A. Mooney, (eds.). 1973. Mediterranean Type

Ecosystems. Ecological Studies No. 7. Springer-Verlag, New York.



ORNL-5862 130

Dilmy, A. 1971. The primary productivity of equatorial tropical

forests in Indonesia, pp. 333-337. IN P. Duvigneaud (ed.),

Productivity of Forest Ecosystems. Proc, Brussels Symposium.

Unesco, Paris.

Drew, W. B., S. Akornkoae, and W. Kaitpraneet. 1978. An assessment of

productivity in successional stages from abandoned swidden (Rai)

to dry evergreen forest in northeastern Thailand. For. Res. Bull.

56. Fac For., Kasetsart Univ., Bangkok, Thailand. 31 pp.

Duvigneaud, P. (ed.). 1971. Productivity of Forest Ecosystems.

Unesco, Paris.

Duvigneaud, P., and S. Denaeyer-DeSmet. 1970. Biological cycling of

minerals in temperate deciduous forests, pp. 199-225. IN

D. E. Reichle (ed.), Analysis of Temperate Forest Ecosystems.

Ecological Studies No. 1. Springer-Verlag, New York.

Dyer, M. I. 1979. Consumers, pp. 73-86. IN R. T. Coupland (ed.),

Grassland Ecosystems of the World: Analysis of Grasslands and

Their Uses. International Biological Programme 18. Cambridge

University Press, Cambridge, United Kingdom.

Edwards, P. J., and P. J. Grubb. 1977. Studies of mineral cycling in

a montane rain forest in New Guinea. I. The distribution of

organic matter in the vegetation and soil. J. Ecol. 65:943-969.

Enright, N. J. 1979. Litter production and nutrient partitioning in

rainforest near Bulolo, Papua-New Guinea. Malay. For. 42:202-207.

Evans, L. T. 1980. The natural history of crop yield. Am. Sci.

68:388-397.

Ewel, J. J. 1971. Biomass changes in early tropical succession.

Turrialba 21: 110-112.

Fahnestock, G. 1978. Carbon input to the atmosphere from forest

fires. Science 204:209-210.

Ferm, A., A. Kauppi, and P. Rinne. 1982. The potential of birch for

biomass production. IEA Forestry Planning Group B Report JAB 33,

10th meeting, Oslo, Norway, 11-15 October 1982. International

Energy Agency, Vienna.

Fittkau, E. J., and H. Klinge. 1973. On biomass and trophic structure

of the central Amazonian rain forest ecosystem. Biotropica 5:2-14.



131 ORNL-5862

Folster, H., G. De Las Salas, and P. Khanna. 1976. A tropical

evergreen forest site with perched water table, Magdalena Valley,

Columbia. Biomass and bioelement inventory of primary and

secondary vegetation. Oecol. Plant. ll(4):297-320.

Fontaine, R. 1981. What is really happening to tropical forests?

Ceres (July-August):15-19.

Food and Agriculture Organization (FAO). 1973. FAO Manual of Forest

Inventory, with Special Reference to Mixed Tropical Forests.

United Nations Food and Agriculture Organization, Rome, Italy.

Food and Agriculture Organization (FAO). 1974. The development of

peat swamp forests of Sarawak, Malaysia (pers. comm.).

Food and Agriculture Organization (FAO). 1976a. FAO Forest Resources

in the European Region. United Nations Food and Agriculture

Organization, Rome.

Food and Agriculture Organization (FAO). 1976b. Forest Resources in

Asia and the Far East Region. United Nations Food and Agriculture

Organization, Rome.

Food and Agriculture Organization. 1979. 1978 FAO Production Yearbook,

Vol. 32. United Nations Food and Agricultural Organization, Rome.

Food and Agriculture Organization (FAO). 1980. Global Environment

Monitoring System. Pilot Project on Tropical Forest Cover

Monitoring. Project Report No. 4. UN 32/6.1102-75-05. United

Nations Food and Agriculture Organization, Rome.

Forest Research Institute. 1975. Forest types, Plates 102-106. IN

National Atlas of India. National Atlas Corporation, Calcutta,

India.

Forrest, W. G., and J. D. Ovington. 1970. Organic matter changes in

an age series of Pinus radiata plantations. J. Appl. Ecol.

7:177-186.

French, N. (ed.). 1979. Perspectives in Grassland Ecology.

Ecological Studies No. 32. Springer-Verlag, New York-Heidelberg-

Berlin.



ORNL-5862 132

Freson, R., G. Goffinet, and F. Malaisse. 1974. Ecological effects of

the regressive succession, Muheulu-Miombo-Savannah in Upper-Shaba

(Zaire), pp. 365-371. IN Proc, 1st International Congress on
Ecology. The Hague, Pudoc, Wageningen, Netherlands.

Friedmann, E. I. 1982. Endolithic microorganisms in the Antarctic

cold desert. Science 215:1045-1053.

Fujimori, T., S. Kawanabe, H. Saito, C. C. Grier, and T. Shidei.

1976. Biomass and primary production in forests of three major

vegetation zones of the Northwestern United States. J. Jpn. For.

Soc 58:360-373.

Garg, R. K., and L. N. Vyas. 1975. Litter production in deciduous

forest near Udaipur (South Rajasthan), India, pp. 131-135. IN

F. B. Golley and E. Medina (eds.), Tropical Ecological Systems.

Ecological Studies 11, Springer-Verlag, New York.

Gerasimov, E. P., et al. (eds.). 1964. Fiziko-geograficheskii Atlas

Mira (Physical-geographic Atlas of the World). USSR Academy of

Science, Moscow.

Gholz, H. L., and R. F. Fisher. 1982. Organic matter production and

distribution in slash pine (Pinus elliottii) plantations. Ecology

63:1827-1839.

Golley, F. B., J. T. McGinnis, R. G. Clements, G. I. Child, and

M. J. Duever. 1978. Mineral Cycling in a Tropical Moist Forest.

University of Georgia Press, Athens.

Golley, P. M., and F. B. Golley (compilers). 1972. Tropical Ecology

with Emphasis on Organic Productivity. Institute of Ecology,

University of Georgia, Athens.

Goodall, D. W., and R. A. Perry. 1979. Arid-Land Ecosystems:

Structure, Functioning and Management, Vol. 1. International

Biological Programme 16. Cambridge University Press, Cambridge,

United Kingdom.

Goodall, D. W., and R. A. Perry. 1981. Arid-land Ecosystems:

Structure, Functioning and Management, Vol. 2. International

Biological Programme 17. Cambridge University Press, New York.



133 ORNL-5862

Gortinsky, G. B., A. A. Molchanov, M. S. Abrazhko, A. D. Vakurov,
I. I. Gusev, I. B. Zaboeva, Yu. N. Neshataev, V. V. Smirnov,

A. I. Utkin. 1975. Productivity of forests in the European part

of the USSR. pp. 34-41. IN L. E. Rodin and N. Smirnov (eds.),

Resources of the Biosphere. Academy of Science, USSR, Nauka,
Leningrad (Russian).

Grainger, A. 1980. The state of the world's tropical forests.

Ecologist 10:6-54.

Gray, J. T. 1982. Community structure and productivity in Ceanothus

chaparral and coastal sage scrub of southern California. Ecol.

Monogr. 52:415-435.

Greenland, D. J., and J. M. L. Kowal. 1960. Nutrient content of the

moist tropical forest of Ghana. Plant Soil 12:154-174.

Grier, C. C, and R. S. Logan. 1977. Old-growth Pseudotsuga menziesii

communities of a western Oregon watershed: Biomass distribution

and production budgets. Ecol. Monogr. 47:373-400.

Grubb, P. J. 1977. Control of forest growth and distribution on wet

tropical mountains. Annu. Rev. Ecol. Syst. 8:83-107.

Gudochkin, M. V. 1955. Tables of reserves and classificatory elements

of saxaul woods in Southeast Kazakhstan. Izv. Akad. Nauk Kaz. SSR,

Ser. Biol. 10.

Hall, A. E., G. H. Cannell, and H. W. Lawton. 1979. Agriculture in

semi-arid environments. Ecological Studies 24. Springer-Verlag,

Berlin-Heidelberg-New York.

Hampicke, U. 1979. Net transfer of carbon between the land biota and

the atmosphere, induced by man. pp. 219-236. IN B. Bolin,

E. T. Degens, S. Kempe, and P. Ketner (eds.), The Global Carbon

Cycle. SCOPE 13. John Wiley & Sons, New York.

Hampicke, U. 1980. The role of the biosphere, pp. 149-167. IN

W. Bach, J. Pankrath, and J. Williams (eds.), Interactions of

Energy and Climate. D. Reidel Publishing Company, Dordrecht,

Holland.



ORNL-5862 134

Harris, W. F., R. A. Goldstein, and G. S. Henderson. 1973. Analysis

of forest biomass pools, annual primary production and turnover of

biomass for a mixed deciduous forest watershed, pp. 41-64. IN

Harold Young (ed.), IUFRO Biomass Studies. Mensuration, Growth,

and Yield. University of Maine Press, Orono.

Heal, 0. W., and D. F. Perkins (eds.). 1978. Production Ecology of

British Moors and Montane Grasslands. Ecological Studies No. 27.

Springer-Verlag, Berlin.

Howard, R. A. 1970. The summit forest of Pico del Oeste, Puerto Rico.

pp. B-325-328. IN H. T. Odum and R. F. Pigeon (eds.). A Tropical

Rain Forest. National Technical Information Service, Springfield,

Virginia.

Hozumi, K., K. Shinozaki, and Y. Tadaki. 1968. Studies on the

frequency distribution of the weight of individual trees in a

forest stand. 1. A new approach toward the analysis of the

distribution function and the -3/2th power distribution. Jpn.

J. Ecol. 18:10-20.

Hozumi, K., K. Yoda, S. Kokawa, and T. Kira. 1969. Production ecology

of tropical rain forests in Southwest Cambodia. I. Plant Biomass.

Nature Life Southeast Asia (Kyoto) 6:1-51.

Hubbell, D. S. 1965. Tropical Agriculture, an Abridged Field Guide.

Howard Sams International, Kansas City, Missouri.

Hueck, K. 1966. Die Walder Sudamerikas. Gustav Fischer-Verlag,

Stuttgart, Germany.

Hummel, J. R., and R. A. Reck. 1979. A global surface albedo model.

J. Appl. Meteorol. 18:239-253.

Hussey, A., and S. P. Long. 1982. Seasonal changes in weight of

above- and belowground vegetation and dead plant material in a

salt marsh at Colne Point, England. J. Ecol. 70:757-771.

Hutchinson, G. E. 1954. The biochemistry of the terrestrial

atmosphere, pp. 371-433. IN G. P. Kuiper (ed.), The Earth as a

Planet. University of Chicago Press, Chicago.

Hutchinson, K. J., and K. L. King. 1980. Consumers, pp. 259-265. IN

R. T. Coupland (ed.), Grassland Ecosystem of the World. Cambridge

University Press, Cambridge, United Kingdom.



135 ORNL-5862

Huttel, C. H. 1975. Root distribution and biomass in three Ivory

Coast rain forest plots, pp. 123-130. IN F. B. Golley and

E. Medina (eds.), Tropical Ecological Systems. Ecological

Studies 11. Springer-Verlag, New York.

Huttel, C. H., and F. Bernhard-Reversat. 1975. Recherches sur

l'eocsystem de la foret subequatoriale de base Cote-d'Ivorie.

V. Biomasse vegetale et productivity primaire: Cycle de la

matiere organique. Terre Vie 29:203-228.

Innis, G. S. (ed.). 1978. Grassland Simulation Model. Ecological

Studies No. 26. Springer-Verlag, New York.

International Peat Society. 1980. Proceedings of the 6th International

Peat Congress. International Peat Society, Helsinki, Finland.

735 pp.

International Union of Forest Research Organizations (IUFRO), Working

Party on the Mensuration of Forest Biomass. 1972. Forest Biomass

Studies. Proc, 15th IUFRO Congress. University of Maine Press,

Orono.

International Union of Forest Research Organizations (IUFRO), Working

Party on the Mensuration of Forest Biomass, 1973. IUFRO Biomass

Studies. Papers presented at meetings of the Working Party 54.01

in Nancy, France, June 25-29, 1973, arid Vancouver, British

Columbia, Canada, August 20-24, 1973. University.of Maine Press,

Orono.

International Union of Forest Research Organizations (IUFRO), Working

Party on the Mensuration of Forest Biomass. 1976. Oslo Biomass

Studies. Papers presented at meetings of the Working Party 54.01

in Oslo, Norway, June 22, 1976 (16th IUFRO Congress). University

of Maine Press, Orono.

Iwaki, H. 1974. Comparative productivity of terrestrial ecosystems in

Japan, with emphasis on the comparison between natural and

agricultural systems, pp. 40-45. IN Proc, First International

Congress of Ecology. Pudoc, Wageningen.

Jenny, H. 1980. The Soil Resource. Ecological Studies No. 37.

Springer-Verlag, New York.



ORNL-5862 136

Jenny, H., S. P. Gessel, and F. T. Bingham. 1949, Comparative study

of decomposition rates of organic matter in temperate and tropical

regions. Soil Sci. 68:419-432.

John, D. M. 1973. Accumulation and decay of litter and net production

of forest in tropical West Africa. Oikos 24:430-435.

Johnson, P. L., and T. C. Vogel. 1966. Vegetation of the Yukon Flats

Region, Alaska. Research Report 209. Cold Regions Research and

Engineering Laboratory, U.S. Army, Hanover, New Hampshire.

Jordan, C. F. 1982. Nutrient cycling in an Amazonian rain forest.

Ecology 63:647-651.

Jordan, C. F. 1981. Tropical Ecology. Benchmark Papers in Ecology 10.

Hutchinson Ross Publ. Co., Stroudsburg, Pennsylvania. 356 pp.

Jordan, C. F. 1982. Amazon rain forests. Am. Sci. 70:394-401.

Jordan, C. F., and C. Uhl. 1978. Biomass of a "tierra firme" forest

of the Amazone Basin. Oecol. Plant. 13:387-400.

Jordan, C. F., and G. Escalante. 1980. Root productivity in an

Amazonian rain forest. Ecology 61:14-18.

Kan, M., H. Saito, and T. Shidei. 1965. Studies of the productivity

of evergreen broad-leaved forests. Bull. Kyoto Univ. For.

37:55-75 (in Japanese).

Kellman, M. C. 1970. Secondary Plant Succession in Tropical Montane

Mindanao. Research School of Pacific Studies, Department of

Biogeography and Geomorphology, Publication BG/2. Australian

National University, Canberra. 174 pp.

Kira, T. 1977. Community architecture and organic matter dynamics in

tropical lowland rain forests of Southeast Asia with special

reference to Pasoh Forest, West Malaysia, pp. 561-590. IN

P. B. Tomlinson and M. H. Zimmermann (eds.), Tropical Trees as

Living Systems. Proc, 4th Cabot Symposium, Harvard. Cambridge

University Press, London.

Kira, T., H. Ogawa, K. Yoda, and K. Ogino. 1964. Primary production

by a tropical rain forest of southern Thailand. Bot. Mag.

77:428-429.



137 ORNL-5862

Kira, T., H. Ogawa, K. Yoda, and K. Ogino. 1967. Comparative

ecological studies on three main types of forest vegetation in

Thailand. IV. Dry matter production, with special reference to

the Khao Chong rain forest. Nature Life Southeast Asia (Kyoto)

5:149-174.

Kira, T., and H. Ogawa. 1971. Assessment of primary production in

tropical and equatorial ecosystems, pp. 309-321. IN P. Duvigneaud

(ed.), Productivity of Forest Ecosystems. Proc, Brussels

Symposium. Unesco, Paris.

Kivinen, E., and P. Pakarinen. 1980. Peatland areas and the proportion

of virgin peatlands in different countries, pp. 52-54. IN Proc,

6th International Peat Congress. International Peat Society,

Helsinki, Finland. 735 pp.

Klinge, H. 1975. Root mass estimation in lowland tropical rain

forests of central Amazonia, Brazil. 3. Nutrients in fine roots

from giant humus podzols. Trop. Ecol. 16:28-38.

Klinge, H. 1976. Root mass estimation in lowland tropical rain

forests of central Amazonia, Brazil. 4. Nutrients in fine roots

from latosols. Trop. Ecol. 17:79-88.

Klinge, H. and R. Herrera. 1978. Biomass studies in Amazon caatinga

forest in southern Venezuela. 1. Standing crop of composite root

mass in selected stands. Trop. Ecol. 19:93-110.

Klinge, H., W. A. Rodriguez, E. Brunig, and E. J. Fittkau. 1975.

Biomass and structure in a central Amazonian rainforest.

pp. 115-122. IN F. B. Golley and E. Medina (eds.), Tropical

Ecological Systems. Ecological Studies 11. Springer-Verlag,

New York.

Knoche, W. 1948. Notes on the production of anthropogenic carbon

dioxide. An. Soc Cient. Argent. 126:41-46.

Korsmo, H. 1982. Can energy plantations become balanced ecosystems?

Report JAB 33, Forestry Energy. International Energy Agency,

Vienna.



ORNL-5862 138

Kucera, C. L. 1981. Grasslands and fire. pp. 90-111. IN

H. A. Mooney, T. M. Bonnicksen, N. L. Christensen, J. E. Lotan,

and W. A. Reiners (eds.), Fire Regimes and Ecosystem Properties.

U.S. For. Serv. Gen. Tech. Rep. WO-26.

Kiichler, A. W. 1978. Natural vegetation map. pp. 16-17. IN

E. B. Espenshade, Jr., and J. L. Morrison (eds.), Goode's World

Atlas, 15th Edition. Rand McNally & Company, Chicago.

Kuusela, K. 1982. Utilization and potentials of forest energy in

Finland with reference to forest resources in the IEA member

countries. Report JAB 27, Forestry Energy. International Energy

Agency, Vienna.

LaMotte, M. 1975. The structure and function of a tropical savanna

ecosystem, pp. 179-222. IN F. B. Golley and E. Medina (eds.),

Tropical Ecological Systems. Trends in Terrestrial and Aquatic

Research. Ecological Studies 11. Springer-Verlag, New

York-Heidelberg-Berlin.

LaMotte, M. 1982. Consumption and decomposition in tropical grassland

ecosystems, pp. 415-429. IN B. J. Huntley and B. H. Walker

(eds.), Ecology of Tropical Savannas. Ecological Studies 42.

Springer-Verlag, Berlin-Heidelberg-New York.

Lanly, J. P., and J. Clement. 1979. Present and future natural forest

and plantation areas in the tropics. Unasylva 31:12-20. (Derived

from: J. P. Lanley and J. Clement. 1979. Present and future

forest and plantation areas in the tropics. F0:MISC/79/l. United

Nations Food and Agricultural Organization, Rome.)

Lieth, H. 1962. Abschnitt 4, Stoffproduktionsdaten. pp. 117-133.

IN Die Stoffproduktion der Pflanzendecke. Fischer-Verlag,

Stuttgart.

Lieth, H. 1975. Primary production of the major vegetation units

of the world, pp. 203-215, Chapter 10. IN H. Lieth and

R. H. Whittaker (eds.), Primary Productivity of the Biosphere.

Ecological Studies No. 14. Springer-Verlag, New York-Heidelberg-

Berlin.



139 . ORNL-5862

Lieth, H., and E. Box. 1972. Evapotranspiration and primary

productivity, pp. 37-46. IN J. R. Mather (ed.), Thornthwaite

Memorial Model, Vol. 2, Papers on Selected Topics in Climatology,

(Publications in Climatology, Vol. 25, No. 3.). C. W. Thornwaite

Associates, Centerton, New Jersey.

Lieth, H., and R. H. Whittaker (eds.) 1975. Primary Productivity of

the Biosphere. Ecological Studies No. 14. Springer-Verlag,

New York-Heidelberg-Berlin.

Lbffler, E. 1977. Geomorphology of Papua New Guinea. CSIRO and the

Australian National University Press, Canberra.

Loomis, R. S., and P. A. Gerakis. 1975. Productivity of agricultural

ecosystems, pp. 145-172. IN J. P. Cooper (ed.), Photosynthesis

and Productivity in Different Environments. Cambridge University

Press, Cambridge, United Kingdom.

Madgwick, H. A. I. 1976. Mensuration of forest biomass. pp. 11-27.

IN Oslo Biomass Studies. Papers presented at Meetings of the

Working Party 54.01 in Oslo, Norway, June 22, 1976 (16th IUFRO

Congress). University of Maine Press, Orono.

Malaisse, F., J. Alexandre, R. Freson, G. Goffinet, and

M. Malaisse-Mousset. 1972. The Miombo ecosystem: A preliminary

study, pp. 363-405. IN P. M. Golley and F. B. Golley (eds.),

Tropical Ecology with an Emphasis on Organic Production.

University of Georgia Press, Athens.

Malaisse, F., R. Freson, G. Goffinet, and M. Malaisse-Mousset. 1975.

Litterfall and litter breakdown in Miombo. pp. 137-152. IN

F. B. Golley and E. Medina (eds.), Tropical Ecological Systems.

Ecological Studies 11. Springer-Verlag, New York-Heidelberg-

Berlin.

Malinovsky, K. A. (ed.). 1975. Productivity of mountain communities

in the USSR. pp. 167-172. IN L. E. Rodin and N. N. Smirnov

(eds.), Resources of the iiosphere, Vol. 1. Academy of Science,

USSR, Nauka, Leningrad.

Manakov, K. N. 1961. Absorption of mineral elements and nitrogen from

the soil by vegetation in the forests of the Kola Peninsula. Sov.

Soil Sci. 1961:846-853.



ORNL-5862 140

Marchenko, A. I., and Ye. M. Karlov. 1962. Mineral exchange in spruce

forests of the Northern Taiga and the forest-tundra of the

ArkangeT Province. Sov. Soil Sci. 1962:722-734.

McGinnies, W. G. 1981. Description and structure of arid ecosystems.

Part I, pp. 3-316. IN D. W. Goodall and R. A. Perry (eds.),

Arid-Land Ecosystems: Structure, Functioning, and Management,

Vol. 1. International Biological Programme 16. Cambridge

University Press, New York.

Meijer, W. 1970. Regeneration of tropical lowland forest in Sabah,

Malaysia, forty years after logging. Malay. For. 33:204-229.

Menaut, J. C, and J. Cesar. 1979. Structure and primary productivity

of Lamto Savannas, Ivory Coast. Ecology 60:1197-1210.

Menaut, J. C, and J. Cesar. 1982. The structure and dynamics of a

West African savanna, pp. 80-100. IN B. C. Huntley and

B. H. Walker (eds.), Ecology of Tropical Savannas. Ecological

Studies 42. Springer-Verlag, Berlin-Heidelberg-New York.

Miller, P. (ed.). 1981. Carbon Balance in Northern Ecosystems and the

Potential Effect of Carbon Dioxide-Induced Climatic Change.

CONF-8003118. National Technical Information Service,

Springfield, Virginia.

Mjzfller, C. Mar, D. Muller, and J. Nielsen. 1954. The dry matter

production of European beech. Forstl. Forsoegsvaes. Dan.

21:253-335.

Miller, C. Mar. 1947. The effect of thinning, age, and site on

foliage, increment, and loss of dry matter. J. For. 45:393-404.

Monk, C. D., G. I. Child, and S. A. Nicholson. 1970. Biomass, litter

and leaf surface area estimates of an oak-hickory forest. Oikos

21:138-141.

Moore, A. W., J. S. Russell, and J. E. Coaldrake. 1967. Dry matter

and nutrient content of a subtropical forest of Acacia harpophylla.

F. Muell. (Brigalow). Aust. J. Bot. 15:11-24.

Moore, R. M., and R. A. Perry. 1969. Vegetation of Australia,

1:12,000,000. Map 3, p. 70. IN R. M. Moore (ed.), Australian

Grasslands. Australian National University Press, Canberra.



141 ORNL-5862

Mueller-Dombois, D. 1981. Fire in tropical ecosystems, pp. 137-176.

IN H. A. Mooney, T. M. Bonnicksen, N. L. Christensen, J. E. Lotan,

and W. A. Reiners (eds.), Fire Regimes and Ecosystem Properties.

U.S. For. Serv. Gen. Tech. Rep. WO-26.

Muller, D., and J. Nielsen. 1965. Production brute, pertes par

respiration et production nette dans la foret ombrophile tropicale.

Forstl. Forsoegsvaes. Dan. 29:69-160.

Murphy, P. G. 1975. Net primary productivity in tropical terrestrial

ecosystems, pp. 217-231. IN H. Lieth and R. H. Whittaker (eds.),

Primary Productivity of the Biosphere. Springer-Verlag, New York.

Myers, N. 1980a. Conversion of Tropical Moist Forests. National

Academy of Sciences, Washington, D.C.

Myers, N. 1980b. The present status and future prospects of tropical
moist forests. Environ. Conserv. 7:101-114.

National Academy of Sciences. 1982. Ecological Aspects of Development

in the Humid Tropics. National Academy of Sciences,

Washington, D.C.

Newbould, P. J. 1967. Methods for Estimating the Primary Production

of Forests. International Biological Programme Handbook 2.

Blackwell, Oxford, United Kingdom.

Numata, M. 1979. Primary producers in meadows, pp. 127-138. IN

R. T. Coupland (ed.), Grassland Ecosystems of the World: Analysis

of Grasslands and Their Uses. International Biological

Programme 18. Cambridge University Press, Cambridge, United

Kingdom.

Nye, P. H. 1961. Organic matter and nutrient cycles under moist

tropical forest. Plant Soil 13:333-346.

Nye, P. H., and D. J. Greenland. 1960. The Soil Under Shifting

Cultivation. Commonw. Bur. Soil Sci. (Gt. Brit.) Tech. Commun.

No. 51.

Nye, P. H., and D. J. Greenland. 1964. Changes in the soil after

clearing tropical forest. Plant Soil 21:101-112.



ORNL-5862 142

Odum, H. 1970. Summary: An emerging view of the ecological system at

El Verde, pp. 1-191-1-289. IN H. T. Odum and R. F. Pigeon (eds.),

A Tropical Rain Forest, Ch. 1-10. National Technical Information

Service, Springfield, Virginia.

Odum, H. T., and R. F. Pigeon (eds.). 1970. A Tropical Rain Forest.

National Technical Information Service, Springfield, Virginia.

Ogawa, H., K. Yoda, T. Kira, K. Ogino, T. Shidei, D. Ratanawongse, and

C. Apasutaya. 1965a. Comparative ecological study on three main

types of forest vegetation in Thailand. I. Structure and floristic

composition. Nature Life Southeast Asia (Kyoto) 4:13-48 (plus 11

plates).

Ogawa, H., K. Yoda, K. Ogino, and T. Kira. 1965b. Comparative

ecological studies on three main types of forest vegetation in

Thailand. II. Plant Biomass. Nature Life Southeast Asia (Kyoto)

4:49-80.

Ogawa, H., K. Yoda, and T. Kira. 1961. A preliminary survey in the

vegetation of Thailand. Nature Life Southeast Asia (Kyoto)

1:21-157.

Olson, J. S. 1959. Forest studies, pp. 45-47. IN Health Physics

Division Annual Progress Report for the period ending July 31,

1959. ORNL-2806. Oak Ridge National Laboratory, Oak Ridge,

Tennessee.

Olson, J. S. 1964. Gross and net production of terrestrial vegetation.

J. Ecol. 52:99-118.

Olson, J. S. 1970. Carbon cycles and temperate woodlands.

pp. 226-241. IN D. E. Reichle (ed.), Analysis of Temperate Forest

Ecosystems. Ecological Studies No. 1. Springer-Verlag,

New York-Heidelberg-Berlin.

Olson, J. S. 1971. Primary productivity: Temperate forests,

especially American deciduous types, pp. 235-258. IN

P. Duvigneaud (ed.), Productivity of Forest Ecosystems. Ecology

and Conservation 4. Unesco, Paris.



143 ORNL-5862

Olson, J. S. 1974. Terrestrial ecosystem, pp. 144-149. IN

Encyclopaedia Britannica, 15th Ed. Helen Hemingway Benton,
Publisher, Chicago.

Olson, J. S. 1981. Carbon balance in relation to fire regimes.
pp. 327-378. IN H. A. Mooney, T. M. Bonnicksen,

N. L. Christensen, J. E. Lotan, and W. A. Reiners (eds.), Fire

Regimes and Ecosystem Properties. USDA For. Serv. Gen. Tech.

Rep. WO-26.

Olson, J. S. 1982. Earth's vegetation and atmospheric carbon dioxide.

pp. 388-398. IN W. C. Clark (ed.), Carbon Dioxide Review: 1982.

Oxford University Press, New York.

Olson, J. S., H. A. Pfuderer, and Y.-H. Chan. 1978. Changes in the
global carbon cycle and the biosphere. ORNL/EIS-109. Oak Ridge

National Laboratory, Oak Ridge, Tennessee.

Ovington, J. D. 1956. The form weights and productivity of tree

species grown in close stands. New Phytol. 55:289-304.

Ovington, J. D. 1957. Dry matter production by Pinus sylvestris.

Ann. Bot. 4:5-58.

Ovington, J. D. 1962. Quantitative ecology and the woodland ecosystem
concept. Adv. Ecol. Res. 1:103-192.

Ovington, J. D. 1965. Organic production, turnover and mineral cycling
in woodlands. Biol. Rev. 40:295-336.

Ovington, J. D., and D. B. Lawrence. 1967. Comparative chlorophyll
and energy studies of priairie, savanna, oakwood, and maize field

ecosystems. Ecology 48(4):515-524.

Ovington, J. D., and H. A. I. Madgwick. 1959a. Distribution of organic

matter and plant nutrients in a plantation of Scots pine. For.

Sci. 5:344-355.

Ovington, J. D., and H. A. I. Madgwick. 1959b. The growth and

composition of natural stands of birch. I. Dry-matter

production. Plant Soil 10:271-283.



ORNL-5862 144

Ovington, J. D., and J. S. Olson. 1970. Biomass and chemical content

of El Verde lower montane rain forest plants, pp. H-53--75. IN

H. T. Odum and R. F. Pigeon (eds.), A Tropical Rain Forest.

TID-24270. National Technical Information Service, Springfield,

Virginia.

Paijmans, K. 1970. An analysis of four tropical rain forest sites in

New Guinea. J. Ecol. 58:77-101.

Paijmans, K. (ed.). 1976. New Guinea Vegetation. CSIRO and the

Australian National University Press, Canberra.

Paijmans, K., and B. Rollet. 1977. The mangroves of Galley Reach,

Papua New Guinea. For. Ecol. Manage. 1:119-140.

Paul, E. A., F. E. Clark, and V. 0. Bierderbeck. 1979.

Micro-organisms, pp. 87-96. IN R. T. Coupland (ed.), Grassland

Ecosystems of the World: Analysis of Grasslands and Their Uses.

International Biological Programme 18. Cambridge University

Press, Cambridge, United Kingdom.

Persson, R. 1974. World Forest Resources. Research Notes 17. Royal

College of Forestry, Stockholm.

Persson, R. 1977a. Forest Resources of Africa. Part II: Regional

Analyses. Research Notes No. 22. Royal College of Forestry,

Stockholm.

Persson, R. 1977b. Scope and Approach to World Forest Resource

Appraisals. Research Notes No. 23. Royal College of Forestry,

Stockholm (now Umea, Sweden; report actually published in 1980).

Peterken, G. F., and P. S. Newbould. 1966. Dry matter production by

Ilex aquifolium L. in the New Forest. J. Ecol. 54:143-150.

Petrov, M. P. 1973. Deserts of the World. Publishing House, Nauka,

Leningrad.

Pozdnyakov, L. K. 1975. Productivity of the forests of Siberia.

pp. 43-55. IN L. E. Rodin and N. N. Smirnov (eds.), Resources of

the Biosphere Academy of Science, USSR, Vol. 1. Nauka, Leningrad

(Russian).

Prentice, K. C, and J. C. Coiner. 1980. Agriculturally induced

vegetation change. Human Ecol. 8:105-116.



145 ORNL-5862

Ranjitsinh, M. K. 1979. Forest destruction in Asia and the

South Pacific. Ambio 8:192-201.

Reichle, D. E. (ed.). 1981. Dynamic Properties of Forest Ecosystems.
International Biological Programme 23. Cambridge University
Press, Cambridge, United Kingdom.

Reichle, D. E., J. F. Franklin, and D. W. Goodall (eds.). 1975.

Productivity of World Ecosystems. National Academy of Sciences,
Washington, D.C.

Richardson, C. J. (ed.). 1981. Pocosin Wetlands. Hutchinson Ross

Publishing Company, Stroudsburg, Pennsylvania.

Riekerk, H. 1967. The movement of phosphorus, potassium and calcium

in a Douglas-fir forest ecosystem. Ph.D. Dissertation.

University of Washington, Seattle.

Rodin, L. Ye. 1953. On the seasonal rhythm of a tropical forest.
Bot. Zh. Leningrad 38:485-496.

Rodin, L. Ye. 1979. Productivity of desert communities in Central

Asia. pp. 273-298. IN D. W. Goodall and R. A. Perry (eds.),

Arid-Land Ecosystems: Structure, Functioning, and Management,
Vol. 1. International Biological Programme 16. Cambridge
University Press, Cambridge, United Kingdom.

Rodin, L. Ye, and N. I. Bazilevich. 1967. Production and Mineral

Cycling in Terrestrial Vegetation. Oliver and Boyd, Edinburgh.
[Translated from: L. Ye Rodin and N. I. Bazilevich. 1965.

Dynamics of the Organic Matter and Biological Turnover of Ash

Elements and Nitrogen in the Main Types of the World Vegetation.
Nauka, Moscow-Leningrad (in Russian)].

Rodin, L. Ye, and N. I. Bazilevich. 1968. World distribution of

plant biomass. pp. 45-52. IN F. E. Eckardt (ed.), Functioning of
Terrestrial Ecosystems at the Primary Production Level. Unesco,
Paris.

Rodin, L. Ye, Yu. S. Nazyrov, L. N. Novichkova-Ivanova,

0. A. Semikhatova, V. M. Sveshnikova, and 0. V. Zalensky (eds.).

1972. Ecophysiological Foundation of Ecosystem Productivity in
Arid Zone. Nauka, Leningrad.



ORNL-5862 146

Rodin, L. E., and N. Smirnov (eds.). 1975. Resources of the Biosphere.

(Synthesis of the Soviet Studies for the International Biological

Programme). Academy of Science, USSR, Nauka, Leningrad (Russian).

Rosswall, T., and 0. W. Heal. 1975. Structure and Function of Tundra

Ecosystems. Ecol. Bull. 20. Swedish Natural Science Research

Council, Stockholm.

Rotty, R. M. 1980. Past and future emission of C0„. Experientia

36:781-783.

Rubel, E. 1930. Pflanzengesellschaften der Erde. Verlag Hans Huber,

Bern-Berlin.

Rubey, W. W. 1951. Geologic history of seawater. An attempt to state

the problem. Bull. Geo!. Soc Am. 62:1111-1148.

Rutherford, M. C. 1982. Woody plant biomass distribution in Burkea

africana savannas, pp. 120-144. IN B. J. Huntley and B. H. Walker

(eds.). Ecology of Tropical Savannas. Springer-Verlag,

Berlin-Heidelberg-New York.

Ryabchikov, A. 1975. The Changing Face of the Earth. Progress

Publishers, Moscow.

Rychnovska, M. (ed.). 1972. Ecosystem Study on Grassland Biome in

Czechoslovakia. IBP/PT-PP Report 2. Brno, Czechoslovakia.

Sabhasri, S. 1978. Effects of forest fallow cultivation on forest

production and soil. pp. 160-184. IN P. Kunstadter,

E. C. Chapman, and S. Sabhasri (eds.), Farmers in the Forest --

Economic Development and Marginal Agriculture in Northern

Thailand. The University of Hawaii Press, Honolulu.

Sabhasri, S., C. Khemnark, S. Aksornkoae, and P. Ratisoonthorn. 1968.

Primary production in dry evergreen forest at Sakaerat Amphoe Pak

Thong Chai, Changwat Nakhon Ratchasima. 1. Estimation of biomass

and distribution amongst various organs. Contr. ASRCT Coop. Res.

Prog. No. 27: Tropical Environmental Data (TREND), Ecosystem

study of tropical-dry evergreen forest. Applied Science Research

Corp., Thailand, Bangkok, Thailand. 38 pp.



147 ORNL-5862

San Jose, J. J., and E. Medina. 1975. Effect of fire on organic matter

production and water balance in a tropical savanna, pp. 241-264.

IN F. B. Golley and E. Medina (eds.), Tropical Ecological Systems.

Trends in Terrestrial and Aquatic Research. Ecological Studies 11.

Springer-Verlag, New York-Heidelberg-Berlin.

Santantonio, D., R. K. Hermann, and W. S. Overton. 1977. Root biomass

studies in forest ecosystems. Pedobiologia 17:1-31.

Sarmienta, G., and M. Monasteria. 1975. A critical consideration of

the environmental conditions associated with the occurrence of

savanna ecosystems in tropical America, pp. 223-250. IN

E. B. Bolley and E. Medina (eds.), Tropical Ecological Systems.

Ecological Studies 11. Springer-Verlag, New York-Heidelberg-
Berlin.

Satoo, T. 1962. Notes on Kittredge's method of estimation of amount

of leaves of forest stand. J. Jpn. For. 44:267-272.

Satoo, T. 1966. Production and distribution of dry matter in forest

ecosystems. Misc. Inf. Tokyo Univ. For. 16:1-15.

Satoo, T. 1967. Primary production relations in woodlands of Pinus

densiflora. pp. 52-80. IN Symposium on Primary Productivity and

Mineral Cycling in Natural Ecosystems. AAAS, Washington, D.C.

Satoo, T. 1970. A synthesis of studies by the harvest method:

Primary production relations in the temperate deciduous forests of

Japan, pp. 55-72. IN D. E. Reichle (ed.), Analysis of Temperate

Forest Ecosystems. Ecological Studies No. 1. Springer-Verlag,

New York-Heidelberg-Berlin.

Shanks, R., and E. E. C. Clebsch. 1962. Computer programs for the

estimation of forest stand weight and mineral pool. Ecology

43:339-341.

Sharma, V. K. 1976. Biomass estimation of Shorea robusta and

Buchanan lanzan by regression technique in natural dry deciduous

forest, pp. 129-142. IN Oslo Biomass Studies. Papers presented

at Meetings of the Working Party 54.01 in Oslo, Norway, June 22,

1976 (16th IUFRO Congress). University of Maine Press, Orono.

Shidei, T., and T. Kira (eds.). Primary Production in Japanese forests.

JIBP Synthesis Vol. 16. University of Tokyo Press, Tokyo.



ORNL-5862 148

Shinozaki, K., K. Yoda, K. Hozumi, and T. Kira. 1964. A quantitative

analysis of plant form -- The pipe model theory. 1. Basic

analyses. Jpn. J. Ecol. 14:97-139.

Sims, P. L., and R. T. Coupland. 1979. Producers, pp. 49-72. IN

R. T. Coupland (ed.), Grassland Ecosystems of the World: Analysis

of Grasslands and Their Uses. International Biological

Programme 18. Cambridge University Press, Cambridge, United

Kingdom.

Singh, J. S., and M. C. Joshi. 1979. Primary production, pp. 197-218.

IN R. T. Coupland (ed.), Grassland Ecosystems of the World:

Analysis of Grasslands and Their Uses. International Biological

Programme 18. Cambridge University Press, Cambridge, United

Kingdom.

Smith, J. H. G. 1976. Methods for use of timber inventory data to

estimate averages and upper limits to growth and yield of biomass."

pp. 163-174. IN Oslo Biomass Studies. Papers presented at

Meetings of Working Party 54.01 in Oslo, Norway, June 22, 1976

(16th IUFRO Congress). University of Maine Press, Orono.

Sollins, P., D. E. Reichle, and J. S. Olson. 1973. Organic matter

budget and model for a southern Appalachian Liriodendron forest.

EDFB/IBP-73/2. Oak Ridge National Laboratory, Oak Ridge,

Tennessee.

Sollins, P., and R. Anderson (eds.). 1971. Dry-weight and other data

for trees and woody shrubs of the Southeastern United States.

0RNL/IBP-71/6. Oak Ridge National Laboratory, Oak Ridge,

Tennessee.

Specht, R. L. 1981a. Major vegetation formations in Australia,

pp. 163-298. IN A. Keast (ed.), Ecological Biogeography in

Australia. Dr. W. Junk, b.v., Publishers, The Hague.

Specht, R. L. 1981b. Structural attributes--foliage projective cover

and standing biomass. IN A. N. Gillison and D. J. Anderson (eds.),

Vegetation Classification in the Australian Region. Australian

National University Press, CSIRO. Canberra.

Specht, R. L. 1981c Heathlands. pp. 253-275. IN R. H. Groves (ed.),

Australian Vegetation. Cambridge University Press, New York.



149 ORNL-5862

Specht, R. L. (ed.). 1980. Ecosystems of the World, Vol. 9B.

Heathlands and Related Shrublands. Elsevier Scientific Publishing
Company, Amsterdam.

Stark, N. M., and C. F. Jordan. 1978. Nutrient retention by the root
mat of an Amazonian rain forest. Ecology 59:434-437.

Stark, N., and M. Spratt. 1977. Root biomass and nutrient estimation

in Venezuelan tropical soils. Trop. Ecol. 18:1-9.

Strain, B. R., and T. V. Armentano. 1980. Environmental and Societal

Consequences of C02-Induced Climate Change: Response of
"Unmanaged" Ecosystems. Duke University Phytotron, Durham,
North Carolina.

Study of Critical Environmental Problems (SCEP). 1970. Man's Impact
on the Global Environment. MIT Press, Cambridge, Massachusetts.

Subagio, G. 1974. Production forest, pp. 55-65. IN K. Kartawinata

and A. Amawidjaja (eds.), Coordinated Study of Lowland Forests of

Indonesia. Regional Center for Tropical Biology (BI0TR0P) and

Faculty of Forestry, Bogor Agricultural University, Bogor,
Indonesia.

Synott, T. J. 1977. Monitoring Tropical Forests: A Review with

Special Reference to Africa. Monitoring and Assessment Research

Center, Chelsea College, University of London, United Kingdom.

Tadaki, T. 1965a. Studies on production structure of forests (VII).

The primary production of a young stand of Castanopsis cuspidata.

Jpn. J. Ecol. 15:142-147.

Tadaki, Y., and Y. Kawasaki. 1966. Studies on the production

structure of forest. IX. Primary productivity of a young

Cryptomeria plantation with excessively high stand density.

J. Jpn. For. Soc 48:55-61.

Tieszen, L..L. (ed.). 1978. Vegetation and Production Ecology of an

Alaskan Arctic Tundra. Ecological Studies No. 29.

Springer-Verlag, New York.



ORNL-5862 150

Tieszen, L. L., M. C. Lewis, P. C. Miller, J. Mayo, F. S. Chapin III,

and W. Oechel. 1981. An analysis of processes of primary

production in tundra growth forms, pp. 285-356. IN L. C. Bliss,

0. W. Heal, and J. J. Moore (eds.), Tundra Ecosystems: A

Comparative Analysis. International Biological Programme 25.

Cambridge University Press, Cambridge, United Kingdom.

Tikhomirov, V. A., V. F. Shamurin, and V. D. Aleksandrova. 1981.

Phytomass and primary production of tundra communities, USSR.

pp. 227-238. IN L. C. Bliss, 0. W. Heal, and J. J. Moore (eds.),

Tundra Ecosystems: A Comparative Analysis. International

Biological Programme 25. Cambridge University Press, Cambridge,

United Kingdom.

Tran, V. N. 1974. Forest resources of humid tropical Asia.

pp. 197-215. IN Natural Resources of Humid Tropical Asia.

Unesco, Paris.

Ulehlova, B. 1979. Micro-organisms in meadows, pp. 155-164. IN

R. T. Coupland (ed.), Grassland Ecosystems of the World: Analysis

of Grasslands and Their Uses. International Biological

Programme 18. Cambridge University Press, Cambridge, United

Kingdom.'

Unesco. 1973. International Classification and Mapping of Vegetation.

Ecology and Conservation 6. Unesco, Paris.

Unesco. 1978. Tropical Forest Ecosystems. A State-of-Knowledge

Report Prepared by Unesco/UNEP/FAO. Unesco, Paris.

United Nations (UN). 1975. Statistical Yearbook for Asia and the

Pacific. Economic and Social Commission for Asia and the Pacific,

Bangkok, Thailand.

Van Hooser, D. D. 1978. Forest Statistics of the U.S., 1977 (review

draft). Department of Agriculture, U.S. Forest Service,

Washington, D.C .

Volkovsinter, V. I. Soils of the dry steppe of the Yana-oymyakon

upland. Pochvovedeniye 1974(4):11-19 (Sov. Soil Sci.

1974:142-159).

von Liebig, J. 1862. Die Naturgesetze des Feldbaues. Vieweg,

Braunschweig, Germany.



151 ORNL-5862

Vyas, L. N., R. K. Garg, and N. L. Vyas. 1977. Stand structure and

above ground biomass in dry deciduous forests of Aravalli hills at

Udaipur (Rajasthan), India. Biologia (Bratislava) 32:265-270.

Wacharakitti, S. 1976. Tropical Forest Land-Use Evolution/Northern

Thailand. Lecture presented at the International Hill Land

Symposium, Morgantown, West Virginia, October 3-9, 1976.

Wacharakitti, S. 1978. The assessment of forest areas from LANDSAT

imagery. Paper presented in Forestry Meeting, Bangkok, Thailand;

Royal Forest Department, November 6-14, 1978.

Walsh, G. E. 1977. Exploitation of Mangal. pp. 347-362. IN

V. J. Chapman (ed.), Wet Coastal Ecosystems. Ecosystems of the

World, Vol. I. Elsevier Scientific Publishing Company, Amsterdam.

Walter, H. 1979. Vegetation of the Earth. Springer-Verlag, New York.
Walter, H., D. Harnickell, and D. Mueller-Dombois. 1975. Climate -

Diagram Maps of the Individual Continents and the Ecological
Climatic Regions of the Earth. Springer-Verlag, New York.

Waring, R. H., and J. F. Franklin. 1979. Evergreen coniferous forests

of the Pacific Northwest. Science 204:1380-1386.

Warsopranoto, R. S. 1974. Some points on planning and management of

the tropical rainforest in Indonesia, pp. 66-70. IN

K. Kartawinata and A. Amawidjaja (eds.), Coordinated Study of

Lowland Forests of Indonesia. Regional Center for Tropical

Biology (BIOTROP) and Faculty of Forestry, Bogor Agricultural
University, Bogor, Indonesia.

Watson, V. D., and J. D. Cole. 1977. Prehistory of the Eastern

Highlands of New Guinea. Australian National University Press,

Canberra.

Westlake, D. F. 1963. Comparisons of plant productivity. Biol. Rev.

38:385-425.

Westman, G. F., and R. Harland. 1964. Foliage and wood production in

unthinned black spruce in northern Quebec For. Sci. 10:80-88.

Whitmore, T. C. 1974. Change with Time and the Role of Cyclones in

Tropical Rain Forest on Kolombangara, Solomon Islands.

Commonwealth Forestry Institute, Paper 46. Holywell Press,

Oxford, United Kingdom.



ORNL-5862 152

Whitmore, T. C. 1975. Tropical Rain Forests of the Far East.

Clarendon Press, London.

Whitmore, T. C. 1978. The forest ecosystems of Malaysia, Singapore,

and Brunei: Description, functioning, and research needs.

pp. 641-653. IN Tropical Forest Ecosystems. A State-of-Knowledge

Report Prepared by Unesco/UNEP/FAO. Unesco, Paris.

Whittaker, R. H. 1966. Forest dimensions and production in the Great

Smoky Mountains. J. Ecol. 47:103-121.

Whittaker, R. H. 1975. Communities and Ecosystems, Second Ed.

Macmillan Publishing Company, New York.

Whittaker, R. H., N. Cohen, and J. S. Olson. 1963. Net production

relations of three tree species at Oak Ridge, Tennessee. Ecology

44:806-810.

Whittaker, R. H., and V. Garfine. 1962. Leaf characteristics and

chlorophyll in relation to exposure and production in Rhododendron

maximum. Ecology 43:120-125.

Whittaker, R. H., and G. E. Likens. 1973. Carbon in the biota.

pp. 281-302. IN G. M. Woodwell and E. V. Pecan (eds.), Carbon and

the Biosphere. CONF-720510. National Technical Information

Service, Springfield, Virginia.

Whittaker, R. H., and G. E. Likens. 1975. The biosphere and man.

pp. 305-328. IN H. Lieth and R. H. Whittaker (eds.), Primary

Productivity of the Biosphere. Ecological Studies No. 14.

Springer-Verlag, New York.

Whittaker, R. H., and G. M. Woodwell. 1968. Dimension and production

relations of trees and shrubs in the Brookhaven Forest, New York.

J. Ecol. 56:1-25.

Whittaker, R. H., and G. M. Woodwell. 1969. Structure, production

and diversity of the oak-pine forest at Brookhaven, New York.

J. Ecol. 57:155-174.

Whittaker, R. H., and G. M. Woodwell. 1971. Measurement of net

primary production of forests, pp. 159-175. IN P. Duvigneaud

(ed.), Productivity of Forest Ecosystems. Unesco, Paris.



153 ORNL-5862

Wielgolalski, F. E. (ed.). 1975. Fennoscandian Tundra Ecosystems,

Parts 1 and 2. Ecological Studies No. 16 and 17.

Springer-Verlag, Berlin.

Wielgolaski, F. E., L. C. Bliss, J. Svoboda, and G. Doyle. 1981.

Primary production of tundra, pp. 187-225. IN L. C. Bliss,

0. W. Head, and J. B. Moore (eds.), Tundra Ecosystems: A

Comparative Analysis. International Biological Programme 25.

Cambridge University Press, Cambridge, United Kingdom.

Will, G. M. 1966. Root growth and dry matter production in a high

producing stand of Pinus radiata. N.Z. For. Res. Notes 44. 15 pp.

Williams, D. L., and L. D. Miller. 1979. Monitoring Forest Canopy

Alteration Around the World with Digital Analysis of LANDSAT

Imagery. NASA-TM-80761. NASA/Goddard Space Flight Center,

Greenbelt, Maryland.

Willoughby, W. M. (ed.). 1979. Arable grasslands, pp. 277-300. IN

R. T. Coupland (ed.), Grassland Ecosystems of the World. Cambridge
University Press, Cambridge, United Kingdom.

Winslow, J. H. (ed.). 1977. The Melanesian Environment. Australian

National University Press, Canberra.

Wojcik, Z. 1979. Producers, pp. 305-308. IN R. T. Coupland (ed.),

Grassland Ecosystems of the World. Cambridge University Press,

Cambridge, United Kingdom.

Wong, C. S. 1978. Atmospheric input of carbon dioxide from burning

wood. Science 200:197-200.

Wong, Y. K. 1967. Some Indications of the Total Volume of Wood Per

Acre in Lowland Dipterocarp Forest. Forestry Department Research

Pamphlet 53. Kuala Lumpur, Malaysia.

Woodwell, G. M. 1978. The carbon dioxide question. Sci. Am.

238:34-43.

Woodwell, G. M., R. H. Whittaker, W. A. Reiners, G. E. Likens,

C. C. Delwiche, and D. B. Botkin. 1978. Biota and the world

carbon budget. Science 199:141-146.

Woodwell, G. M., and E. V. Pecan (eds.). 1973. Carbon and the

Biosphere. CONF-720510. National Technical Information Service,

Springfield, Virginia.



ORNL-5862 154

Woodwell, G. M., and R. A. Houghton. 1977. -Biotic influences on the

world carbon budget, pp. 61-72. IN W. Stumm (ed.), Global

Chemical Cycles and Their Alterations by Man. Dahlem Konferenzen,

Berlin.

World Meteorological Organization (WMO). 1979. World Climate

Conference Proceedings. WMO, Geneva.

Wright, T. W., and G. M. Will. 1958. The nutrient content of Scots

and Corsican pines growing on sand dunes. Forestry 31:13-25.

Wycherley, P. R., and J. K. Templeton. 1969. Productivity of

tropical rain forest. Malay. For. 32:385.

Yoda, K. 1968. A preliminary survey of forest vegetation of eastern

Nepal. II. Plant biomass in the sample plots chosen from

different vegetation zones. J. Coll. Arts Sci. Chiba (Nat. Sci.

Ser.) 5:277-302.

Yoda, K., K. Shinozaki, H. Ogawa, K. Hozumi, and T. Kira. 1965.

Estimation of the total amount of respiration in woody organs of

trees and forest communities. J. Biol. Osaka City Univ. 16:15-26.

Yoda, K., and T. Kira. 1969. Comparative ecological studies on three

main types of forest vegetation in Thailand. V. Accumulation and

turnover of soil organic matter with notes on the altitudinal soil

sequence on Khao (Mt.) Luang, Peninsular Thailand. Nature Life

Southeast Asia (Kyoto) 6:83-112.

Zinke, P. J. 1976. Soil Vegetation Interrelationships in Mangrove

Forests. Paper presented at the Seminar/Workshop on Mangrove

Ecology, Phuket Marine Biological Center, Phuket, Thailand.

National Research Council of Thailand and Unesco, Paris.

Zinke, P. J. 1977. Man's activities and their effect upon the

limiting nutrients for primary productivity in marine and

terrestrial ecosystems, pp. 89-98. IN W. Stumm (ed.), Global

Chemical Cycles and Their Alterations by Man. Dahlem Konferenzen,

Berlin.

Zon, R., and W. N. Sparhawk. 1923. Forest Resources of the World,

2 Vols. McGraw-Hill, New York.



1-5. L. J. Allison
6-7.

8.

9.

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

S. I. Auerbach

C. F. Baes, Jr.
Biasing
Clark

J. H. Cushman

V. Dale

D. L. DeAngelis
R. C. Durfee

D. N. Duvick

M. I. Dyer
N. T. Edwards

W. R. Emanuel

J. T. Ensminger

T. J

B. A

W. B. Ewbank

M. P. Farrell

22.

23.

24.

25.

26.

27.

28.

29.

30. S.

31. G.

32. R.

33. L.

34. B.

35. D.

36. P.

37. J.

155

INTERNAL DISTRIBUTION

H. Gardner

G. Hildebrand

A. Huston

Jarmelow

W. Johnson

G. Killough, Jr.
T. Kitchings
R. Krummel

E. Lindberg
H. Lovett

J. Luxmoore
K. Mann

F. Maskewitz

L. Moorhead

J. Mulholland

K. Munro, Jr.

38. R. J. Norby 58.
39-43. J. S. Olson 59.

44. R. J. Olson 60.
45. J. J. Pastor 61-65.
46. T. H. Peng 66.
47. A. M. Perry 67.
48. W. M. Post 68-72.
49. J. W. Ranney 73.
50. D. E. Reichle 74-78.
51. J. Reuss 79.

52. C. R. Richmond 80.
53. D. D. Richter 81-85.
54. J. Saldarriaga 86-87.

55. H. H. Shugart 88.

56. A. M. Solomon 89.
57. G. Sugihara

EXTERNAL DISTRIBUTION

ORNL-5862

F. G. Taylor
J. R. Trabalka
R. I. Van Hook
J. A. Watts
D. C. West

Biology Library
CDIC

ICC Publications Office
ICC Resource Center
0RNL V-12 Library
Central Research Library
ESD Library
Laboratory Records Dept.
Laboratory Records, 0RNL-RC
0RNL Patent Office

90. Philip H. Abelson, Science, 1515 Massachusetts Ave. NW,, Washington, DC 20005
91. John Aber, Department of Forestry, 120 Russell Laboratories, 1630 Linden Dr., Madison, WI 53706
92. Aduya-Ayege Abumba, Bureau of President/Zaire, Earth Resources Tracking Satellite Program, (ERTS/ZAIRE),

B.P. 4834, Kinshasa, Zaire
93. M. F. Acevado, Escuela de Ingenieria de Sistemas, Universidad de Los Andes, Merida, Venezuela
94. M. Acosta-Solis, President, Ecuadorian Institute for Natural Science, Quito, Ecuador
95. J.A.S. Adams, Geology Department, Rice University, Houston, TX 77005
96. A. 0. Adeola, Principal, School of Forestry, Forestry Research Institute of Nigeria, Ibadan, Nigeria
97. G. L. Ajtay, Jr., Agricultural University, Department of Geology, De Dreijen 11, Wageningen, The Netherlands
98. M. Omar Ali, Director, Forest Research Institute, Chittagong, Bangladesh
99. T.F.H. Allen, Dept. of Botany, University of Wisconsin, Madison, WI 53705
100. T. K. Amerkye, Chief Conservator of Forests, Accra, Ghana
101. J. M. Anderson, Biological Sciences, University of Exeter, Exeter EX4 4PS, England
102. Folke Andersson, Agricultural College, S-750 07 Uppsala 7, Sweden
103. Takashi Ando, Shikoku Branch, Government Forest Experiment Station, 915 TEI Asakura, Kochi 780 Japan
104. M. 0. Andrae, Oceanography, Florida State University, Tallahassee, FL 32306
105. V. N. Andreev, Geobotanical Laboratory, Biological Institute, Petrovskoyo Street, 36 Yakutsk, USSR
106. L. Andrzejewska, Institute of Ecology, Polish Academy of Sciences, PO Lomianki 05 150, Dziekanow Lesny, Poland
107. Hidetetoshi Arakawa, Loenji Kita 4-35-8 Suginami, Tokyo, Japan
108. Mohamed Ramadan A'jaj, Chief of Forestry, Ministry of Agriculture, Tripoli, Libya
109. D. B. Arkcoll, Instituto Nacional de Pesquisas da Amazonia, Manaus, Brazil
110. W. C. Ashby, Department of Botany, Southern Illinois University, Carbondale, IL 62903
HI. Peter S. Ashton, Arnold Arboretum, The Arborway, Jamaica Plain, MA 02130
112. Peter Attiwill, Botany School, University of Melbourne, Parkville, Victoria 3052, Australia
113. G. Aubert, Prof, de sciences du sol, ORSTOM, 71 ave. de Breteuil, Paris 15, France
114. Austrian Computer Center for Agriculture and Forestry, Vienna, Austria
115. Rudolf Avenhaus, Institut fur Datenverarbeitung in der Technik, Nuclear Research Center, 7500 Karlsruhe,

Postfach 3640, Federal Republic of Germany
116. A. 0. Aweto, Geography, University of Ibadan, Ibadan, Nigeria
117. Wilfrid Bach, Director, Center for Applied Climatology and Environmental Studies, Dept. of Geography, University

of Munster, Robert-Koch-Strasse 26, Munster D 4400, Federal Republic of Germany
118. Stephen Baier, African Studies Center, Boston University, Boston, MA 02215
119. Robert Bailey, Intermountain Forest and Range Experiment Station, Ogden, UT 84401
120. R. Baltaxe, Forest Resources, FAO, Via delle Terme di Caracalla, Rome, Italy
121. W. R., Barchet, EPA/ADAS, M Street, Washington, DC 20460
122. W.W.R. Barlow, School of Biological Sciences, McQuarrie University, North Ryde 2113, New South Wales, Australia
123. Brenton M. Barr, Department of Geography, The University of Calgary, Calgary, Alberta T2N 1N4
124. Eric Barron, Box 3000, Boulder, CO 30307
125. Gordon Baskerville, Assistant Deputy Minister, Forest Resources, Dept. of Natural Resources, Box 6000,

Fredericton, New Brunswick, Canada
126. D. J. Bellamy, University of Durham, Durham DH1 3LE, England
127. J. D. Bergen, Fire Laboratory, Pacific Southwest Forest, & Range Experiment Station, Riverside, CA 92501
128. A. Baumgartner, Bioklimatologie und angewandte Meteorologie der Universitat Munchen, Federal Republic of Germany
129. N. I. Bazilevich, Geographical Institute, USSR Academy of Sciences, Moscow-17, Staromonetny 29, USSR
130. Behavioral Biology, University of Minnesota, Minneapolis, MN 55455
131. N.C.W. Beadle, University of New England, Armidale NSW 2351, Australia
132. P. R. Bell, Institute for Energy Analysis, Oak Ridge Associated Universities, P.O. Box 117, Oak Ridge, TN 37830
133. Charles F. Bennett, Professor of Biogeography, University of California at Los Angeles, Los Angeles, CA 90324
134. John W. Bennett, Department of Anthropology, Washington University, St. Louis, MO 63130
135. Kenneth H. Bergman, Associate Program Director, Climate Dynamics Program, National Science Foundation,

Washington, DC 20550 |
136. Chris Bernabo, c/o CEQ, 722 Jackson Place N.W., Washington, D.C. 20006
137. R. A. Berner, Geology Dept., Yale University, New Haven, CT 06511
138. W. Dwight Billings, Department of Botany, Duke University, Durham, NC 27700
139. c; Bindiu, Institutul de Cercetari, Projectari si Documentare Silvica, Bucuresti 505, Pipera 46,

Sector 2, Rumania '
140. Vladimir Biskupsky, VULH-VS Bratislava, Drienova 5, CS-829, 74 Bratislava, Czechoslovakia
141. Lawrence C. Bliss, Department of Botany, University of Washington, Seattle, WA 98105
142. Joseph Bonner, USFS, NE Forest Experiment Station, 370 Rood Road, Broomall, PA 19008
143. Trevor H., Booth, Earth Resources, CSIRO, Box 1666, Canberra, Australia
144. Herbert Bormann, School of Forestry, Yale University, New Haven, CT 06520
145. Ockert J. H. Bosch, Botanical Research Institute, P.B. X101, Pretoria 0001, South Africa
146. Botanical Institute, Popova Street 2, Leningrad, USSR



ORNL-5862 156

147. Daniel B. Botkin, Environmental Sciences, University of California at Santa Barbara, Santa Barbara, CA 93106
148. G. Botos, Chief Forest Supervisor, Fenyes udvar 17 1.6, 1029 Debrecen, Hungary
149. B. W. Boville, Institute for Environmental Studies, University of Toronto, Toronto 1A4 Canada
150. Elgene Box, Department of Geography, University of Georgia, Athens, GA 30602
151. Stephen G. Boyce, Southeastern Forest Experiment Station, P.O. Box 2570, Asheville, NC 28807
152. Otto Braeker, Federal Institute of Forestry Research, Zurich, Switzerland
153. Torleif 8ramryd, Department of Plant Ecology, University of Lund, Helgonavagen 5, 223 62 Lund, Sweden
154. F. P. Bretherton, National Center for Atmospheric Research, P.O. Box 3000, Boulder, CO 80307
155. A. I. Breymeyer, Institute of Geography and, Spatial Organization, Polish Academy of Sciences, Krakowskie

Przedmiescie 30, 00 927 Warsaw, Poland
156. P. Briceno, Director General, Instituto Nacional de Los Recursos Naturales Renovables y del Medio Ambiente,

Bogota, Colombia
157. W. Y. Brockelman, Department of Biology, Mahidol University, Bangkok, Thailand
158. J. Brooks, Biological and Environmental Research, National Science Foundation, Washington, DC 20550
159. Jerry Brown, Cold Regions Research, and Engineering Laboratory, Box 282, Hanover, NH 03755
160. E. F. Brunig, Chairman, World Forestry, University of Hamburg, Leuschnerstrasse 91 D-2050, Hamburg 80,

Federal Republic of Germany
161. Robert E. Buckman, Deputy Chief, Research, Forest Service, Washington, DC 20250
162. Gerardo Budowski, Centro Agronomico Tropical de Investigacion y Ensenanza (Catie), Costa Rica
163. M. I. Budyko, State Hydrological Institute, 2nd Line, 23, Leningrad V-53
164. Douglas Buffington, Office of Biological Services, U.S. Dept. of Interior, Washington, DC 20006
165. J. A. Bullock, Department of Zoology, University of Leicester, Leicester LEI 7RH, Great Britain .
166. F. L. Bunnell, Faculty of Forestry, MacMillan Bldg., University of British Columbia, Canada V6T 1W5
167. J. S. Bunt, Australian Institute of Marine Science, Townsville, Queensland, Australia
168. S. W. Buol, Department of Agronomy, North Carolina State University, Raleigh, NC 27650
169. Robert Burgess, Chairman, Forest Biology, State University of New York, Syracuse, NY 13210
170. Karl Burian, Institut fur Pflanzenphysiologie, Universitat Wien, 1010-Wien, Austria
171. R. W. Burling, Director, University of British Columbia, Vancouver, BC V6T1WS
172. K. W. Butzer, Department of Geography, University of Chicago, Chicago, IL 60637
173. T. V. Callaghan, Institute of Terrestrial Ecology, Merlewood Research Station, Grange-over-Sands,

Cumbria LA11 6JU, United Kingdom
174. Thomas Callahan, Biological and Environmental Research, National Science Foundation, Washington, DC 20550
175. John Cantlon, Provost Office, Michigan State University, East Lansing, MI 48824
176. Joseph M. Caprio, Department of Plant and Soil Science, Montana State University, Boseman, MT 59715
177. A. Jock Carlisle, Department of Environment, Forest Service, Ottawa, Canada
178. John Carnahan, Department of Botany, Australian National University, Canberra A.C.T. Australia
179. Richard Carpenter, East-West Center, Environment and Policy Institute, Honolulu, HI 96822
180. James Carter, Geography Department, University of Tennessee, Knoxville, TN 37916
181. Center for Environmental Studies, Princeton University, Princeton, NJ 08540
182. Center for S and SE Asian Studies, University of California, Berkeley, CA 94720
183. Yip-Hoi Chan, Maine Carbon Research Center, Sidney, British Columbia, Canada
184. C. Chandrasekharan, Regional Forestry Office, Food and Agriculture Organization, Bangkok, Thailand
185. Alfred Chang, Code 924, Hydrology Branch, Goddard Space Flight Lab., Greenbelt, MD 20771
186. Nam Kee Chang, Biology, College of Education, Seoul National University, Seoul, Korea
187. F. S. Chapin III, University of Alaska, Fairbanks, AK 99701
188. Robert S. Chen, International Institute for Applied Systems (IIASA), A-2361 Laxenburg, Austria
189. Chicago Academy of Sciences, 2001 N. Clark St., Chicago, IL 60614
190. William W. Chilcote, Department of Botany, Oregon State University, Corvallis, OR 97331
191. Liew That Chim, Ecologist, Forest Dept., Sabah, Malaysia
192. C. S. Chung, Department of Botany, University of Malaya, Kuala Lumpur, Malaysia
193. F. E. Clark, Agricultural Research, 301 So. Howes, P.O. Box E, Fort Collins, CO 80522
194. William Clark, Institute for Energy Analysis, P.O. Box 117, Oak Ridge, TN 37830
195. E.E.C. Clebsch, Ecology Program, University of Tennessee, Knoxville, TN 37916
196. Robert Clicker, Route 4, Walla Walla, WA 99362
197. R. S. Clymo, Westfield College, University of London, London NW3 75T United Kingdom
198. D. Cocke, Division of Land Use Research, CSIRO, Canberra, Australia
199. Joel Cohen, Biology Dept., Rockefeller University, New York, NY 10021
200. Dale W. Cole, Forest Resources Ar-10, University of Washington, Seattle, WA 98195
201. V. C. Cole, Agricultural Research Service, U.S. Department of Agriculture, Fort Collins, CO 80521
202. D. C, Coleman, Zoologv/Entomology Dept., Colorado State University, Fort Collins, CO 80523
203. Paul Colinvaux, Zoology, Ohio State University, Columbus, OH 43210
204. John P. Coll, 2944 Pine Ave., Berkeley, CA 94705
205. Arthur W. Cooper, Department of Forestry, North Carolina State University, Raleigh, NC 27650
206. Charles F. Cooper, Department of Biology, San Diego State University, San Diego, CA 92182
207. Thomas Cox, Department of History, San Diego State University, San Diego, CA 92182
208. J. B. Cragg, Faculty of Environmental Design, University of Calgary, Calgary, Alberta T2N 1N4, Canada
209. Todd Crawford, Savannah River Laboratory, DuPont, Aiken, SC 29801
210. Kermit Cromack, Department of Forest Science, Oregon State University, Corvallis, OR 97331
211. Eilif Dahl, Botanical Institute, Norwegian Agricultural College, Vollebekk, Norway
212. R. C. Dahlman, Room J-311, ER-12, Department of Energy, Washington, DC 20545
213. W. Dansgaard, Isotope Laboratory, University of Copenhagen, Haraldsgade 6, DK-2200 Copenhagen, Denmark
214. Peter Dart, ICRISAT, Pantanchery PO, AP 502 324, India
215. R. Dasmann, IUCN, 1110 Morges, Switzerland
216. C. A. David, Conservator of Forests, Kingston, Georgetown, Guyana
217. Margaret B. Davis, Department of Ecology, University of Minnesota, Minneapolis, MN 55455
218. A. L. Sampaio DeAlmeida, Executive Secretary, Project RADAMBRASIL, Salvador, Bahia, Brazil
219. E. S. Deevey, Jr., Florida State Museum, University of Florida, Gainesville, FL 32611
220. H. R. Delcourt, c/o Department of Geology, University of Tennessee, Knoxville, TN 37916
221. C. C. Delwiche, Soils and Plant Nutrition, University of California, LAWR Hoagland Hall, Davis, CA 95616
222. William M. Denevan, Department of Geography, University of Wisconsin, Madison, WI 53706
223. Thomas Denmead, CSIRO, Division of Environmental Mechanics, Black Mountain, Canberra A.C.T., Australia
224. Department of Forestry, University of Tennessee, Knoxville, TN 37916
225. H. R. Deselm, Department of Botany, University of Tennessee, Knoxville, TN 37916
226. Raymond Desjardins, Research Scientist, Agrometeorology, Land Resource Research Institute, Central Experiment

Farm, Bldg. 74, Agriculture, Canada, Ottawa K1A 0C6 Canada



\ ; 157 ORNL-5862

227. James Detling, Colorado State University, Fort Collins, CO 80523
228. R. Paul Detwiler, 3362 North Dickerson St., Arlington, VA 22207
229. W. C. Deuser, Woods Hole Oceanographic Institute, Woods Hole, MA 02543
230. C. T. DeWit, Institute of Biological Sciences, University of Wageningen, Wageningen, Netherlands
231. Jared M. Diamond, Physiology Department, University of California Medical Center, Los Angeles, CA 90024
232. Director, Institute of Tropical Agriculture, Ibadan, Nigeria
233. Director, Instituto Nacional de Pesquisas da Amazonia, Caixa Postal 478, 69000 Manaus, AM, Brazil
234. K. G. Djhalilov, Institute of Botany, Academy of Science, Azerb. SSR Baku, USSR
235. Etumesaku Djunganumbe, Government of Zaire, Dept. of Environment, Bureau of Forest Inventory and Manaqement.

SP/AF B.P. 10120, Kinshasa, Zaire
236. Robert Dolan, Environmental Sciences, Chalk Hall, University of Virginia, Charlottesville, VA 22903
237. Y. Dommergues, 0RST0M, P.O. Box 1386, Dakar, Senegal.
238. N. Donita, Institutul de Cercetari, Projectari si Documentare Silvica, Bucuresti 505, Pipera 46,

Sector 2, Rumania
239. G. Doyle, Department of Botany, University College, Belfield, Dublin 4, Ireland
240. Jeffrey Dozier, Geography Dept., University of California, Santa Barbara, CA 93106
241. Sidney Draggan, Division of Policy Research, National Science Foundation, Washington, DC 20550
242. Harold Dregne, Chairman, Department of International Center, for Arid and Semi-Arid Studies, Texas Tech

University, P.O. Box 4169, Lubbock, TX 79409
243. Richard S. Driscoll, Rock Mountain Forest and Range Experiment Station, 240 W. Prospect Street, Fort Collins

CO 80526

244. M. Drosdoff, Agronomy Department, Cornell University, Ithaca, NY 14853
245. F. X. Dunin, Plant Industry, CSIRO, Canberra, A.C.T., Australia
246. Joy Dunkerley, Senior Fellow, Resources for the Future, Washington, DC
247. J. Ernest Dunwoody, 102 South 6th St., Geneva, IL 60134
248. P. Duvigneaud, Laboratoire de Botanique, Systematique et d'Ecologie, Universite Libre de Bruxelles, B-1050

Bruxelles 5, Belgium
249. P. S. Eagleson, Professor of Hydrology, Massachusetts Institute of Technology, Cambridge, MA 02139
250. Robert Edmonds, University of Washington, Seattle, WA 98105
251. P. J. Edwards, Biology Dept., University of Southampton, S09 5NH, England
252. A.E.J. Eggleton, EMS Division, Bldg. 364, AERE, Harwell, Didcot, Oxford, United Kingdom
253. Frank Egler, Aton Forest, Norfolk, CT 06058
254. D. Ehhalt, Kernforschungsanglage, 517 Juelich, Federal Republic of Germany
255. James Ehleringer, Department of Biology, University of Utah, Salt Lake City, UT 84112
256. Alan R. Ek, School of Forestry, University of Minnesota, St. Paul, MN 55101
257. Heinz Ellenberg, Botanical Institute, D-34 Goettingen, Untere Karspule 2, Federal Republic of Germany
258. Ahmed Talaat El-Wakeel, Horticultural Research Institute, 21 University Street, Giza, Orman, Egypt
259. Louis Emberger, Box 5051, Rt. de Merde, 34033 Montpellier, France
260. C. Emiliani, Marine and Atmospheric Science, University of Miami, Coral Gables, FL 33124
261. E. Eriksson, University of Uppsala, Uppsala, Sweden
262. K. R. Everett, Institute of Polar Studies, Ohio State University, 103 Mendenhall, 125 South Oval Drive,

Columbus, OH 43210
263. Burt Essex, North Central Forest Experiment Station, 1992 Fowell Ave., St. Paul Campus, University of Minnesota,

St. Paul, MN 55108
264. K. Ewel, Forestry Department, University of Florida, Gainesville, FL 32611
265. George Fahnestock, 16310 Ashworth Ave. N., Seattle, WA 98133
266. A. W. Fairhall, Department of Chemistry, University of Washington, Seattle, WA 98105
267. Janusz B. Falinski, Stacja Geobotaniczna U. W., Bialowieza Woj., Bialystok, Poland
268. Rouse S. Farnham, University of Minnesota, Dept. of Soil Science, 1529 Gortner Ave., St. Paul, MN 55108
269. Graham Farquhar, Environmental Biology, Australian National University, P.O. Box 475,

Canberra City A.C.T. 2601 Australia
270. F. E. Fasehun, Forest Resources Management, University of Ibadan, Ibadan, Nigeria
271. David Feeny, Department of Economics, McMaster University, Hamilton, Ontario L8S 4M4 Canada
272. Peter F. Ffolliott, School of Renewable Natural Resources, University of Arizona, Tucson, AR 85721
273. B. M. Fitzgerald, Ecology Div., Dept. Scientific and Industrial Research, Private Bag, Lower Hutt, New Zealand
274. H. Flohn, Meteorologisches Institut, University of Bonn, Auf Dem Hugel 20, 5300 Bonn, Federal Republic of

Germany
275. J.G.K. Flower-Ellis, College of Forestry, S-901 87 Umea, Sweden
276. A. G. Floyd, Forestry Commission of New South Wales, Coff's Harbour, Australia
277. Henry M. Foley, 828 Prepin Physics Laboratory, 116th Street and Broadway, Columbia University, New York,

NY 10027

278. John A. C. Fortescue, Ontario Geological Survey, Rm. 712, 77 Grenville St., Toronto, Ontario M5S1B3
279. J.E.D. Fox, Biology Dept., W. A. Institute of Technology, Bentley, W. A. 6102, Western Australia
280. Jerry F. Franklin, Forest Science Laboratory, Oregon State University, P.O. Box 887, Corvallis, OR 97330
281. P. Fraser, CSIRO, Division of Atmospheric Research, Mordialloc, Victoria 3195, Australia
282. Douglas J. Frederick, School of Forest Resources, Dept. of Forestry, North Carolina State Univerity, Raleigh,

NC 27650

283. D. D. French, Institute of Terrestrial Ecology, Glassel, Banchory, Kincardineshire AB3 4BYU, United Kingdom
284. Toomas Frey, Institute of Zoology and Botany, Tartu 202400, Anne 34-23, Estonian USSR
285. Hans Freyer, Institute of Atmospheric Chemistry, Nuclear Research Center (KFA), D-5170 Julich, Federal Republic

of Germany 02461/613238
286. H. C. Fritts, Laboratory of Tree Ring Research, University of Arizona, Tucson, AZ 85721
287. J. Gale, Department of Botany, The Hebrew University, Jerusalem, Israel
288. Andre Galoux, Station de Recherches des Eaux et Forets, Agriculture, B-1990 Groenendaal-Hoeilaart, Belgium
289. Jorge Ganem, Calle 20A, No. 99-44 Fontibon, Bogota, Columbia, South America
290. Richard R. Gardner, Office of Coastal Zone Management, USDI, 3300 Whitehaven St., N.W., Washington, DC 20235
291. Donald Geiger, Department of Biology, University of Dayton, Dayton, OH 45469
292. I. P. Gerasimov, Institute of Geography, USSR Academy of Science, Moscow, USSR
293. S. P. Gessel, School of Forestry, University of Washington, Seattle, WA 98105
294. Wayne A. Geyer, Department of Forestry, Call Hall, Kansas State University, Manhattan, KS 66506
295. Henry Gholz, Forestry Dept., University of Florida, Gainesville, FL 32611
296. R. C. Ghosh, Government of India, Forest Research Institute, P.O. New Forest, Dehra Dun, India
297. V. Giacomini, Institute Botan. Unov. Citta Universitaria, Roma, Italy
298. Bob Giaquinta, Central R&D Department, E. I. Dupont Co. Experiment Station, Wilmington, DE 19898
299. G. Gietl, Bayerische Forstliche Versuchs un Forschungsanstalt, D-8000 Munich, Federal Republic of Germany



ORNL-5862 158

300. F. A. Gifford, 109 Gorgas Lane, Oak Ridge, TN 37830
301. Roger Gifford, Division of Plant Industry, CSIRO, P.O. Box 1600, Canberra City A.C.T. 2601 Australia
302. V. T. Gilbert, National Park Service, Department of the Interior, Washington, DC 20240
303. F. Gilliam, School of Forestry and Environmental Studies, Duke University, Durham, NC 27706
304. T. G. Gilmanov, Ecology Dept., Moscow State University, Moscow, USSR
305. C. H. Gimingham, Duke University, Old Aberdeen, Scotland
306. Michael H. Glantz, Environmental and Societal Impacts Group, NCAR, P.O. Box 3000, Boulder, CO 80307
307. M. P. Godron, CNRS, Louis Emberger Centre for Phytosociological and Ecological Studies, P.O. Box 5051,

Route de Mende, 34033 Montpellier, France
308. Robert A. Goldstein, Electric Power Research Institute, 3412 Hillview Ave., P.O. Box 10412, Palo Alto, CA 94304
309. Frank B. Golley, Jr., Institute of Ecology, Rockhouse, University of Georgia, Athens, GA 30601
310. Arturo Gomez-Pompa, Instituto de Investigaciones Sobre Recursos Bioticos, P.O. Box 63, Jalapa, Vera Cruz, Mexico
311. D. W. Goodall, CSIRO, Division of Land Resources Management, Private Bag, P. 0. Wembley, 6014, Western Australia
312. A. V. Gordetsky, N.G. Kholodny Institute of Botany, Ukrainian SSSR, Academy of Science,

Repina 2, 252601 Kiev-GSP-1, USSR
313. Alan G. Gordon, Ontario Ministry of Natural Resources, Forest Research Branch, P.O. Box 490, Sault Sainte Marie,

Ontario, Canada
314. Vivian Gornitz, Goddard Institute for Space Studies, 2880 Broadway, New York, NY 10025
315. T. K. Goryshina, Leningrad State University, Leningrad, USSR
316. James Goss, Biology Dept., University of New Mexico, Albuquerque, NM 87131
317. Candice L. Goucher, 3211 Sepulveda Blvd. No. 2, Los Angeles, CA 90034
318. Jan Goudriaan, Landbouw Hogeschool, Saverbaplein 10, 6701 DB Wageningen, Netherlands
319. John Gribbin, Science Policy Research Unit, University of Sussex, Sussex, United Kingdom
320. P. Grieg-Smith, Botany Dept., University College Wales, Bangor, Wales, United Kingdom
321. Charles C. Grier, Forest Research Laboratory, Oregon State University, Corvallis, OR 97331
322. L. A. Grishina, Department of Pedology, Moscow State University, Moscow, USSR
323. Peter Grubb, Department of Botany, Cambridge University, Cambridge CB2 3EA, England
324. P. D. Gunin, Institute of Evolutionary Morphology and Animal Ecology, 32 Leninsky Prospect, Moscow, USSR
325. Malcolm Hadley, UNESCO, 7 Place de Fontenoy, 75700 Paris, France
326. H. Hager, Institut fur Forstliche Standortsforschungsanstalt, Universitat fur Bodenkultur, A-l190,

Vienna, Austria
327. Hechmi Hamza, Director, National Forest Research Institute, B.P. 2, Ariana, Tunis, Tunisia
328. James W. Hanover, Department of Forestry, Michigan State University, East Lansing, MI 48824
329. Edward A. Hansen, USDA Forest Service, Forestry Sciences Laboratory, P.O. Box 898, Rhinelander, WI 54501
330. Kirby J. Hanson, c/o Environmental Research Laboratories, NOAA, Boulder, CO 80302
331. Kenneth Hare, Environmental Program, University of Toronto, Toronto, Canada
332. James B. Harrington, Forest Fire Research Institute, Canadian Forestry Service, Ottawa, Canada
333. E. Haukioja, Department of Zoology, University of Turku, SF-20500, Turku 50, Finland
334. Paavo Havas, Botanical Institute, University of Oulu, Torikatu 15, Oulu 10, Finland
335. Robert Hayes, Fish and Wildlife Services, Red Wing Rd., Fort Collins, CO 80526
336. J. A. Hayward, Joint Centre for Environmental Sciences, University of Canterbury, Christchurch, New Zealand
337. 0. W. Heal, Institute of Terrestrial Ecology, Merelwood, Grange-over-Sands, Cumbria LA11 6JU, United Kingdom
338. T. Healy,' Department of Earth Sciences, Waikato University, Hamilton, New Zealand
339. Susanna Hecht, Department of Geography, University of California, Los Angeles, CA 90024
340. Miron L. Heinselman, 1783 Lindig Street, St. Paul, MN 55113
341. S. Hejny, Institut of Botany, Czechoslovakia Academy of Sciences, Dukelska 145, 37982 Trebon, Czechoslovakia
342. G. P. Hekstra, Afd. Ecologie en Mileutoxicologie, Ministerie van Volksgezondheid en Milieuhygiene Dr.

Reyersstraat 10-12 2260 AK, Leidschendam, The Netherlands
343. Hans Heller, Lehrstuhl fur Geobotanik, D-34 Gottingen, Untere Karspule 2, Federal Republic of Germany
344. H. A. Henriksen, Biotrop, Bogor, Indonesia
345. Rafael Herrera, Instituto Venezolano de Investigaciones Cientificas, Apartado 1827, Caracas 1010A, Venezuela
346. John Hesketh, USDA-SEA-AR, University of Illinois, 5-215 Turner Hall, 1102 South Goodwin Ave., Urbana IL 61801
347. Oarryl Hessel,. Pacific Northwest Laboratories, Box 999, Richland, WA 99352
348. Bruce Hicks, Atmospheric Turbulence and Diffusion Laboratory, NOAA, P.O. Box E, Oak Ridge, TN 37830
349. F. J. Hingston, CSIRO, Private Bag, Wembly, Western Australia 6014
350. Allan Hirsch, Deputy Director, International Institute for Applied Systems Analysis, A-2361 Laxenburg, Austria
351. J. Hoffman, Strategic Studies, Policy, Planning, Evaluation, EPA, Washington, DC 20460
352. Gunter Hofmann, Institut fur Forstwissenschaft, DDR 13 Eberswalde, Finow 1, German Democratic Republic
353. LeMoyne Hogan, Department of Plant Sciences, University of Arizona, Tucson, AZ 85720
354. M. W. Holdgate, Department, of Environment, 2 Marcham St., London SW1P 3EB, United Kingdom
355. Lester R. Holdridge, Tropical Science Center, Aptdo B-3870, San Jose, Costa Rica
356. C. S. Holling, Director, International Institute for Applied Systems Analysis, A-2361 Laxenburg, Austria
357. Frank F. Hooper, Ecology, Fisheries and Wildlife, Natural Resources, University of Michigan, Ann Arbor,

MI 48109
358. Brian Hopkins, New England College, Tothington Park, Arundel, Sussex BN18 England
359. Irwin Hornstein, Agency for International Development, Office of Energy, SA-18-316, Washington, DC 20523
360. Richard Houghton, Marine Biological Laboratory, Woods Hole, MA 02543
361. Kazuo Hozumi, Nagoya University, 464, Nagoya, Japan
362. B. A. Hubert, NWT Fish and Wildlife Service, Department of Natural and Cultural Affairs, Yellowknife, Northwest

Territory, Canada
363. John Huckabee, Electric Power Research Institute, 3412 Hillview Ave., POB 10412, Palo Alto, CA 94303
364. John R. Hummel, Opto Metrics, 2000 Hogback Road, Suite 3, Ann Arbor, MI 48104
365. H. W. Hunt,, Biology Department, West Virginia University, Morgantown, WV 26506
366. J. B. Huntley, Savanna Ecosystem Project, CSIR, P.O. Box 395, Pretoria, 0001, South Africa
367. Jaime Hurtubia, U.N. Environment Program, Box 30552, Nairobi, Kenya
368. G. E. Hutchinson, Yale University, New Haven, CT 06520
369. Gordon L. Hutchinson, USDA-ARS, Box E, Fort Collins, CO 80522
370. K. J. Hutchinson, CSIRO Pastoral Research Laboratory, Armidale, NSW»2350, Australia
371. Boyd A. Hutchison, Atmospheric Turbulence and Diffusion Laboratory, National Oceanic and Atmospheric

Administration, P.O. Box E, Oak Ridge, TN 37830
372. Enrique V. Iglesias, Secretary-General, United Nations Conference on New and Renewable Sources of Energy,

United Nations, New York, NY 10017
'373. Hugh litis, Botany Department, University of Wisconsin, Madison, WI 53716
374. John Imbrie, Department of Geological Science, Brown University, Providence, RI 02912



159 ORNL-5862

375. Institut de la Carte international du tapis vegetal, Universite de Toulouse, Toulouse, France
376. Institute for Biological Field Research, Kemperbergerweg 11. Arnhem, Netherlands
377. Instituto de Ecologia, Universidad Austral de Chile, Casilla 567, Valdivia, Chile
378. M. Irsyam, Manager of Remote Sensing Project, Indonesian National Aeronautics and Space Institute,

Jakarta, Indonesia

379. Jack Ives, Director, Institute of Arctic and Alpine Research, University of Colorado, Boulder, CO 80302
380. Krystyn Izdebski, Instytut Biologii, UMCS, Zaklad Ekologii iOchrony Przyrody, Lublin, ul. Akademicka 19, Poland
381. Jill Williams Jaeger, Fridtjof Nansen Strasse 1, 7500 Karlsruhe 41, Federal Republic of Germany
382. Paul Jakucs, Botanical Institute, L. Kossuth University, H-4010, Debrecen, Hungary
383. P. G. Jarvis, Forestry & Natural Resources, University of Edinburgh, Edinburgh EH 9 3JU Scotland
384. B. Jayne, School of Forestry and Environmental Studies, Duke University, Durham, NC 27706
385. J.N.R. Jeffers, Institute of Terrestrial Ecology, Merlewood Research Station, Grange-over-Sands. Cumbria LAU.

United Kingdom *
386. Hans Jenny, 582 Euclid Ave., Berkeley, CA 94708
387. Axel Martin Jensen, Dept. of Forestry, Thorvaldsensvej 57, Royal Veterinary and Agricultural University.

BK 1871, Copenhagen V, Denmark
388. Albert W. Johnson, Dean, College of Sciences, San Diego State College, San Diego, CA 92115
389. W. Carter Johnson, 8iology, Virginia Polytechnic Institute and State University, Blacksburq, VA 24060
390. Carl Jordan, University of Georgia, Athens, GA 30601
391. J. R. Jorgensen, Forestry Sciences Laboratory, Research Triangle Park, NC 27709
392. A. Jurko, Institute of Experimental Biology and Ecology, Slovak Academy of Sciences, Obrancov Miera 3, 88534

Bratislava, Czechoslovakia

393. A. Kajak, Institute of Ecology, Polish Academy of Sciences, P0 Lomianki 05-150, Dziekanow Lesny, Poland
394. P. Kallio, Department of Botany, University of Turku, Turku 2, Finland
395. Kuswata Kartawinata, Herbarium Bogoriense, Jalan Juanda 22-24, Bogor, Indonesia
396. M. Kassas, Department of Botany, University of Cairo, Giza, Egypt
397. Omkar Kaul, Forest Research Institute, Dehra Dun, U. P., India
398. R. N. Kaul, UNESCO Project Manager, Institute for Applied Research on Natural Resources, Baghdad, Iraq
399. C. Kayser, Niedersachsische Landesverwaltungsamt, Hannover, Federal Republic of Germany
400. N. I. Kazimirov, Karelian Branch of The Russian SSR Academy of Sciences, Petrozovodsk, USSR
401. Stephen Kempe, Universitat Hamburg, Geologisch Palaeontologisches Institut, 2000 Hamburg 13, Bundestrasse 55,

Federal Republic of Germany
402. Herbert Kerner, Institut fur Forstsamenkunde und Pflanzenzuchtung, D-8 Munchen 40, Amalienstrasse 52,

Federal Republic of Germany
403. Md. Salar Khan, Bangladesh National Herbarium, Dacca, Bangladesh
404. 0. Kiese, Institut fur Geographie un Landerkunde Westfallischer, Wilhelms-Universitat, Munster, Federal Republic

of Germany

405. Robert W. Kiger, Hunt Institute for Botanical Documentation, Carnegie-Mellon University, Pittsburgh, PA 15213
406. Makoto Kimura, Department of Biology, Tokyo Metropolitan University, Fukazawa, Setagayaku, Tokyo, Japan
407. Donald R. King, World Bank, 1818 H St., N.W., Washington, DC 20433
408. K. L. King, CSIRO Pastoral Research Laboratory, Armidale, N.S.W. 2350, Australia
409. Davis N. Kinyanjui, Office of the President, National Environment Secretariat, Kenyatta Conference Centre

P.O. Box 30510, Nairobi, Kenya
410. P.R.0. Kio, Forest Resource Management, University of Ibadan, Ibadan, Nigeria
411. Tatuo Kira, Director, Lake Biwa Institute, Otsu Hydrobiological Station, Kyoto University at Otsu.

Otsu 520-01, Japan
412. E. Klimo, Faculty of Forestry, University of Agriculture, 66266 Brno, Czechoslovakia
413. H. Klinge, Max Planck Institut fur Limnologie, Abteilung, Tropenoikologie, D 232 Ploen, Postfach 165, Federal

Republic of Germany
414. Kenneth R. Knoerr, School of Forestry, and Environmental Studies, Duke University, Durham, NC 27706
415. Edward Komarek, Tall Timbers Research Station, Tallahassee, FL 32312
416. Thim Komkris, XX Appl. Sc. Research Corp., Thailand, Bankhen, Bangkok, Thailand
417. F. A. Koomanoff, Director, Carbon Dioxide Research Division, Office of Health and Environmental Research,

Office of Energy Research, MS-G256, ER-12, Department of Energy, Washington, DC 20545
418. Andrej Kostrowicki, Institute of Geography, Polish Academy of Science, Nowy Seviat 72, Warsaw, Poland
419. V. A. Kovda, Institute of Agrochemistry and Pedology, Academy of Sciences of the USSR, Moscow 117234, USSR
420. E. C. Krug, Department of Soil and Water, Connecticut Agricultural Experiment Station, New Haven, CT 06504
421. A. W. Kiichler, Professor of Geography, University of Kansas, Lawrence, KS 66045
422. Albert Kukla, World Meteorological Organization, Case Postale No. 5, H-1211 Geneva 20, Switzerland
423. L. Kutschera, Pflanzensoziologisches Institut, Kempfstr. 12, A-9020, Klagenfurt, Austria
424. Jan Kvet, Institute of Botany, Czechoslovakian Academy of Science, Dukelska 145, 37982 Trevon, Czechoslovakia
425. Vernon J. LaBau, Forest and Range Experiment Station, Forest Science Laboratory, Box 907, Juneau, AK 99801
426. K. Labitzke, Freie Universitat Berlin, Institut fur Meteorologie, Podbielskiallee 62 1000, Berlin 33, Federal

Republic of Germany
427. G. Lambert, Center des Faibles Radioactivites, Domaine du CNRS, B. P. No. 1, 91190 Gif sur Yvette, France
428. Helmut Landsberg, University of Maryland, College Park, MD 20740
429. 0. L. Lange, Botanical Institute II, University of Wiirzburg, Wlirzburg, Federal Republic of Germany
430. J. P. Lanly, Forestry Department, FAO, Rome, Italy
431. W. Larcher, Institut flir Allegmeine Botanik der Universitat Innsbruck, Sternwartestrasse 15,

A-6020 Innsbruck, Austria
432. A. LaSaga, Geology Dept., Penn State University, University Park, PA 16802
433. William Lauenroth, Range Science, Colorado State University, Fort Collins, CO 80523
434. J. LeBrun, Laboratoire d'ecologie vegetal de l'Universite de Louvain, Belgium
435. H. N. LeHouerou, Dept. of Environmental Science and Plant Production, Sahel Programme, B.P. 60, Bamako, Mali
436. G. Lemee, Universite de Paris-Sud, 91506-Orsay, Paris, France
437. R.J.P. Lemeur, Plant Ecology, University of Ghent, Ghent, Belgium
438. Edgar R. Lemon, Frenchman's Cay, Box 612, West End, Tortola, British Virgin Islands
439. Salvatore Leonardi, Instituto di Botanica, Universita di Catania, Via Antonino Longo 19, 1-95125, Catania, Italy
440. Estella Leopold, Quaternary Center, University of Washington, Seattle, WA 98195
441. M. C. Lewis, Department of Biology, York University, Downsview, Ontario, Canada M3J 1P3
442. R. A. Lewis, 7213 James I. Harris Drive, Frederick, MD 21701
443. Library, Bundesforschungsanstalt fur Forst- und Holzwirtschaft, Leuschnerstrasse 9J, 2050 Hamburg 80, Federal

Republic of Germany
444. Library, Rothamsted Experimental Station, Harpenden, Herts, England



ORNL-5862 160

445. Library, Tennessee Valley Authority, Knoxville, TN 37902
446. Library, University of Michigan Biological Station, Ann Arbor, MI 48109
447. Library, University of Tennessee, Knoxville, TN 37916
448. G. Likens, Cary Arboretum, Milbrook, NY 12545
449. L. Lindgren, Lund Universitat, Avd. for Ecologisk Botanik, Helgonavaegen 5, S-223 62, Lund, Sweden
450. Alberto R. Rodriguez Liriano, Chairman, Forest Resources Department, Institute Superior de Agricultura,

Apartado 166, Santiago, Dominican Republic
451. Adam Lomnicki, Jagiellonian University, ul. Lubiez 46, Pl-31-512 Krakow, Poland
452. Robert S. Loomis, Department of Agronomy and Range Science, University of California, Davis, CA 95616
453. Claude Lorius, CNRS-Laboratoire de Glaciologie, 1 rue Tres Cloitres, Grenoble, France
454. Paul Lossaint, Centre Nat. de la Recherche Scientifique, Route de Mende — F-34 Montpellier, France
455. Orie L. Loucks, c/o The Institute of Ecology, Holcomb Research Institute, Butler University, Indianapolis,

IN 46208
456. Thomas E. Lovejoy, Vice-President, World Wildlife Fund - U.S., 1601 Connecticut Ave., N.W., Washington,

DC 20009

457. James Lovelock, c/o Coombe Mill, St. Giles on the Heath, Launceston, Cornwall PL15 9R7 England
458. W. A. Low, CSIRO, Land Resources Management, P.O. Box 77, Alice Springs, Northern Territory 5750, Australia
459. Jadwiga Luczak, Laboratory of Bioindication, Institute of Ecology, Polish Academy of Science, Nowy, Swiat 72,

Warsaw, Poland
460. Chi-Lin Luh, Room A, 4th Floor, 7-5 Lane 18, Ho-ping Tan (E.) Rd., Sec. 2, Taipei, 106 Taiwan, R.O.C.
461. Walter Lusigi, Senior Ecologist, Office of the President, National Environment Secretariat, Kenyatta Conference

Centre, P.O. Box 30510, Nairobi, Kenya
462. Ricardo Luti, Facultad de Ciencias Ex. Fis. y Naturales, Av. Velez Sarsfield 299, Cordoba, Argentina
463. MAB Program, State Department, Washington, DC 20521
464. Robert J. MacAlister, Development Resources, Bureau for Africa, Agency for International Development,

Washington, DC 20523
465. Lee MacDonald, The United Nations University, 29th Floor, Toho Seimei Bldg. 15-1, Shibuya 2-chome, Shibuya-ku,

Tokyo 150, Japan
466. J. A. MacMahon, Department of Biology and Ecology Center, Utah State University, Logan, UT 84322
467. H.A.I. Madgwick, Forest Research Institute, Rotorua, New Zealand
468. Jack Major, Department of Botany, University of California at Davis, Davis, CA 95616
469. Francoise Malaisse, Service de Botanique et Climatologie, Universite Nationale du Zaire, B.P. 1825,

Lubumbashi, Zaire
470. J. J. Cabrera Malo, President, Companis Nacional de Reforestacion (C0NARE), Apartado.17015, El Conde,

Caracas 101, Venezuela
471. Man-Environment Relations, S-126 Human Development Bldg., Pennsylvania State University, University Park,

PA 16802

472. M.S.M. Mantovani, Instituto Astronomico e Geofisico, Universidade de Sao Paulo, Caixo, Postal 30.627,
Sao Paulo, Brazil

473. Carolyn Marchan, History Dept., University of California, Berkeley, CA 94720
474. G. I. Marchuk, USSR Academy of Science, Leninskiy Prospect, Moscow, USSR
475. N. S. Margaris, Director, Laboratory of Ecology, University of Thessaloniki, Faculty of Physics and Mathematics,

Thessaloniki, Greece
476. M. Marinod, Forest Research Institute, Gishe 15, 1000 Sofie, Bulgaria
477. Alan F. Mark, Department of Botany, University of Otago, Dunedin, New Zealand
478. J. K. Marshall, CSIRO, Western Australian Labs, Division of Land Resource Management, Private Bag,

P0 Wembley 6014, Western Australia
479. Sir B. John Mason, Director General, Meteorological Office, London Road, Bracknell, Berkshire RG12 2SZ England
480. Dr. Materna, Forestry and Game Management, 25501 Zbraslav n. Vlt., Strnady,Czechoslovakia
481. F. Matos, Director, Foundation for Natural Sciences, Caracas, Venezuela
482. Jean Matthews, U.S. Department of Interior, National Park Service, Science and Technology Division, Washington,

DC 20240
483. William H. Matthews, East-West Center, Honolulu, Hawaii 96822
484. E. Matthews, Goddard Institute for Space Studies, 2880 Broadway, New York, NY 10025
485. Paul Maycock, Erindale College, University of Toronto, Mississauga, Ontario L5L 106
486. R. Mayer, Institut fur Bodenkunde und Waldernahrung Der Universitat Gb'ttingen, Gb'ttingen, Federal Republic

of Germany
487. Helen McCammon, Director, Division of Ecological Research, Office of Health and Environmental Research, Office

of Energy Research, MS-E201, ER-75, Room F-322, Department of Energy, Washington, DC 20545
488. M. B. McCarthy, Museum of Comparative Zoology, Harvard University, Cambridge, MA 02138
489. Joseph McClure, Southeastern Forest Experiment Station, Asheville, NC 28807
490. F. McCormick, Ecology Program, University of Tennessee, Knoxville, TN 30916
491. M. B. McElroy, Earth and Planetary Physics, Pierce Hall, 29 Oxford Ave., Cambridge, MA 02138
492. John McGeehin, U.S. Geological Survey, 431 National Center, Reston, VA 22092
493. Robert P. Mcintosh, Dept. of Biology, University of Notre Dame, Notre Dame, IN 46556
494. S. J. McNaughton, Biology, Syracuse University, Syracuse, NY 13210
495. E. Medina, Centra de Ecologia, Instituto Venezelano de Investigaciones Cientificias, Caracas, Venezuela
496. A. Medwecka-Kornas, Jagiellonian University, Lubic 46, PL-31-512 Krakow, Poland
497. Vernon Meetemeyer, Department of Geography, University of Georgia, Athens, GA 30602
498. H. Meidner, Department of Biology, University of Stirling, Stirling FK9 4LA, Scotland
499. Richard Meier, 7 San Mateo Rd., Berkeley, CA 94707
500. John M. Melack, Marine Science Institute, University of California, Santa Barbara, CA 93106
501. Jerry Melillo, The Ecosystems Center, Marine Biological Laboratory, Woods Hole, MA 20543
502. L.A.S. Melo, Empresa Brasiliera, de Pesquisa Agropecuaria, Estrado do Aleixo, 2280 Bairro do Aleixo,

69.000 Manaus, Amazonas, Brazil
503. L. Merlivat, Departement de Physico-Chimie, CEA-CENS B. P. No. 2, 91191 GIF-sur-Yvette Cedex, France
504. 0. G. Merzoev, Institute of Botany, Academy of Sciences, Azerb. SSR, Baku, USSR
505. David Miller, National Climate Program Office, 6010 Executive Blvd., Rockville, MD 20852
506. Lee Miller, Boyce Thompson Institute, Ithaca, New York 14853
507. Lee D. Miller, Remote Sensing Center, Texas A&M University, College Station, Texas 77843
508. R. J. Millington, Division of Land Use Research, CSIRO Private Bag, Canberra City, A.C.T. Australia
509. Yale Mintz, Climate Program, Goddard Space Center, Greenbelt, MD 20771
510. R. Misra, Department of Botany, Banaras Hindu University, Varanasi-221005, India
511. V. Mocanu, Institutul de Cercetari, Projectari si Documentare Silvica, Bucuresti 505, Pipera 46,

Sector 2, Rumania



161 ORNL-5862

512. A. A. Molchanov, Forest Laboratory, Academy of Sciences USSR,, Uspenskoye, Moscow District
Odintsov Region, USSR

513. Y. I. Molotovsky, Institut of Botany, Academy of Science, Tadjikistan SSR, Dushanbe, USSR
514. Carl D. Monk, Department of Botany, University of Georgia, Athens GA 30601
515. Robert A. Monserud, Intermountain Forest and Range Experiment Station, U.S. Forest Service, Moscow, ID 83843
516. John L. Monteith, Dept. of Physiology and Environmental Studies, University of Nottingham, Sutton Boninqton

Loughborough LE12 5RD England
517. B. A. Monteny, Bioclimatology, O.R.S.T.O.M., Abidjan, Ivory Coast
518. Harold A. Mooney, Department of Biological Sciences, Stanford University, Stanford, CA 94305
519. J. J. Moore, Department of Botany, University College, Belfield, Dublin 4, Ireland
520. Granger Morgan, Professor, Department of Eng. and Pub. Policy, Carnegie-Mellon University, Schenley Park.

Pittsburgh, PA 15213
521. Michael J. Morin, Packaging Corporation of America, P.O. Box 316, Manistee, MI 49660
522. R. M. Morozova, Karelian Branch of the Russian SSR, Academy of Sciences, Petrozovodsk, USSR
523. J. Morris, Forest Research Institute, University of Canterbury, Christchurch, New Zealand
524. Thomas Moss, Rayburn Office Bldg., U.S. House of Representatives, Washington, DC 20515
525. A. B. Mount, Forestry Commission of Tasmania, Hobart, Tasmania, Australia
526. D. Mueller-Dombois, Department of Botany, University of Hawaii at Manoa, 3190 Maile Way, Honolulu, HI 96822
™' r' E' Munn' Institute for Environmental Studies, University of Toronto, Toronto, Ontario M5S 1A4 Canada
528. C. E. Murphy, Environmental Sciences, Savannah River Operations, E.I. DuPont de Nemours Co., Aiken, SC 29801
529. Peter Murphy, Dept. of Botany and Plant Pathology, Michigan State University, East Lansing, MI 48824
530. Haydn H. Murray, Director, Department of Geology, Indiana University, Bloomington, IN 47405
531. Norman Myers, Upper Meadow, Old Road, Headington, Oxford, England
532. Roderick Nash, History Dept., University of California at Santa Barbara, Santa Barbara, CA 93106
533.' National Science Research Council, 44 Pere Street, Kitty, Greater Georgetown, Guyana
534. Natural Resource Management Center, Ministry of Natural Resources, Quezon City, Phillipines
535. Reginald R. Newell, Department of Meteorology, Massachusetts Institute of Technology, Cambridge, MA 02139
536. James E. Newman, Professor of Agronomy/Bioclimatology, Purdue University, West Lafayette, IN 47907
537. Bengt Nihlgard, Lunds Universitat, Avd. for Ecologisk Botanik, Helgonavaegen 5 S-223 62 Lund, Sweden
538. Henry Nix, CSIRO, Division of Land-Use Research, P.O. Box 1666, Canberra City A.C.T., Australia
539. A. H. Noor, Director of Forestry, Ministry of Livestock, Forestry and Range, Mogadiscio, Somalia
540. J. M. Norman, University of Nebraska, Lincoln, NE 68583
541. R. A. Novaes, Chief, Division of Research and Development, Remote Sensing Department, Instituto de Pesquisas

Espaciais, Sao Jose dos Campos, Brazil
542. I. Noy-Meir, Botany Department, Hebrew University of Jerusalem, Jerusalem, Israel
543. Makoto Numata, Biology, Fac. of Science, Chiba University, Yayoi-cho, Chiba, Japan
544. H. W. Nuernberg, Institut Fuer Chemi, D-5170 Juelich, Federal Republic of Germany
545. R. Nydal, Physics Department, Technological Institute, Trondheim, Norway
546. B. O'Brien, Institute of Nuclear Science, Lowr Hutt, New Zealand
547. H. T. Odum, Environmental Engineering, University of Florida, Gainesville, FL 32601
548. W. T. Odum, Environmental Sciences, University of Virginia, Charlottesville, VA 22903
549. H. Ogawa, Biology Department, Osaka City University, Sugimoto-Cho, Sumiyoshi-Ku, Osaka, Japan
550. K. C. Oh, Biology Department, Soegang University, Seoul, Korea
551. G. J. Afolabi Ojo, Dept. of Geography, University of Ife, Ile-Ife, Nigeria
552. C. I. Olaniyan, University of Lagos, Akoka, Lagos, Nigeria
553. Charles Olmsted, Jr., Environmental Studies, Colorado Northern University, Greeley, CO 80639
554. C. Olsen, School of Natural Resources, University of Michigan, Ann Arbor, MI 48109
555. I. U. Olsson, Institute of Physics, Uppsala University, Uppsala, Sweden
556. John Opie, Environmental Review, Duquesne University, Pittsburgh, PA 15219
557. Peter Oram, International Food Policy Research Institute, 1776 Massachusetts Ave., N.W., Washington, DC 20036
558. Gordon Orians, Zoology Department, University ofWashington, Seattle, Washington 98105
559. William S., Osburn, Jr., Division of Ecological Research, Office of Health and Environmental Research, Office of

Energy Research, Department of Energy, Washington, DC 20545
560. C. B. Osmond, Department of Environmental Biology, Research School of Biological Sciences, Australian National

University, P.O. Box 475, Canberra City, A.C.T. 2601, Australia
561. J. D. Ovington, Department of the Environment, Canberra A.C.T., Australia
562. F. Owino, Chairman of Forest Working Group, Faculty of Agriculture, University of Nairobi, Nairobi, Kenya
563. K. Paijmans, Land Use Research, Commonwealth Scientific and Industrial Research Organization,

Canberra, Australia
564. Cheryl Palm, North Carolina State University, Raleigh, NC 27650
565. Juergen Pankrath, Umweltbundesamt, Bismarckplatz 1, 1000 Berlin 33, Germany
566. Archibald B. Park, General Electric Company, Space Division, 4701 Forbes Boulevard, Lanham, MD 20801
567. Anu Parnanen, MAB National Committee, Academy of Finland, Asemamiekenkatu 2, 00520 Helsinki 52, SF-Finland
568. William Parton, NREL, Colorado State University, Fort Collins, CO 80523
569. Eldor A. Paul, Department of Plant and Soil Biology, University of California, Berkeley, CA 94720
570. Adrian J. Peck, Division of Land Resources Management, CSIRO, Perth, Australia
571. Robert Pearcy, Department of Botany, University of California, Davis, CA 95616
572. R. A. Perry, CSIRO, Division of Land Resources Management, Private Bag, P.O. Wembley, 6014, Western Australia
573. Hans Persson, Institute of Ecological Botany, University of Uppsala, Box 559, S-751-22, Uppsala 1, Sweden
574. Reider Persson, Skogsstyrelsen, 551 83 Jonkoping, Sweden
575. Henning Petersen, Jordbundsbiologisk Institut, Strandkaer, Femmoller, DK-8400 Ebeltoft, Denmark
576. Robert Petty, Wabash College, Crawfordsville, IN 47933
577. Donald Phillips, Department of Agronomy and Range Science, University of California, Davis, CA 95616
578. Enrique Oswaldo Videla Pilasi, 1341 O'Higgins St., 1661 Bella Vista, Buernos Aires, Argentina
579. P. Plantinga, Proyecto Radargrametrico del Amazonas (PRORADAM), Bogota, Colombia
580. Rafe Pomerance, Legislative Director, Friends of the Earth, 620 C St., S.W., Washington, DC 20003
581. John Popenoe, Pacific Northwest Forest Experiment Station, 809 NE 6th Ave., Portland, OR 97232
582. I. Popescu-Zeletin, Institutul de Cercetari si Amenajari Si 1vice, Bucuresti 505, Pipera 46, Sector 2, Rumania
583. I. Prakash, Central Arid Zone Research Institute, Jodhpur, India
584. G. T. Prance, New York Botanical Garden, Bronx, NY 10548
585. I. Colin Prentice, Palynology Laboratory, Uppsala University, Uppsala, Sweden
586. K. Prentice, Goddard Institute for Space Studies, 2880 Broadway, New York, NY 10025
587. John Proctor, Biology, University of Stirling, Stirling FK9 4LA Scotland
588. Juan Puigdefabregas, Centra Pierenaico de Biolgia Experimental, AP 64 Jaca (Huesca), Egipciacas,

15-Barcelona-l, Spain



ORNL-5862 162

589. Francis E. Putz, Botany Dept., University of Florida, Gainesville, FL 32611
590. Victor Quintanilla, Depto. de Ingenieria Geografica, University of Santiago, Santiago, Chile
591. R. Rabin, National Science Foundation, Washington, DC 20550
592. G. L. Radford, Institute of Terrestrial Ecology, Bangor Research Station, Penrhos Road, Bangor,

Gwynedd LL57 2LQ, United Kingdom
593. C. W. Ralston, School of Forestry, Duke University, Durham, NC 27706
594. V. Ramanathan, National Center for Atmospheric Research, P.O. Box 3000, Boulder, CO 80303
595. W. Ramsay, United States Mission to the European Communities, 40, Boulevard du Regent,

B 1000 - Brussels, Belgium
596. K. R. Rao, Director, National Remote Sensing Agency, Secunderabad, India
597. Maurice Rapp, CNRS, Centre d'Etudes Phytosociologiques et Ecologiques, L. Emberger, 34033 Montpellier, France
598. Klaus Raschke, Pflanzenphysiologisches Inst, der Universitat, 80 Untere Karspule 2, D-3400 Gottingen, Federal

Republic of Germany
599. David M. Raup, Paleobiology, University of Chicago, Chicago, IL 60637
600. Peter Raven, Missouri Botanical Garden, P.O. Box 299, St. Louis, M0 63116
601. D. Rayhaud, CNRS, Glaciologie et Geophysique de 1'Environment, 2 rue Tres-Cloitres, 38031 -

Grenoble Cedex, France
602. Angela de Luca Rebello, Caiza Postal 3850/Gavea, 20.000 Rio de Janeiro, Brazil
603. Ruth A. Reck, Physics Department, General Motors Research Division, Warren, MI 48090
604. William E. Reifsnyder, School of Forestry and Environmental Studies, Yale University, New Haven, CT 06511
605. William A. Reiners, Department of Biology, University of Wyoming, Laramie, WY 82073
606. L. Reintam, Soil Science and Agronomy Chemistry, Estonian Agric. Academy, Tartu, Estonia, USSR
607. M. Reis, Director, Forest Research Department, Instituto Brasileiro de Desenvolvimento Florestal,

Brasilia, Brazil
608. Elmar Reiter, Department of Atmospheric Science, Colorado State University, Fort Collins, CO 80521
609. R. Reiter, Fraunhofer-Institute fur Atmospha'rische Umweltforschung, Kreuzeckbahnstrasse 19, 8100 -

Garmisch-Partenkirchen, Federal Republic of Germany
610. B. P. Reyes-Castillo, Institute of Ecology, Museum of Natural History, Mexico City, Mexico
611. John F. Richards, Department of History, Duke University, Durham, NC 27706
612. C. B. Richardson, School of Forestry and Environmental Studies, Duke University, Durham, NC 27706
613. Arthur Riedacker, INRA-Centre Nationale de Recherches Forestieres, Station de Sylviculture et de Production,

Champenoux 54 280 Seichamps, France
614. Gordon A. Riley, Institute of Oceanography, Dalhousie University, Halifax, Nova Scotia, Canada
615. Paul G. Risser, Illinois Natural History Survey, 607 E. Peabody Ave., Champaign, IL 61820
616. J. C. Ritchie, Scarborough College, University of Toronto, Toronto, Canada
617. Charles F. Roberts, Forest Fire and Atmospheric Sciences Research, U.S. Forestry Service, Washington, DC 20250
618. Patricia Roberts-Pichette, U.N. Program Multilateral Programs Branch, Canada International Development Agency,

Place du Centre, 200 Rue Principale, Hull, Quebec K1A 0G4
619. Walter 0. Roberts, Aspen Institute for Humanistic Studies, 1919 Fourteenth Street, No. 811, Boulder, CO 80302
620. E. E. Robertson, Biomass Energy Institute, Winnipeg, Manitoba, Canada
621. Jennifer Robinson, Fog's Edge Research, P.O. Box 330, Inverness, CA 94937
622. Donald L. Rockwood, School of Forest Resources and Conservation, Institute of Food and Agricultural Sciences,

118 Newins-Ziegler Hall, University of Florida, Gainesville, FL 32611
623. L. E. Rodin, Komarov Botanical Institute, USSR Academy of Science, Leningrad, USSR
624. W. A. Rodrigues, Inst. Nac. Amazonico Centra Pesquis Florest., Manaus Amazonas, Brazil
625. J. E. Rogister, Proefstation van Waters en Bossen, B 1990 Groenendaal-Hoeilaart, Belgium
626. V. Roig, Casilla de Correo 507, Correo Central, Mendoza, Argentina
627. Gary L. Rolfe, University of Illinois, Forestry Dept., 110 Mumford Hall, 1301 W. Gregory Drive, Urbana,

IL 61801
628. A. B. Ronov, Vernadsky Institute of Geochemistry and Analytical Chemistry, Acad. Sci. USSR, Moscow, USSR
629. Michael Rosenzweig, Ecology and Evolutionary Biology, University of Arizona, Tucson, AZ 85721
630. Yuhan Ross, Institute of Astrophysics and Atmospheric Physics, Acad. Sci. of Estonian SSR, Tartu, Estonian SSR
631. Thomas Rosswall, Department of Microbiology, Agricultural College, 750 07 Uppsala, Sweden
632. J. S. Rowe, Dept. of Plant Ecology, University of Saskatchewan, Saskatoon, Saskatchewan, Canada
633. Emanuel D. Rudolph, Dept. of Botany, Ohio State University, 1735 Neil Ave., Columbus, OH 43210
634. Italo Russo, Secretaria de Estado de Agricultura, Centra de los Heroes, Santo Domingo, Dominican Republic
635. A. J. Rutter, Botany Department, Imperial College, London, United Kingdom
636. J. K. Ryan, Department>of Entomology, University of Alberta, Edmonton, Alberta, Canada T6G 0Z5
637. S. Sabhasri, Secretary-General, National Research Council, Bangkok, Thailand
638. Manfred Sachtler, Manager of FAO Project on Inventory and Management of Forest Resources, Santa Cruz, Bolivia
639. Robert L. Sajdak, Department of Forestry, Michigan Technological University, Houghton, MI 49931
640. Eneas Salati, Director, Centra de Energia Nuclear na Agricultura Av. Centenario S/N, Caixa Postal 96, 3.400

Piracicaba, SP Brasil
641. R. Samaniego, University of the Philippines, College of Agriculture, Department of Agricultural Chemistry,

Los Banos, Laguna, Phillipines
642. A. L. Sampaio de Almeida, Executive Secretary, Project RADAMBRASIL, Salvador, Bahia, Brazil
643. Pedro Sanchez, Department of Agronomy, School of Agriculture and Life Science, North Carolina State University,

Raleigh, NC 27650
644. Edouard Saouma, Director-General, Food and Agriculture Organization of the United Nations, Via delle Terme di

Caracalla, 00100 Rome, Italy
645. M. Sarntheim, Geol.-Palaeontologisches Inst, der Universitat Kiel, D-2300, Federal Republic of Germany
646. A. Sasson, Department of Biology, University of Mohammed V, Rabat, Morocco
647. Taisitiroo Satoo, Moroto Forestry Research Lab., New Kaijo Bldg., 2-1 Maran ou chi 1 Chome, Chiyoda-ku, 2-1,

Hongo, Tokyo, Japan 100
648. B. Saugier, Ecologie Vegetale, Bat 431-91405, Orsay Cedeys, Universite de Paris-Sud, Paris, France
-649. R. Schaefer, Plant Ecology Laboratory, Faculty of Sciences, University of Paris-XI, 91045 Orsay, France
650. G. H. Schleser, KFA, Institut fur Chemie, Postgach 1913, 5170 Jb'lich 1, Federal Republic of Germany
651. J. Schmithuesen, Geographical Institute, Universitat des Saarlandes, 600 Saarbriicken, Federal Republic

of Germany
652. R. Schnabel, Bodenhygiene Fachgebiet, Beethovenstr. 25, Leipzig 7010, German Democratic Republic
653. R. C. Schnell, Mt. Kenya Project, Box 30218, Nairobi, Kenya
654. C. D. Schbnwiese, Institute fur Meteorologie und Geophysik, Feldbergstr. 47, 6000 Frankfurt, Federal Republic

of Germany
655. Herbert Schubart, Instituto Nacional de Pesquisas da Amazonia, Div. de Ecologia, C.P. 478, 69.000 Manaus,

Amazonas, Brazil



163 ORNL-5862

656. D. C. Schwaar, Project Manager, Land Resources Survey Project, Freetown, Sierra Leone
657. R. Schware, CO2 Climate Study Program, NCAR, P.O. Box 3000, Boulder, CO 80307
658. SCOPE 51, Boulevard de Montmorency, F 8 75016 Paris, France
659. W. D. Sellers, University of Arizona, Tucson, AZ 85721
660. Hansford T. Shacklette, U.S. Geological Survey, Federal Center, Denver, CO 80225
661. David M. Sharpe, Department of Geography, Southern Illinois University, Carbondale, IL 62903
662. Gaius Shaver, Marine Biological Laboratory, Woods Hole, MA 02543
663. Walter Shearer, Development Studies Division, Toho Seimei Bldg., 15-1, Shbuya 2-chome, Shibuya-ku,

Tokyo 150, Japan
664. T. Shidei, Department of Forestry, Faculty of Agriculture, Kyoto University, Kyoto, Japan
665. Ma Shijun, Institute of Zoology, Academia Sinica, Beijing 100080, People's Republic of China
666. U. Siegenthaler, Physics Institute, University of Bern, CH-3000, Sidlerstrasse 10, 3012 Bern, Switzerland
667. Ray Siever, Hoffman Laboratory, Harvard University, Cambridge, MA 02138
668. T. Simon, Department of Plant Systematics, Eotvos University, Museum Krt. 4(a), Budapest VIII
669. T. R. Sinclair, USDA, SWD-Microclimate Investigations, Bradfield Hall, Cornell University, Ithaca, NY 14850
670. S. Fred Singer, Professor of Environmental Sciences, University of Virginia, Clark Hall, Charlottesville.

VA 22903

671. Karn Deo Singh, Forestry Dept., Food and Agricultural Organization, Via delle Terme di Caracella.
00100 Rome, Italy

672. K. P. Singh, Department of Botany, Banaras Hindu University, Varanasi, Uttar Pradesh, India
673. J. S. Singh, Ecology Research Project, Department of Botany, Kumaun University, Naini Tal-263002, India
674. Nasser Sionit, Senior Research Scientist, Department of Botany, Duke University, Durham, NC 27706
675. J. J. Skujins, Department of Biology, Utah State University, Logan, Utah 84322
676. David H. Slade, Pollutant Char, and Safety Res. Div., Office of Health and Environmental Research, U.S.

Department of Energy, ER-74 GTN, Washington, DC 20545
677. V. Smil, Geography Department, University of Manitoba, Winnipeg, Manitoba, Canada
678. D. B. Smith, Natural Environment Research Council, Polaris House, North Star Avenue, Swindon, United Kingdom
679. Freeman Smith, Range Science, Colorado State University, Fort Collins, CO 80523
680. Tim Smith, U.S. Geological Survey, National Center (MS 106), 12202 Sunrise Valley Dr., Reston, VA 22092
681. Samuel C. Snedaker, Associate Professor, School of Marine and Atmospheric Science, University of Miami.

4600 Rickenbacker Causeway, Miami, FL 33149
682. Society International des Forestiers Tropicaux, 45 Bis, Avenue de la Belle Gabrielle, 4 130 Nogent sur Marne

France

683. R. E. Soeriaatmadja, Department of Biology, ITB, Jalan Ganesa 10, Bandung, Indonesia
684. Philip Sollins, Forest Sciences Laboratory, 3200 Jefferson Way, Oregon State University, Corvallis, OR 97331
685. A. I. Sors, Monitoring and Assessment Research Center, Chelsea College, University of London, The Octaqon Bldq..

49a Fulham Rd., London, SW10 00X, England
686. John Southam, Geology Dept., University of Miami, Miami, FL 33149
687. R. L. Specht, Botany Department, University of Queensland, St. Lucia 4067, Queensland, Australia
688. Walter 0. Spofford, Jr., Quality of the Environment Division, Resources for the Future,

1755 Massachusetts Ave., N.W., Washington, DC 20036
689. Max Springer, 1600 Autrey Way NW, Knoxville, TN 37919
690. Josephine Springett, c/o Botany and Zoology, Massey University, Palmerston N., New Zealand
691. Hakan Staaf, Department of Plant Ecology, University of Lund, Ostra Vallgatan 14, S-223 61 Lund, Sweden
692. Gerald Stanhill, Volcani Institute of Agricultural Research, P.O. Box 6, Bet Dagan 50200, Israel
693. Forest Stearns, Department of Botany, University of Wisconsin, Milwaukee, WI 53201
694. R. C. Steele, Natural Environment Research Council, 27-33 Charing Cross Rd., London, WC2H OAY, England
695. Harold Steen, Forest History Society, 109 Coral St., Santa Cruz, CA 95060
696. Hilgard O'Reilly Sternberg, Geography Department, University of California, Berkeley, CA 94720
697. John Stewart, Crowmarsh Gifford, Wallingford Oxon 0X10 8BB United Kingdom
698. J. A. Steyermark, Director of Herbarium, Botanical Institute, Caracas, Venezuela
699. Gerald Still, National Program Leader, Plant Biochemistry and Physiology, USDA-ARS, Bldg. 005. Bare West.

Rm. 339, Beltsville, MD 20705
700. E. L. Stone, School of Forest Resources, Department of Agronomy, University of Florida, Gainesville, FL 32611
701. Nancy Strader Smithsonian Books, 475 L'Enfant Plaza, Washington, DC 20560
702. Norton Strommen, World Agricultural Outlook Board, U.S. Department of Agriculture, 14th & Independence Ave.. NW.

Washington, DC 20250
703. Eric Sundquist, USGS, 431 National Center, MS-431, Reston, VA 22092
704. W. D. Svedarsky, University of Minnesota Technical College, Crookston, MN 56716
705. J. Svoboda, Department of Botany, Erindale College, University of Toronto, Mississauga, Ontario, Canada
706. Albert Swain, Center for Climatic Research, University of Wisconsin, Madison, WI 53706
707. David Swan, Point Road, Wilson Point, S. Norwalk, CT 06854
708. Wayne T. Swank, Coweeta Hydrologic Laboratory, U.S. Forest Service, Franklin, NC 28734
709. Swedish Natural Research Council, Wenner-Gren Bldg., Stockholm, Sweden
710. T. J. Synnott, Unit of Tropical Silviculture, South Parks Road, Oxford 0X1 3 B, Great Britain
711. Z. Szocs, Research Institute for Botany of the Hungarian Academy of Sciences, H-2163 Vacratot, Hungary
712. Lee Talbott, IUCN, 1110 Morges, Switzerland
713. C. 0. Tamm, Department of Forest Ecology, College of Forestry, S-750 07, Uppsala 7, Sweden
714. James Tavares, Senior Staff Officer, Board on Agriculture and Renewable Resources, NAS/National Research

Council, 2101 Constitution Ave., N.W., Washington, DC 20418
715. James A. Teeri, Barnes Laboratory, University of Chicago, 5630 S. Ingleside Ave., Chicago, IL 60637
716. Werner H. Terjung, Department of Geography, University of California, Los Angeles, CA 90024
717. D.C.P. Thalen, UNESCO Associate Expert, Subdepartment Vegetation Survey, International Institute for Aerial

Survey and Earth Sciences, P.O. Box 6, Enschede, The Netherlands
718. Brooke Thomas, Department of Anthropology, University of Massachusetts, Amherst, MA 01022
719. Michael Thompson, International Institute for Applied Systems Analysis, A2361 Laxenburg, Austria
720. James T. Thomson, 1305 Caddington Ave., Silver Springs, MD 20901
721. David B. Thorud, USDA, Forest Service, Forest Environment Research, P.O. Box 2417 -808 RPE,

Washington, DC 20013 [
722. Larry L. Tieszen, Department of Biology, Augustana College, Sioux Falls, SD 57102
723. A. A. Titlyanova, Institute of Soil Science and Agrochemistry, USSR Academy of Sciences (Siberian Branch),

Sovetskaya 18, Novosibirsk 99, USSR
724. Joseph Tosi, Tropical Science Center, Aptdo B-3870, San Jose, Costa Rica
725. Edward Towle, Island Resources Foundation, Box 4187, St. Thomas, Virgin Islands
726. John Troughton, Department of Agriculture, Wellington, New Zealand



ORNL-5862 164

727. C. J. Tucker, Earth Resources, NASA Goddard Space Flight Center, Greenbelt, MD 20771
728. R. P. Tucker, History Department, Oakland University, Rochester, MI 48063
729. John Turner, Forestry Commission of N.S.W., Box 100, Beechcroft N.S.W. 2119, Sydney, Australia
730. C. Uhl, Botany Department, Pennsylvania State University, University Park, PA 16802
731. B. Ulehlova, Institute of Botany, CASU, Stara 18, Brno, Czechoslovakia
732. Bernhard Ulrich, Institut fur Bodenkunde und Waldernahrung der Universitat Gbttingen, Gb'ttingen, Federal

Republic of Germany
733. United States Geological Survey, National Center, Reston, VA 22092
734. P.E.O. Usher, UNEP, Box 30552, Nairobi, Kenya
735. Ishrat H. Usmani, Interregional Energy Advisor, Division of Natural Resources and Energy, United Nations,

New York, NY 10017
736. Keith Van Cleve, Forest Soils Laboratory, University of Alaska, Fairbanks, AK 99701
737. Eddy van de Maarel, Institute of Ecological Botany, University of Uppsala, Uppsala 1, Sweden
738. Dwane D. Van Hooser, Intennountain Forest and Range Experiment Station, Ogden, UT 84401
739. Charles Van Sickle, USDA Forest Service, Room 3817 South Bldg., P.O. Box 2417, Washington, DC 20013
740. J. A. van Veen, Foundation ITAL, Bostbus 48, Wageningen, The Netherlands
741. Andrew P. Vayda, Professor of Anthropology and Ecology, Department of Human Ecology, Cook College,

P.O. Box 231, Rutgers University, New Brunswick, NJ 08903
742. F. John Vernberg, Baruch Institute for Marine Biology, University of South Carolina, Columbia, SC 29208
743. Leslie A. Viereck, U.S. Forest Service, Institute of Northern Forestry, Fairbanks, AK 99701
744. Peter Vitousek, Department of Botany, University of North Carolina, Chapel Hill, NC 27514
745. Bernd von Droste, Division of Ecological Sciences, UNESCO 7, Place de Fontenoy, 75700 Paris, France
746. von Maydell, Bundesforschungsanstalt fur Forst- und Holzwirtschaft, Leuschnerstrasse 91, 2050 Hamburg 80,

Federal Republic of Germany
747. X. Vyskot, Department of Silviculture, Brno University of Agriculture, Brno, Czechoslovakia
748. S. Wacharakitti, Director, School of Forestry, Kasetsart University, Bangkok, Thailand
749. Frank H. Wadsworth, Institute of Tropical Forestry, Rio Piedras, PR 00935
750. Brian Walker, Department of Botany and Microbiology, University of Witwaterstrand, 1 Jan Smuts Ave.,

Johannesburg, South Africa 2001
751. Joseph Walker, CSIRO, Canberra, 2601 A.C.T. Australia
752. Carl-Christian Wallen, UN Environmental Programme, Case Postale 1, 1205, Geneva, Switzerland
753. Heinrich Walter, Stuttgart University, Stuttgart-Hohenheim, Federal Republic of Germany
754. D.W.H. Walton, British Antarctic Survey, Botanical Section, Life Sciences Division, Monks Wood Experimental

Station, Abbots Ripton, Huntingdon, Cambridgeshire PE17 2LS, United Kingdom
755. Tom Waltz, National Climate Program Office, NOAA, 6010 Executive Boulevard, Rockville, MD 20852
756. Peter Wangersky, Dalhousie University, Halifax, Nova Scotia, Canada
757. Richard Waring, Forest Research Laboratory, Oregon State University, Corvallis, OR 97331
758. Warren Washington, National Center for Atmospheric Research, Boulder, CO 80303
759. Kenneth Watt, Division of Environmental Studies, University of California, Davis, CA 95616
760. Robert G. Watts, Mechanical Engineering Department, Tulane University, New Orleans, LA 70118

- 761. L. J. Webb, CSIRO, Rain Forest Ecology Section, Long Pocket Laboratories, Private Bag No. 3, Indooroopilly,
Queensland, Australia

762. Patrick J. Webber, Arctic and Alpine Research, University of Colorado, Boulder, CO 80309
763. Gordon Weetman, Forestry, University of British Columbia, Vancouver, B.C., Canada
764. N. E. West, Range Science Department, Utah State University, Logan, Utah 84322
765. Richard T. Wetherald, Geophysical Fluid Dynamics Laboratory, P.O. Box 308, Princeton, NJ 08540
766. Peter S. White, Uplands Laboratory, GSMNP, Twin Creeks, Gatlinburg, TN 37738
767. Robert M. White, Universal Corporation for Atmospheric Research, 2600 V Ave., N. W., Suite 514,

Washington, D.C. 20037
768. Walter G. Whitford, Department of Biology, New Mexico State University, Las Cruces, NM 88003
769. T. C. Whitmore, Commonwealth Forestry Institute, Oxford, United Kingdom
770. F. E. Wielgolaski, Botanical Laboratory, University of Oslo, Blindern, Oslo 3, Norway
771. 0. B. Williams, CSIRO, Division of Land Resources Management, P.O. Box 1666, Canberra City 2601, Australia
772. Michael Williams, School of Geography, Oxford University, Mansfield Road, Oxford, OXL 3TB England
773. J. Wilson, Division of Environmental Impacts, U.S. Department of Energy, Washington, DC 20545
774. P. Wiroatmodjo, Directorate of Forestry, Jakarta, Indonesia
775. Steven C. Wofsy, Applied Science, Harvard University, 29 Oxford St., Cambridge, MA 02138
776. J. A. Wolfe, U.S. Geological Survey, Box 5046, Denver, CO 80225
777. C. S. Wong, Marine Carbon Research Center, Sidney, British Columbia, Canada
778. Suan-Chin Wong, Department of Environmental Biology, Australian National University, P.O. Box 475,

Canberra City, A.C.T. 2601'Australia
779. Robert G. Woodmansee, National Sciences Foundation, Washington, DC 20550
780. J. T. Woods, Managing Director, Forestry Development Authority, Monrovia, Liberia
781. H. E. Wright, Limnology, Earth Science, University of Minnesota, Minneapolis, MN 55455
782. Dan H. Yaalon, Dept. of Geology/Pedology, Hebrew University of Jerusalem, Israel
783. Ram Prakash Yadav, Executive Director, Agricultural Projects Services Centre, P.O. Box 1440, Lazimpat,

Kathmandu, Nepal
784. John Yarie, University of Alaska, Forest Soils Laboratory, Fairbanks, AK 99701
785. A.D.M. Yauieb, Director, Department of Primary Industry, Office of Forests, Boroko, Papua New Guinea
786. Anthony Young, School of Environmental Sciences, University of East Anglia, Norwich NR4 7TJ, Great Britain
787. Jerry, Zavitkovski, Institute of Forest Genetics, North Central Forest Experiment Station,

U.S. Forest Service, P.O. Box 898, Rhinelander, WI 54501
788. Paul H. Zedler, Department of Biology, San Diego State University, San Diego, CA 92115
789. Alfred M. Ziegler, Geophysical Sciences, University of Chicago, Chicago, IL 60637
790. Gunter.Zimmermeyer, Gesamtverband des deutschen Steinkohlbergbaus, Friedrichstrasse 1, 4300 Essen 1, Federal

Republic of Germany
791. P. J. Zinke, Department of Forestry, University of California, Berkeley, CA 94720
792. R. I. Zlotin, Institute of Geography, USSR Academy of Sciences, Moscow W-17, Staromonetny 29, USSR
793. M. Zumer-Lindner, Ecology Institute, Uppsala University, Uppsala, Sweden
794. Office of Assistant Manager for Energy Research and Development, Oak Ridge Operations, P. 0. Box E,

Department of Energy, Oak Ridge, TN 37831
795-821. Technical Information Center, Oak Ridge, TN 37831


	image0001
	image0002
	image0003
	image0177
	image0178
	image0179

