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PREFACE

This report reviews the current state of understanding of the
biosphere, discusses the major scientific issues to be addressed,
and evaluates techniques, existing and in need of development, for
this new science.

Although the science of the biosphere is an extremely broad
subject, involving many federal agencies and research programs as
well as scientists working in many diverse areas of investigation,
this report is primarily concerned with developing the scientific ca-
pabilities of remote sensing for advancing the subject. The global
nature of the scientific objectives requires the use of space-based
techniques. Because of this space requirement, NASA finds it-
self involved in the subject in an important way. Charged with
providing scientific advice to NASA for all its research programs,
the Space Science Board commissioned its Committee on Plan-
etary Biology to undertake a study that resulted in this report.
The study is not intended to cover those aspects of biospheric re-
search that are conducted from the surface of the Earth under the
auspices of the National Science Foundation, the Environmental
Protection Agency, the National Oceanic and Atmospheric Ad-
ministration, the Department of Agriculture, and the Department
of the Interior.

Although the report investigates the potential for space-based
observations of the biosphere, the specifics of scientific program-
ming are still to be developed.

A previous report, Origin and Evolution of Life—Implications
for the Planets: A Scientific Strategy for the 1980°s (1981), dis-
cussed research on chemical evolution, and the origin of life, and
made a strong case for the development of a science of the biosphere
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(the planetary system that includes and sustains life, consisting of
the atmosphere, oceans, sediment, biota, and those solid surfaces
in active interchange with life). The present document extends the
discussion of the science of the biosphere by providing the goals
and objectives for the NASA remote sensing programs.

The capability to look at the Earth as a whole has been
developed only recently. The space program has made us aware of
the unity and uniqueness of the surface of the Earth (perhaps most
clearly seen in the photographs of Earth taken by the astronauts on
the moon). The space program also has provided the technology to
study the entire Earth from artificial satellites, and thus has been
a primary force in new approaches to planetary biology. Space
technology has also permitted comparative studies of planetary
atmospheres and surfaces. These studies, coupled with the growing
awareness of the effects that life has had on the entire Earth, are
opening new lines of inquiry in science.

Ever since the first Apollo photographs of the Earth from
space, it has become part of the public consciousness that we live
on a unique planet that has the curious property of life. It is
now commonly understood that life depends upon and is strongly
influenced by the planetary environment. In the last few decades,
a scientific community has developed that has recognized that
life, in turn, has greatly influenced our planet. Our atmosphere,
oceans, sediments, and solid surfaces are very different from what
they would be on a lifeless planet. Life has influenced the Earth
during its history; it continues to do so. Thus, from a planetary
perspective, we now see that life influences and is influenced by
its environments. These form a complex interacting system whose
properties we barely understand.

The Committee on Planetary Biology concerns itself with a
broad spectrum of scientific areas of interest to NASA, includ-
ing areas directly relevant to the origin of life on the Earth, the
early evolution of life, and terrestrial life today as a planet-wide
phenomenon—chemical evolution, paleobiology, and global ecol-
ogy. Examples of subjects of interest to this committee are (1)
the history of carbon during the accretion of the Earth and other
planetary bodies; (2) prebiotic synthesis in the atmosphere of
compounds relevant to life; (3) the organic chemistry of an abiotic
aqueous environment, such as a tidepool or pond; (4) the nature
of the organisms that are responsible for the earliest Precambrian
Stromatolites; (5) the effect of biota on the oxygen content of

viii



the atmosphere from the beginning; (6) the factors controlling
the pH of the ocean and the carbon dioxide content of the atmo-
sphere from the beginning to the present; and (7) the influence of
vegetation on the albedo of the Earth.

The subject matter is too extensive for a three-year detailed
review. Chemical evolution, paleobiology, and planetary ecology
were covered in the previous report Origin and Evolution of Life—
Implications for the Planets: A Scientific Strategy for the 1980’s,
but not in great depth. Another relevant report, A Strategy for
Earth Science from Space in the 1980°s and 1990’s, Part II: Atmo-
sphere and Interactions with the Solid Earth, Oceans, and Biota
(to be published), emphasizes biogeochemical cycles from the per-
spective of atmospheric science.

The major activity during the past three years has been to re-
view potential NASA contributions to the understanding of planet-
wide biology. The committee finds that current funding for this
research is woefully inadequate. It believes that the development
of a space-based, global perspective of the biosphere is an integral
part of the study of the origin and evolution of life. Thus, the
committee recommends that new funds be found to support the
global biology program, not that funds be transferred from other
life science research.

We are poised at a unique moment in history. On the one
hand, our technological civilization is affecting our planet on a
global scale. On the other hand, space technology makes a global
perspective possible for the first time. NASA’s twenty years of
experience in studying the Earth’s vegetation, its solid surfaces,
oceans, and atmosphere provide a unique capability. The time is
ripe to begin the study of the Earth’s biology on a planetary scale.

Although much has been done to lay the foundation for remote
sensing, more research is needed to validate the techniques for
studying the Earth’s biosphere. Such research is essential for
establishing the techniques as the major source of observational
data for this new science.

Daniel B. Botkin
Chairman
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1.
SUMMARY AND
SCIENTIFIC OBJECTIVES

INTRODUCTION

This report concerns the development of a science of the biosphere,
which is the large-scale planetary system that includes, sustains,
and is influenced by life. It presents a new perspective on life
and on the connection between planetary characteristics and life,
and it suggests that the study of the biosphere offers a major new
scientific challenge for the next decade.

It has long been recognized that life depends on the unique
characteristics of our planet. What is new and exciting is the
recognition of the extent to which life influences the planet. The
atmosphere, oceans, and sediments are very different from what
they would be on a lifeless planet. Life has altered the Earth
throughout its history, and it continues to do so. The abundance
and distribution of life forms affect climate, energy balance, the
cycling of chemical elements, and the chemistry of the atmosphere,
oceans, soils, and many solid surfaces.

The biosphere is a difficult system to understand because bio-
spheric phenomena (ecosystems, biomes, and so on) are character-
ized by time lags; by direct and indirect effects on the environment;
by complex, mutually causal relationships between the living and
nonliving components of the system; and by the evolution of new
life forms. Episodic events have a great importance in the bio-
sphere. The biota seem to be influenced by events in indirect
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proportion to their frequency and direct proportion to their am-
plitude; large, rare events have an importance considerably beyond
their frequency.

A science of the biosphere is necessary for understanding and
mitigating the global effects of our modern technological civiliza-
tion. We need to understand the implications of human activities,
such as the atmospheric increase in carbon dioxide from land clear-
ing and burning of fossil fuels; the increasing acid rain resulting
from fossil fuel burning; desertification; and deforestation. We
also need to learn how to mitigate these effects of our activities, so
that we can revegetate deserts, reforest cleared areas, and manage
our water resources and our crops and timber on a global scale.

THE ROLE OF NASA

Space technology makes the science of the biosphere possible.
Remote sensing by aircraft and satellites, coupled with ground
measurements, can provide necessary data over large areas and at
frequent intervals.

The large amounts of data that need to be collected, their
diverse nature, and the requirements for spatial and temporal res-
olution indicate that substantial computer capabilities, including
computer analysis techniques, will be needed.

Because of the complexity of ecological systems, the science
of the biosphere will require the development of theory and com-
puter modeling. The science of the biosphere will also require the
integration of many disciplines, including atmospheric sciences,
biology, climatology, geography, and geology—in short, all Earth-
ward looking sciences.

NASA has a long history of research, development, and use
of remote sensing for the study of the Earth’s biota. Most of
this work has focused on crops, forest, and rangeland of economic
importance. Such activities have been part of NASA’s efforts
since the early days of its existance. The research proposed here is
a natural extension of a major activity of NASA. The techniques
developed in the past for the study of crops, forests, and rangeland
must be analyzed, validated, and extended to the study of all the
terrestrial vegetation of the biosphere.

Thus, NASA is uniquely suited to play an important role in
developing the science of the biosphere. NASA has considerable
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experience in remote sensing and associated computer analysis sys-
tems, has developed effective interdisciplinary research programs,
and has a global perspective gained through environmental satel-
lites and planetary research programs that could be applied to the
study of the biosphere.

The committee therefore recommends that NASA establish and
implement a research program to study the biosphere. This pro-
gram should employ remote sensing observations, complementary
ground-based measurements, and an associated theoretical effort.

To accomplish this program presupposes (1) a commitment to
the continued development and operation of global remote sensing
satellite systems, which are not now assured by programs in NASA,
elsewhere in the federal government, or in the private sector, and
(2) an effective system for storage, retrieval, distribution, and
analysis of data from these satellite systems for scientists within
NASA, government laboratories, and universities both within the
United States and around the world.

Validation is an essential step. We must understand the limits
of existing techniques for supplying information concerning the
biosphere. Accuracy must be determined and reliability assessed.
These activities must include surface, airborne, and space mea-
surements. Results will be important in providing direction not
only in the area of sensor systems and processing techniques but
also in the science that can be accomplished employing this new
technology.

GOALS AND OBJECTIVES

The goals of a science of the biosphere are to understand the
following:

e the nature of a system that supports life and allows it to
persist;

o the influence of life on the Earth’s energy balance, water,
and biogeochemical cycles;

o the factors that control the storage and transport of energy
and major chemical elements;

e the spatial distribution, temporal dynamics, and complex
interactions of the various components of the biosphere;

e the relationships between biological systems and planetary
environments, including the necessary characteristics of a planet
that allow life to originate and evolve; and
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e the effect of human beings on the biosphere in their present
and future numbers.

The following material describes those research programs es-
sential to accomplish these goals and establish the science of the
biosphere. They should serve as the direction for research activi-
ties for the next decade.

Theory and Modeling

A science of the biosphere will require the development of theory
and models. Because of the complex nature of the subject, the
models will have to address several different scales of problems,
including the energy balance of the Earth as a single unit; the
flow of energy and cycling of chemical elements among the major
components of the biosphere—the major terrestrial biomes, the
ocean biota, the upper and lower ocean, the atmosphere, and the
solid surface in active interchange with the biota; the dynamics of
individual ecosystems and their interchange of energy and matter
with the rest of the biosphere.

Some initial modeling efforts should be directed toward un-
derstanding the interrelationships among the carbon, nitrogen,
sulfur, and phosphorus cycles, and the dependencies of these cy-
cles on physical factors, such as global climate and atmospheric
and oceanic circulation.

The history of the Earth represents a series of biospheric ex-
periments. We can use the geological record to gain insight into
the effect of major biological innovations on the biosphere and the
effects of major changes in the environment (such as the distri-
bution of continents) on the biota. The development of a science
of the biosphere should make use of this Earth history to develop
theory, especially making use of the following episodes: the late
Proterozoic (800 to 700 million years ago); the Cretaceous-Tertiery
transition; and the Pleistocene. Emphasis should also be placed
on modern analogs of earlier biota, such as the study of certain
gymnosperm forests as analogs of the pre-Cretaceous subtropical
vegetation and microbial coastal hypersaline ecosystems as analogs
to certain Precambian conditions.

An interesting theoretical question is, what is a “minimal”
biosphere, i.e., what is the minimum size, complexity (in terms of
the number of components and the number of pathways between
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them for biogeochemical cycles), and the minimum number of
species that can sustain life over long periods of time? Some
modeling efforts should be developed to provide insight into this
question.

Biogeochemistry, Energy, and Water Balance

A fundamental part of the science of the biosphere is the analy-
sis of the major biogeochemical cycles. Twenty-four elements are
required for life.* During the first decade of research, the pri-
mary emphasis should be on the cycles of carbon, nitrogen, sulfur,
phosphorus, and the hydrologic substrate. The following questions
should be addressed:

1. What are the sizes of the major pools of carbon, nitrogen,
sulfur, potassium, and phosphorus, especially biological ones in
active exchange with other components of the biosphere?

2. What are the major transport rates of the four elements
from one component of the biosphere to another? Of special
interest are the flux to and from biotic components, i.e., between
land biota and the atmosphere; between marine biota and the
atmosphere, from land biota to oceans (via rivers); from land and
marine biota to short-term sediment storage.

3. What factors control these rates?

4. How much and in what ways does the cycling of one of
these chemical elements affect the others?

5. What were the states of these cycles prior to anthropogenic
perturbations?

6. What will be their future states?

7. What must be known to permit us to reverse or stabilize
anthropogenically induced trends?

The carbon cycle is especially important because of the bi-
ological uptake and release of greenhouse gases, such as carbon
dioxide and methane, that can affect climate, ocean chemistry,
and mineralization. The fate of carbon dioxide released from the
burning of fossil fuels and the destruction of forests and soils re-
mains unclear; more carbon dioxide has been released than can be
accounted for by the current content of the atmosphere, oceans,

* H, B, C, N, O, Na, Mg, Al, Si, P, S, Cl, K, Ca, V, Mn, Fe, Co, Cu, Zn,
Se, Mo, Ag, L.
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sediments, and the biota. The first decade of research should place
special emphasis on understanding the carbon cycle and the flux
of carbon dioxide and methane.

The biota affect the Earth’s energy balance directly and in-
directly. The direct effects are those that result from the biologi-
cal surface materials that influence the absorption, reflection, and
reradiation of sunlight, and the transfer of energy from the Earth’s
surface to the atmosphere by the evaporation of water. The indi-
rect effects are those that result from biologically induced changes
in the biogeochemical cycles, as in the biological production of
carbon dioxide and methane.

The biota, particularly land vegetation, affect the Earth’s
reflection of sunlight (albedo). The Earth’s albedo is known with
an accuracy only to a few percent, but a change in albedo of less
than a few percent could have significant effects on the Earth’s
energy budget. We need to refine the estimate of the Earth’s
albedo and improve our understanding of the way that it is affected
by biological activity.

More specifically, we need to (1) characterize the albedo of
each major land cover type; (2) determine the rate of change
of the Earth’s albedo due to biological changes such as seasonal
changes in land vegetation, and due to changes in the total areal
extent of major land cover types (such as the effect of a decrease
in the area of tropical rain forests).

The biota can affect the hydrologic cycle on a large scale.
Land vegetation affects the percentage of rainfall that returns to
the atmosphere by evaporation and the percentage that enters
surface and subsurface runoff. We need to better understand the
effect of the biota on the evaporation of water and the runoff
to major rivers as these are affected by the type of biota that
dominate an area, and as the state of these biota change over
time.

Studies of the Land

We need to understand the spatial distribution and temporal dy-
namics of biomass. Terrestrial vegetation and soils aresources of
storage of carbon, nitrogen, and other chemical elements required
for life. Terrestrial vegetation has a rapid interchange of carbon
dioxide, oxygen, and water with the atmosphere. Although it is



7

obvious that terrestrial vegetation and the atmosphere are cou-
pled, we do not yet have sufficient quantitative understanding to
predict the effects that a specific change in one will have on the
other.

On the land, vegetation makes up more than 95 percent of the
live biomass; therefore, we should determine vegetation biomass
and net primary production (the changes in biomass). Measure-
ment of net primary production is the first and fundamental step
for calculating fluxes of oxygen, carbon dioxide, and other chemical
elements and compounds.

Deforestation and desertification, as well as the erosion of soils,
are currently major sources of change in the storage of carbon on
the land. The rates of conversion of forests, the creation of deserts,
and the loss of soil by erosion are poorly known. Remote sensing
techniques could be applied to monitoring rates of conversion of
forests and desertification.

Soils are a major site for chemical reactions important for
the biosphere. Much of this chemical activity is conducted in
anaerobic soils by microorganisms. '

Field studies are required to determine correlations between
dominant higher vegetation and microbial communities and ac-
tivities. There is often a close relationship between microbes and
fungi and higher plants, and the existence and activity of a certain
kind of microbial community. Remote sensing, which determines
vegetation cover type, should be used to infer the kind of mi-
crobial community. Along with other remote sensing measures
(digital terrain information, soil moisture, and so on), this infor-
mation could be used to determine the rates of decomposition and
production of major compounds.

Microbes have a great influence on the chemistry of the bio-
sphere. We need to develop a program of research to improve
our understanding of these effects, including (1) to determine to
what extent biologically mediated anaerobic processes are impor-
tant in the deposition and weathering of metal ore deposits; (2)
to quantify global methane sources; and (3) to study soil sulfur
exchange. Laboratory research is required to establish methods
to quantify the relationships among environmental conditions, the
kind of microbial community, and the rates of activity.

A potentially important technique in the measurement of ter-
restrial biomass and net primary production is the measurement
of the leaf area index (LAI). We need to improve the measurement
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of LAT and the correlations among LAI, biomass, and net primary
production. One of the first steps to do this would be to establish
sites for studying at least three biomes; for example, coniferous
forest, deciduous forest, and grassland. Within these sites, remote
sensing of LAI could be tested against ground measurements, and
the ground measurements of LAI correlated with direct measure-
ments of biomass and net primary productivity. Other studies
could address the variation in LAI within a biome, for example,
to examine the variation within the boreal forest at geographic
extremes, and to determine the extent of local site variation.

Research on Fresh Waters and Wetlands

Rivers provide a major transport of chemical elements from the
land to the oceans. This transport is a key step in many bio-
geochemical cycles. Few biological time series exist to document
the coastal zone’s past response to fluvial nutrient transients on
a decadal time scale. We need to characterize the transport of
disolved and suspended carbon, nitrogen, sulfur, phosphorus, and
selected micronutrients by the 20 largest rivers since these seem to
account for a major fraction of the total transfer. Special emphasis
should be placed on the transport during large, episodic events.

Lakes are useful natural laboratories for determining the fac-
tors that control global aquatic primary productivity and the fate
of fixed carbon, because lakes have well-defined limits, universal
geographic distribution, and proven accuracy for the measure-
ment of primary productivity. Studies of lake primary produc-
tivity, however, have lacked sufficient measurements of temporal
and spatial variation. Satellite remote sensing creates an oppor-
tunity to look at lakes and their changes through time in a wholly
new manner, as yet essentially unexplored in comparison to the
use of remote sensing for agricultural crops or for oceanographic
research.

Coastal wetlands may play a key role in the biosphere. Al-
though they occupy a relatively small area of the Earth’s surface,
they are a major site for some biologically mediated chemical re-
actions, such as the production of methane, and of certain crucial
steps in the sulfur cycle.

The study of fresh waters and wetlands should include (1)
determination of the annual rate of transport of carbon, nitrogen,
sulfur, and phosphorus from the land to the oceans via the world’s
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20 largest rivers; and (2) determination of the area covered and
the geographic distribution of coastal wetlands. There is a need to
develop remote sensing techniques to monitor monthly changes in
vegetation cover, leaf area index, and biomass during the growing
season for wetlands and to develop remote sensing detectors to
differentiate major algae types that occur in wetlands irom each
other and from sediments. In situ studies are needed to determine
under what conditions wetlands are a net source or sink of carbon
and sulfur and to determine the rate of production of greenhouse
gases (especially methane and carbon dioxide) from wetlands.

Oceanographic Research

Large areas of ocean, such as the central gyres, have relatively
low rates of production per unit surface area, but account for
a major fraction of total carbon fixation because of their large
areal extent. In contrast, highly productive coastal and upwelling
regions account for only 10 percent of the ocean area but probably
25 percent of the ocean net primary productivity; these areas
provide more than 95 percent of the estimated fishery yield and
may be a major carbon sink of atmospheric carbon dioxide.

The continental shelves also may be such a sink. In these
highly productive regions, carbon may be transferred along food
chains and deposited on the continental shelf in the excrement and
dead organic matter of organisms. Changes in the production of
algae on the continental shelves might therefore affect the rate of
carbon deposition and the rate of transfer of carbon dioxide from
the atmosphere to the ocean and then to the oceanic sediments. It
is important that a better understanding be achieved for the rate
of deposition of organic carbon on the continental shelves.

In addition, estuarine productivity per unit area is compara-
ble to, or higher than, that of land systems, and much higher than
all but a few marine regions. The greatest significance of estuaries
seems to be (1) as a nursery ground for important animal species;
(2) as a locus for anaerobic events that may be important in the
nitrogen and sulfur cycles; and (3) as a filter through which most
of the freshwater runoff from the continents must pass before it
can enter the sea. All three roles relate intimately to high primary
productivity of estuaries and coastal wetlands. It is important to
develop a better understanding of the relationship between estu-
arine upwelling, shelf upwelling, and algal production, especially
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the “spring plankton blooms,” and to improve our understanding
of the seaward extent of estuarine chemistry, the seaward extent
of the transport of algae, and the importance of episodic environ-
mental events on biological production on the continental shelves.

Current estimates of net primary productivity in the oceans
allow no estimates of statistical variation, but are judged to un-
derestimate actual rates by factors of 2 to 10.

There are two major reasons that large uncertainties exist in
the estimate of marine carbon fixation: (1) the methodology used
to estimate the rate in situ may be in serious error; and (2) the
highly productive shelf regions exhibit a great range of spatial and
temporal variability of biomass that has been sampled by classical
shipboard programs.

To adequately map phytoplankton variation in high-concen-
tration shelf areas, an instrument must be able to resolve about
a kilometer of the ocean. Open ocean studies require a resolution
of only 4 km. A measurement program for ocean productivity
therefore requires a satellite system that can operate in two modes:
(1) local area coverage of high resolution to about 1 km; and (2)
global area coverage of lower resolution of about 4 km.

Satellite and aircraft remote sensing techniques, as well as
moored biological buoys, have matured rapidly in the last 3 to
5 years, and sampling the spatial distribution and temporal vari-
ation of biomass in estuaries and on continental shelf regions is
now possible. As a result, multiplatform (ship, buoy, aircraft, and
satellite sensors such as CZCS) sampling strategies offer an op-
portunity to significantly reduce the variance in estimates of shelf
phytoplankton abundance, carbon fixation, consumption, deposi-
tion, and their concomitant nitrogen and phosphorus fluxes.

Remote Sensing Requirements

A number of existing satellite remote sensing systems (including
Television and Infrared Observation Satellites (TIROS), NOAA,
Geosynchronous Operational Environmental Satellites (GOES),
and Landsat) that acquire data in the visible reflectance and ther-
mal infrared portions of the electromagnetic spectrum are crucial
in the study of the biosphere. It is imperative that Landsat The-
matic mapper sensors be maintained in orbit for the next decade in
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order to provide continuity of data needed to improve our under-
standing of the biosphere. Research must continue on improved
systems.

Aircraft systems are also important in remote sensing of the
biosphere. Existing aircraft systems are essential both for photo-
graphic and multispectral sensor systems and analytical processing
of research and development, and this program should be contin-
ued.

Considerable potential exists for research to be conducted with
active microwave devices. These systems have shown some poten-
tial in research conducted to date to aid remote sensing studies of
the surface under cloudy conditions, to penetrate deeper into ter-
restrial vegetation canopies, to detect higher leaf area indices than
have been possible previously, and to detect directly total biomass
and water content of terrestrial vegetation. Active microwave de-
vices used on the Shuttle have also demonstrated the potential
of these systems to produce data capable of detecting subsurface
drainage patterns in sandy areas in extremely arid environments.
The continued development of active microwave devices and the
research required to test the full range of their potential to improve
our ability to studyterrestrial vegetation, soils, and hydrological
phenomena should be encouraged.

Data Management

The fundamental research proposed here poses especially difficult
and novel questions in the area of data management. Improved
methods for obtaining, storing, processing, analyzing, and retriev-
ing remotely sensed and other environmental data are required.
However, the role that the science of the biosphere will develop is
strongly dependent on the access of scientists to remote sensing
data. Especially important is “data base management” —new sys-
tems need to be developed to facilitate the integration of different
kinds of data, taken at different spatial and temporal scales. To
this end, research on “artificial intelligence” systems should be
expanded. It is important to develop data systems to integrate in-
formation from existing sensors; to improve techniques to register
different sensors in different orbits to one another and to ground
geographic coordinate systems. The large number of data that can
be acquired by remote sensing requires that the following issues
must be resolved: (1) which data sets should be archived; (2)
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where these data sets should be archived; and (3) how they will
be assessed and distributed. NASA must resolve how its resources
will be applied to the archiving and distribution of data sets.

An especially important issue is the methods for establishing a
network connecting scientists (including those in other countries)
and the data bases at major institutions involved in biosphere
research.

It is typical of federally sponsored remote sensing activities
that more resources have been applied to the development of
sensors and to fly missions than to providing for the processing,
archiving, distribution, and analysis of data. To the committee’s
knowledge, essentially all projects in remote sensing relevant to
the biosphere have had insufficient resources for the management
of data. This is true today of Landsat-4 just as it has been true of
all past Landsat missions. Any new project involving new missions
must, as a basic part of the effort, provide adequate support for
the coordinated processing and analysis of data.

Many potential users of remote sensing data lack the means to
access the data. Previous data systems can be utilized efficiently
only at a handful of universities in the United States. Additional
funding for the acquisition and continued development of data
systems that are readily accessible to university users is essential.
Major issues in data management have been discussed in a pre-
vious report of the Space Science Board (Data Management and
Computation, Volume 1: Issues and Recommendations, 1982), and
the recommendations of that report are endorsed by the Commit-
tee on Planetary Biology and Chemical Evolution. In addition,
the Committee on Planetary Biology is closely following and par-
ticipating in the more detailed follow-up study by the Committee
on Data Management and Computation, which is in progress.

Funding for basic and applied remote sensing research at
NASA centers and more particularly at universities across this
country has been reduced to a level where the nation stands to
lose a major analytical capability. NASA should be aware that
this capability, once lost, cannot easily be regained. Today, the
processing and analysis of advanced remotely sensed data require
complex, highly sophisticated hardware systems and associated
software, as well as experts in remote sensing familiar with the
science of the biosphere. This will most often require interdis-
ciplinary efforts. NASA must find the resources to sustain and
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encourage such efforts both within NASA centers and universi-
ties and through cooperative research between NASA centers and
universities.

AN INITIAL PROGRAM

The previous section described the scientific objectives for a re-
search program in biospheric science. While all of these objectives
need to be accomplished eventually, they should be addressed in
an orderly, phased manner, with the fundamental quantitative
measurements (e.g., area extent, biomass density) being first. Es-
tablishing a science of the biosphere is a difficult task because
of the large number of complex and interacting systems. Thus,
the basic measurements in each of the main study areas need to
be pursued together; i.e., a balanced approach to gathering the
basic data is the prime requirement. In order to advance this
subject from a phenomenological basis to a true science, emphasis
must also be placed on the concurrent development of theory and
modeling.

Thus, from the list of scientific objectives, the committee has
excerpted an initial program that should be the first step in this
science. The elements of this program follow:

I. Theory

e Develop computer simulation models of the biospheric cy-
cles of C, N, S, P as a function of the state of the biota, climate
dynamics, interactions among these cycles.

e Begin to develop models that use the fossil record, and
model five transitions in Earth history: (1) Archean-Anaerobic
biosphere, (2) transformation of the atmosphere from reducing to
oxidizing by phonosynthesis, and the appearance of aerobiosis, (3)
Late Proterozoic transition from single to multicellular organisms,
(4) the colonization of the land, (5) Cretaceous-Tertiary transition,
(6) Pleistocene ice ages.

These models should focus on changes in biogeochemistry as
a result of major changes in taxa.

II. Land

¢ Measure total area covered and geographic distribution of
major biomes.

e Measure the rate of change of distribution of major biomes.

e Measure biomass density for each biome.
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o Vegetation production (annual): (1) Use leaf area index as
key variable relating vegetation reflectance to biomass and biolog-
ical production. (2) Test active microwave techniques to measure
biomass; canopy moisture; soil moisture.

III. Fresh Waters and Wetlands

e For the 20 largest rivers, determine annual rate of transport
of C, N, S, P from land to oceans.

e Determine area covered and geographic distribution of
coastal wetlands.

e Determine production of greenhouse gases from wetlands
(methane and carbon dioxide).

IV. Oceans

e Determine carbon fixation in coastal upwelling and conti-
nental shelf areas (annually).

e Determine carbon fixation in central ocean (annually).

e Determine deposition rate of organic carbon on continental
shelf.

V. Remote Sensing

e Maintain the continuity of advanced Earth remote satellite
sensor data.

e Maintain—this is imperative—the thematic mapper sensor
in orbit for the next decade.

e Develop calibrated sensors capable of high spectral resolu-
tion measurements in the 0.4- to 2.5-um region.

e Develop calibrated, active microwave sensors at wave-
lengths from millimeters to 1 m.

e Develop sensors to detect emissive infrared wavelengths in
the 2- to 5.5-um and 10- to 12-um ranges.

e Conduct fundamental research on extracting quantitative
information about the biosphere from remotely sensed data.

VI. Data Management

e Develop data systems to integrate information from exist-
ing sensors (on biophysical properties of vegetation, soils, water,
and so on) that operate in many regions of the electromagnetic
spectrum.

e Improve techniques to register different sensors in different
orbits to one another and to a ground geographical coordinate
system.
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e Obtain funds to increase the processing and dissemination
of thematic mapper data for the scientific community.
e Develop distributed data base systems.

SOME SPECIFIC EXAMPLES

While it is not the purpose of this report to specify an implemen-
tation strategy for this science, the committee presents here some
illustrations of how investigations might be conducted that would
lead to a progressive understanding of elements of the biosphere.
Consider, for example, the most studied and best known of the
biogeochemial cycles—the carbon cycle.

A current major issue is the “missing carbon problem.” An
estimated 5.67 billion metric tons of carbon are released each year
from the burning of fossil fuels. However, only 3.07 of this increase
is found in the atmosphere. The rest must either go into the ocean
and its sediments, or into land biota. A first hypothesis is that the
missing carbon must be taken up by land vegetation. The argu-
ment in this case is that increasing carbon dioxide concentration
increases vegetation growth rate and, therefore, should increase
the rate of uptake by land vegetation. A second hypothesis is that
the rate of loss of biologically stored carbon in land vegetation
through human land clearing exceeds the increase due to the fer-
tilization effect of an increased carbon dioxide concentration in the
atmosphere. Following from this hypothesis, the land vegetation
would be a source of carbon to the atmosphere, rather than a sink.
At this time, information at hand does not allow us to resolve this
issue. We do not even know the direction of change of stored car-
bon in land vegetation. Figure 1.1 illustrates our understanding
of the global carbon cycle.

There are many reviews of the global carbon cycle, and these
include estimates of the total biomass or carbon storage in the
major land vegetation types. These estimates are qualitative gen-
eralizations based on few measurements and many assumptions.
Furthermore, some of the estimates are not independent; they
depend on previous estimates and use the same literature values.

Two methods have been used to estimate biomass and produc-
tivity. In the first method, biomass and productivity per unit area
for major vegetation types are multiplied by the total estimated
land area occupied by each type. Global estimates derived in this
manner vary greatly. Estimates of total terrestrial plant biomass
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range between 450 x 10'® g C and 1000 x 10! g C, a difference of
more than twofold. Without remote sensing, the extremely poor
data available now for both areal extent and per unit area mea-
sures of biomass and net primary production limit our ability to
improve these estimates.

The second method is based on the correlation between bio-
mass or biological productivity and climatic indices, such as tem-
perature and precipitation, or temperature and evapotranspira-
tion. Maps of average climatic conditions are then used to gen-
erate maps of biomass and productivity. Such estimates are also
limited by the small number of data available as a basis, by the
lack of a means to estimate statistical variation, and by the fact
that the result is a map of potential productivity, or potential
biomass assuming a fixed state of vegetation on the land surface,
and not a map of actual productivity or actual biomass.

Three sources of error are important in the existing estimates.
First, field studies often have large errors associated with them and
may misrepresent true values of biomass and productivity. Second,
average values for biomass and productivity may be incorrect. A
tremendous local variability in biomass and productivity, coupled
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with a spotty geographic distribution of field studies, makes the
determination of biome averages very difficult. Third, the areal
extent of biomes has been a rather subjective determination, with
boundaries between biomes set arbitrarily. Moreover, forest clear-
ing, desertification, urbanization, and other changes have altered
the areal coverage of biomes faster than international statistics
and land use maps can be updated. The limitations affect both of
the first two methods.

These sources of error are well illustrated by past estimates
of the total area and biomass of the boreal forest. This is one of
the world’s major biomes. Some estimates suggest that the boreal
forest makes up approximately one-sixth of the total live organic
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TABLE 1.1 Recent Global Estimates (Averages and Ranges) of Net
Primary Productivity and Biomass of Boreal Forests

Arga, 2 Productivity, Biomass,
10" km tons/ha/yr tons/ha
Lieth (1975) 12 6.5 (200-500)
(3-12)
Whittaker and Likens 12 8 200
(1975) (4-20) (60-400)
Rodin et al. (1975) 23 6.5 190
(4-10) (80-370)
Ajtay et al. (1979) 9 8 245

SOURCES:

Ajtay, G.L., P. Ketner, and P. Duvignead. 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 and Sons, New York.

Lieth, H. 1975. Primary productivity of the major vegetation units
of the world, pp. 203-215 in H. Lieth and R.H. Whittaker (eds),
Primary Productivity of the Biosphere. Springer-Verlag, New
York.

Rodin, L.E., N.I. Bazilevich, and N.N. Rogov. 1975. Productivity of
the world’s main ecosystems, pp. 13-26 in D.E. Reichle, J.F.
Franklin, and D.W. Goodall (eds), Productivity of World
Ecosystems. National Academy of Sciences, Washington, D.C.

Whittaker, R.H., and G.E. Likens. 1975. The biosphere and man, in
H. Lieth and R.H. Whittaker (eds), Primary Productivity of the
Biosphere. Springer-Verlag, New York.

carbon storage (Table 1.1). Essentially all but the most recent
estimates of the biomass and productivity per unit land area of
boreal forests in North America are based on studies conducted at
just two sites, in New Brunswick and Quebec provinces of Canada.
Current estimates of biological productivity for the boreal forests
of the world have been calculated by multiplying these values on
a unit land area basis by estimates of total land area covered
by boreal forests. Estimates of the land area covered by major
vegetation types vary from 9 to 23 x 106 km? (Table 1.1).

As with the boreal forest, information used to calculate com-
ponents of the global carbon cycle derive ultimately from the
compilation of intensive studies of single ecosystems.



19

In order to resolve the question of the “missing” carbon, we
need to improve the measurements of biomass and its rate of
change as a basis for developing models of the global carbon cycle.
Realistic models, which adequately represent the complexity of
the biosphere, must then be developed so that useful predictions
of the changes in the carbon cycle can be made. First-generation
global carbon models were so highly aggregated that all carbon in
terrestrial vegetation was represented as one compartment.

The committee suggests development of global carbon models
that are driven by a satellite data base. Key capabilities developed
in the remote sensing community make this potential attainable
if satellite data are used to drive ecosystem-level models designed
to accept satellite inputs. Figure 1.2 illustrates the sensors, data
streams, and modeling required for such a venture. The commit-
tee suggests coupling satellite-derived measurements of vegetation
structure (LAI, biomass) with satellite measurements of surface
climate (albedo, temperature, soil moisture). When these data
are combined with satellite definitions of the areal extent of each
biome, mechanistic models of key energy and mass exchange pro-
cesses ofthe vegetation could be defined. Land-atmosphere ex-
changes of carbon, water, and energy could be calculated directly
and inferences to N, P, and S exchange made. At an ecosystem
level, net primary production (NPP), accumulated living biomass,
and detritus could be calculated.

A program could establish test sites in biomes exhibiting major
differences in components of the carbon cycle. Examples of sites
within terrestrial biomes for such studies might be the following:

1. Boreal forests whose geographic extent is large.

2. Coniferous forests across climatically steep gradients such
as the Pacific Northwest where LAIs of 1 to 15 are documented
with similar range in NPP.

3. Transition zones between short and tall grass prairies as in
the Konza prairies of North America.

4. Agricultural areas where seasonal productivity is accu-
rately measured.

5. Desert and tundra where extreme climate reduces carbon
cycling to near zero.

6. Tropical forests with high carbon, energy, and water cy-
cling rates.
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In a similar manner, the dynamics of primary production
in the oceans could be analyzed. Satellite-based measurement of
ocean surface temperatures and a greenness index have been devel-
oped that correlate well with measured primary production rates.
Large-scale mapping of these variables could provide a dynamic
and spatially accurate measure of ocean productivity. Addition-
ally, ocean surface hydrologic and energy budget calculations could
be overlayed on this map.

The approach suggested in Figure 1.2 has several key advan-
tages over current capabilities. It provides near-real-time measure-
ment of land disturbance frequencies and changing meteorological
conditions. It also provides direct verifiable measurement of ex-
isting vegetation and surface conditions over large terrestrial and
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oceanic areas, rather than point samples extrapolated to unmea-
sured locations. While this example illustrates the advances that
could be made in global carbon cycling, the committee sees sim-
ilar advances in other fields, such as biogeochemistry of nitrogen,
phosphorus, and sulfur. The common denominator that the com-
mittee advocates is a new synthesis of remote sensing, ecological
modeling, and quantitative ecosystem analysis.



2.
INTRODUCTION TO
PLANETARY BIOLOGY

This report addresses the development of the study of the bio-
sphere, which is the entire planetary system that includes, sus-
tains, and is influenced by life. This science offers new scientific
challenges of great intrinsic interest and forms a necessary base for
many practical issues. Life affects the Earth’s atmosphere, oceans,
and solid surfaces; it does not adapt passively to the physical and
chemical constraints imposed by the surface of the planet. We
now know that life has greatly altered the planet on a global scale:
the Earth has far more oxygen and far less carbon dioxide in its
atmosphere than other terrestrial planets; the formation of many
sedimentary rocks can be attributed to organisms. A central issue
of a science of the biosphere is the extent to which the surface,
atmosphere, and hydrosphere result from biological rather than
abiotic processes. Understanding the role of life as a planetary
phenomenon includes knowing the extent to which life can modify
a planetary surface.

A science that chooses the globe as its fundamental unit faces
extraordinary scientific difficulties. The kinds of questions that can
be asked about dynamics at this level are not immediately obvious.
Nor is it clear how to formulate theories or experiments for a
system of this size—considering biological systems on a planetary
scale is new and scientifically very exciting, but initially we lack
appropriate paradigms.

Space science and technology can greatly accelerate our under-
standing of global biological processes by providing observations

22



23

of spatially distributed and large-scale processes. Once relation-
ships between processes on the ground and quantities that can
be sensed from space are firmly established, aircraft and satellite
observations can extend our knowledge of local and regional sites
to global information.

In this report, the committee summarizes the current state
of knowledge of the biosphere and discusses how the science may
be advanced by the application of remote sensing technology, de-
velopment of new ground-based sensors, techniques for managing
large data sets, and the development of appropriate theory.

WHY STUDY THE BIOSPHERE?
BASIC PRINCIPLES OF GLOBAL ECOLOGY

The biosphere (an older use of the term “biosphere” was the total
amount of living organic matter on the Earth; in this document
“total biomass” has this meaning) is the entire planetary system
that contains and supports life. It includes all of the biota and
those portions of the atmosphere, oceans, and sediments that are
in active interchange with the biota. The biosphere extends from
the depths of the oceans to the summits of mountains and into the
atmosphere.

A system that can support life over long time periods must
have two characteristics: a flux of energy, and the flux and cy-
cling of all the chemical elements required for life. The chemical
elements must be available in appropriate chemical form, at ad-
equate rates, and in appropriate amounts and ratios to ensure
growth and reproduction of organisms. The Earth’s biota includes
an estimated 3 to 10 million species. These exist as sets of spa-
tially distributed, interacting populations. Each population has its
own growth characteristics and, typically, a temporally changing
requirement for chemical elements, compounds, and particulates.
Thus, the ecological and physiological mechanisms that control
the flux of elements at appropriate rates and times are complex.
A local set of interacting populations is an ecological commu-
nity. A community and its local nonbiological environment is an
ecosystem. An ecosystem is the smallest unit that has the char-
acteristics necessary to sustain life. The biota are organized into
geographically distributed classes called biomes, which are types
of ecosystems.
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The rates at which critical chemical elements must be cycled to
support life are far more rapid than most geologic processes. Yet,
the extent to which ecological systems can control the exchange of
gases with the atmosphere, ions with the hydrosphere, and solid
particulates with both atmosphere and hydrosphere is largely un-
known. To identify the processes that control the composition
of the atmosphere and hydrosphere, we have to understand ex-
change processes between ecosystems and abiotic global reservoirs
of major components of the biosphere.

The fluxes of elements into and out of solid and liquid phases
represent processes of great significance for biological survival. In
turn, biological processes affect the chemistry of these elements
in both sedimentary and aquatic environments. For example, the
concentrations of dissolved trace metals, inorganic phosphorus,
silica, nitrate, and carbonate in seawater and ocean basins are
known to be strongly affected by marine biota. Living things
mediate the deposition of almost all limestone today. Among the
minerals of major interest with respect to their interaction with the
biota are specific mineral phases of carbonates, sulfides, silicates,
phosphates, iron, and manganese oxides. The extent to which
these minerals are uniquely produced by living cells at moderate
temperatures and pressures is not fully known.

THE NATURE OF LARGE-SCALE
BIOLOGICAL SYSTEMS AND
THE INFLUENCE ON THE EARTH

The study of the biosphere requires a new scientific discipline
and a new, highly interdisciplinary perspective. This assertion
can be supported by the following argument: the simplest, null
hypothesis, which we will refer to as the “life as a peculiar form
of ice” hypothesis, states that the occurrence of biotic systems
can be predicted simply from a few physical measurements. If
this were true, no knowledge of biology would be required to
predict the effects of climatic change on the biota, except statistical
correlations between present distributions of life forms and the
present average climate. Such a model cannot be sustained for
two reasons. The first is a consequence of evolution; the second of
ecology.

First, it has been clear since the development of evolution-
ary biology in the mid-nineteenth century that the distribution
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of species is determined by evolutionary as well as environmental
factors. Second, although this is less well known, biotic systems
have time lags, positive and negative feedback, and other charac-
teristics that lead to their ability to alter the environment, and to
affect their own subsequent states.

HOW LIFE AFFECTS THE ENVIRONMENT

Life has major effects on the biosphere. For example, some have
suggested that human land clearing has changed the climate; that
human land clearing has increased the surface albedo of the Earth
by 0.06, which would be sufficient to cool the Earth’s surface tem-
perature by 1 or 2°C and account for the temperature difference
between the present and the “climatic warming” of approximately
4000 years ago.

What is required to support this hypothesis? First of all, we
must have an accurate measure of the emissivity and reflectivity
and other components of the energy budget of natural vegetation.
Second, we must have a way of making a reasonable estimate of the
aerial extent of major vegetation types today and at the start of
land clearing. Third, we must have reasonably accurate estimates
of the actual land clearing.

We lack this information. While this information can and has
been collected accurately at specific study sites, we lack the capa-
bility of extrapolating the results to regional or larger areas. Once
we had this information, we would then have to set it within an
integrated biosphere context, in which the relative importance of
other factors could be evaluated, such as the effect of a regional
change in albedo on global climate; the effect of the regional change
in vegetation cover, seasonal and annual flux of carbon, nitrogen,
phosphorus, and sulfur; the effect of the fluxes on the atmosphere
(via greenhouse effects of carbon dioxide) and on ocean produc-
tivity, via the transport of nutrients from the previously forested
regions via rivers to the oceans. Thus, we see that this conjecture
requires an understanding of biological, oceanographic, geological,
and atmospheric characteristics, and the coupling among them.

A planetary perspective suggests that organisms can have ef-
fects on the biosphere out of proportion to their mass or relative
abundance. For example, diatoms are now a major factor in the
flux of carbon from the atmosphere to ocean sediments. Diatoms
are abundant along the continental shelf and can grow extremely
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rapidly: a population of diatoms can double in four hours. Di-
atoms are particularly important in the burial of carbon because,
with siliceous shells, they sink readily in contrast to other forms
of phytoplankton.

The evolution of diatoms demonstrates that biological innova-
tion has influenced biogeochemical cycles. Other major biological
innovations that have had major biogeochemical significance in-
clude the origin of photosynthesis, the origin of higher plants and
animals on land, as well as the origin of human beings.

The quantitative importance of some biological innovations
can be examined by using modern analogs to simpler/primitive
conditions. For example, hypersaline lakes, such as Mono Lake,
California, provide a modern analog to some early environments.
In such systems, one can ask questions such as, How does the
recycling of nitrogen change if nitrification and excretion by higher
animals are excluded from the ecosystem?

Some biomes play unique roles in the biosphere. For exam-
ple, salt marshes and other areas rich in anaerobic sediments may
be a major source of reduced compounds, such as hydrogen sul-
fide and molecular nitrogen. A significant change in the area of
these systems could alter atmospheric concentrations of methane
and change the Earth’s surface temperature. A period in the
Earth’s history characterized by a much larger area in shallow
seas and bays and therefore with much more marshland might
be significantly warmer than the present Earth, other things be-
ing equal. The area of the Earth’s surface in shallow seas and
bays has changed significantly. During the glacial maxima of the
Pleistocene, most of what is now the continental shelf was either
exposed land or shallow seas. Thus, one can speculate that at the
glacial maxima there were considerably larger areas of marshes,
and perhaps this was one factor leading to a warming of the Earth
and the initiation of an interglacial period.

What would be required to test this hypothesis? One would
first of all have to obtain a reasonably accurate estimate of the
current area of marshes, a reasonably accurate estimate of the
production of methane of these marshes, as well as of the other
sources of methane; and a measure of the effective albedo of salt
marshes. In addition, one would need to estimate the effective
albedo of the Earth at a glacial maxima, which would require im-
proved information on albedo of the major biomes and an estimate
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of their areal extent during the glacial maxima. We do not now
have sufficiently accurate information about any of these factors.

Some ecosystems have long time lags. For example, once
certain forests are established, they may persist after climatic
conditions have changed tc the point that the same kind of forest
could not regenerate in the same area.

Direct and indirect effects, the existence of ecological time
lags, the historical occurrence of biological innovations, and the
mutual causal connections between the biota and the environment
suggest that the influence of the biota on the biosphere is complex,
and life cannot be viewed at a planetary level as if it were a
“peculiar form of ice.” How then do we approach the study of the
biosphere? First by considering the properties of ecosystems, a
basic unit of the biosphere.

LIFE AS A HIERARCHICAL PHENOMENON

Life can be studied at a series of levels, all of which are inter-
connected, and two of which seem particularly significant: the
organismic level and the planetary level. In the past, most ecolo-
gists have concerned themselves with interactions among local sets
of organisms and their local environment. From this perspective,
life is viewed as an organismic phenomenon in which individu-
als are aggregated into populations and populations (groups of
individuals of the same species) into communities (sets of inter-
acting populations). The population and community form proper
scientific objects for ecology.

Viewing life as a planetary phenomenon introduces a new eco-
logical perspective, which raises a family of new questions. Liv-
ing things are seen as processors affecting atmospheric, geologic,
oceanic, and chemical properties.

A hierarchical view of life yields important insights into plan-
etary ecological processes. Life responds to change over a large
range of time and space. The same local ecological system may
respond on five-minute time pulses of nutrient input in rainfall
and to a climatic change over thousands of years. To understand
life requires a perspective that spans the entire range from or-
ganisms to biosphere and from minutes to eons. The time scales
of importance depend on the choice of appropriate questions and
techniques.
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ECOLOGICAL STABILITY IN
ECOLOGICAL SYSTEMS

The need for a variety of scales becomes clear when one consid-
ers perturbations or episodic events in ecological systems. What
appears destructive at one level—for individual organisms—may
be necessary for the persistence of an ecological community over
a longer time scale. Many natural systems have evolved so that
sudden perturbations, rather than being destructive, appear nec-
essary to maintain biological diversity. The continuing stability of
certain ecological systems, such as the grain producing grasslands,
is critical for the survival of human beings. Since we have no ad-
equate understanding what leads to stability of natural systems,
research is needed to identify and then collect the relevant data
from which a theory of the stability of ecosystems can be derived.

Ecosystem function is generally used to mean the sum of all
processes required to sustain life: biological productivity, chem-
ical cycling, and energy flow. The persistence through time of
ecosystem function implies some kind of stability, but the factors
determining stability are not known. During the development of
ecology in the twentieth century, stability in ecological systems
has been defined and used in practice as analogous to stability of
mechanical systems. That is, an ecosystem has been assumed to
have a single equilibrium state, to which the ecosystem returns
following disturbances. An example is a conifer forest subject to
a forest fire, which then undergoes natural reforestation, suppos-
edly returning to the exactly same equilibrium conditions that
existed before the fire. This equilibrium state has generally been
considered to be the most desirable condition, as well as the most
likely to persist over time, and in that sense, an optimal condition.
This mechanical analogy has proved inadequate. In fact, there is
evidence that ecosystems must fluctuate—that they must move
through a set of states—in order to persist over long time periods.
Other evidence suggests that ecosystems are not characterized by
a single optimal equilibrium condition, but by a series of relative
equilibria interrupted and maintained by periodic disturbances
(e.g., seasonal changes, fires, migrations, hurricanes).

In addition to natural fluctuations, human civilization and
technology has introduced an array of changes. Some of these
changes have transformed entire landscapes to new steady states,
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others have threatened to destroy irreversibly the regulatory mech-
anisms essential for ecosystem persistence. The extent to which
productive ecosystems are perturbable or even destructible by im-
ported propagules, such as fungal spores, by climate changes, by
insect pests, or by removal of key species, is unpredictable at
present. On the other hand, the environmental costs and long-
term effects of maintenance of the present stability of ecosystems
by means of chemical control of diseases and pests are equally
unknown. Directional and irreversible changes that threaten the
stability of ecosystems are also connected with human activity,
including deforestation, desertification, and burdening the envi-
ronment with toxic substances such as industrial and municipal
wastes.

Viewing life as a hierarchical phenomenon helps clarify a num-
ber of ecological issues. An ecosystem may be stable over a short-
time period of 10 or 100 years and return to some prior state
following perturbation. Concurrently, that ecosystem may be sub-
jected to long-term changes in climate to which it does not respond
in a stable fashion, but moves away from its previous stable state
and toward a new configuration. The biosphere requires a new
perspective that includes the possibility of both local stability
and global instability. Viewing life as a planetary phenomenon
introduces new theoretical problems that must be addressed.

CRITICAL SPECIES

In the biosphere, some species are more important than others. A
species is important in the present context if its elimination would
cause significant changes in the ecological systems, of which it is a
part. For example, some nitrogen-fixing algae in the central oceans
are key species. Only one or two species are known to fix nitrogen
in these regions. The extinction of one of these could have major
effects on the viability of other species and the biogeochemical
cycle in the open ocean.

Other species are not critical because they are redundant in a
certain sense—other species can carry out the same chemical and
energy transformations. For example, when the chestnut tree was
eliminated from the mid-Atlantic forests by an introduced blight,
other tree species—red maple and certain oaks—merely increased
in abundance. The extent to which any species is crucial—a key
species—remains an important question.
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Human activities during the past 200 years have greatly in-
creased the rate of extinction of species. The role of threatened
species and the effects of their losses are net known; it is possi-
ble that threatened species are critically important to ecosystems
function and therefore must be protected. The sea otter is an
example of a threatened key species. Monitoring populations of
particular species may therefore constitute a most sensitive indi-
cator of change of an ecosystem over time.

THE SPATIAL DISTRIBUTION OF
ECOLOGICAL PROCESSES

Little is known about variation within or between biomes, but
there is reason to believe that spatial heterogeneity is essential to
the stability of the biosphere. Heterogeneity may be important
at many different scales, ranging from microns (as in the anaer-
obic microsites for bacteria in aerobic environments) to many
hundreds of kilometers (as in forest boundaries). Sometimes eco-
logical boundaries are easily recognized because rate processes
change dramatically. The accompanying Landsat scene of Mt.
Kilimanjaro shows five major types of ecosystems; each at a dif-
ferent elevation band (Figure 2.1). Timberline boreal forests and
the edges of crater lakes have easily defined boundaries. Even in
cases where boundaries seem gradual or vague on the ground, such
as the evergreen coniferous forests of North America that border
on agriculture and pasture lands or deciduous hardwood forests,
the border generally can be identified with precision to within a
kilometer or less from the air or from space. Images using the Ad-
vanced Very High Resolution Radiometer (AVHRR) sensor show
these boundaries clearly (Figure 2.2). In other cases, for example,
the open ocean, the appropriate area to be taken as a functioning
ecosystem is unclear.

Another property of most ecosystems is the maintenance of a
large chemical potential difference between its zones: the oxygen-
producing and oxygen-utilizing aerobic zone, and the anoxic and
anaerobic zone. The transitions between the anaerobic and aer-
obic zones are often at sediment-water interfaces or within the
sediment. Vertical stratifications with underlying anaerobic and
overlying aerobic zones is not only common (e.g., in salt marshes,
lake sediments, and forest profiles), but probably required for
ecosystem sustenance. These aspects of ecosystem organization
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and changes through time are poorly understood. No natural
ecosystem is entirely independent of others: gases, ions, and par-
ticulates in suspension, propagules, and other matter transfer be-
tween ecosystems.

The major routes of interecosystem transfer have seldom been
made explicit. The fluxes of matter and energy between ecosys-
tems via the fluid phases, the atmosphere, and the hydrosphere
have been studied and described by atmospheric scientists, ocean-
ographers, and geochemists with a vocabulary and in contexts dif-
ferent from those familiar to bioclogists. Similarly, the fluxes within
ecosystems have been studied by biologists with a vocabulary and
in contexts unfamiliar to other scientists.

The relative importance of material exchange for the stability
of ecosystems is not known. A general theoretical context for
material flux, evaluation of data, and prediction of future states
has never been developed. Without a balanced strategy for a
science of the biosphere, any study of the particular effect of some
portion of the Earth’s biota on the atmosphere and climate, such

as human effects on ozone and carbon dioxide, will almost certainly
fail.

BIOGEOCHEMICAL CYCLES

During the past century, human activity has altered the physi-
cal and chemical conditions of the planet—changing atmosphere,
oceans, and landscapes on a global scale. The alteration of global
biogeochemical cycles by human activity has reached a critical
stage: states of individual cycles have begun to move outside their
historical ranges. Current concern over the intensification of acid
rain and the increase in atmospheric carbon dioxide illustrates the
urgency for developing a science of the biosphere. Such a science
will need to consider global biogeochemical cycling.

The Major Biogeochemical Cycles

Biogeochemical cycles involve chemical elements that are taken
up and released by the biota. Twenty-four elements are required
by living things. There are generally divided into the macronu-
trients, required by all forms of life in large quantities, and the
micronutrients, required by some forms of life or required in small
quantities by all life forms. In addition to the elements required
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by organisms, the biota also process elements that are toxic, such
as lead and mercury.

The cycling of these elements in the biosphere is poorly known.
The fluxes between major components of the biosphere are rarely
known to accuracies of less than an order of magnitude. Fre-
quently, the factors that control the fluxes are unknown. The sizes
of major storage “pools” are poorly known. The level of knowl-
edge is insufficient to assess the outcome of human alteration of
the biosphere, or to understand how the cycles are maintained in
a way that leads to the long-term persistance of life on Earth.

The carbon cycle is a good case in point. Because of its
central role in organic matter, and because of the concern with
the possible effects of an increase in carbon dioxide content in the
atmosphere on climate, the carbon cycle is the best studied of all
biogeochemical cycles. Yet, in spite of decades of study, we still
do not know the fate of a large fraction of the carbon emitted into
the atmosphere from the burning of fuels.

Early models of the global carbon cycle suggested that ob-
served atmospheric carbon dioxide buildup could only be explained
if the net flux of carbon was from the atmosphere to the land and
the land’s biota were a net sink for the added carbon dioxide.
Because laboratory experiments show that plants grow faster in
air enhanced with carbon dioxide, some scientists have argued
that the unaccounted-for carbon dioxide is fertilizing the growth
of woody vegetation and is being stored in the land. Other ecolo-
gists believe carbon dioxide does not limit terrestrial plant growth
in most natural systems, and therefore would not increase veg-
etation production or increasecarbon storage. In addition, it is
argued that the rate of deforestation would be sufficient to reverse
any trend toward net carbon storage on land. This controversy
remains unresolved.

Uncertainty centers on the role of terrestrial ecosystems. Two
factors govern the level of carbon storage. First is the alteration of
the land cover, such as the conversion of forest lands to agriculture
or agricultural lands to desert, which results in a net release of
carbon dioxide to the atmosphere. Several analyses suggest that
the net flux of carbon may be from altered land areas to the
atmosphere and the magnitude may be 20 to 50 percent of that
released through the combustion of fossil fuels.

The second factor governing the rate of carbon storage is the
possible change in net biological productivity, especially due to
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37

human activities. The interaction of several biogeochemical cycles
and between these cycles and climate may also have important,
yet poorly understood, effects.

For example, consider the interactions between carbon and
nitrogen. In addition to adding carbon dioxide to the atmosphere,
the burning of fossil fuels releases large amounts of nitrogen oxides.
Some of this nitrogen becomes available to biota through precip-
itation. There is some debate as to whether this could stlmulate
carbon fixation and carbon storage.

Wood harvests can reduce the biotic storage not only of car-
bon but also of nitrogen, phosphorus, and other chemical elements.
Nitrogen is lost through harvest-accelerated erosion, through den-
itrification (the conversion of organic nitrogen to molecular nitro-
gen), and through export of inorganic nitrogen in streams draining
cutover areas.

The problems associated with carbon-nitrogen interaction mayl
be important over long time scales. It has been estimated that ni-
trogen is lost from the ocean by denitrification at a rate of approxi-
mately 10'* g/yr, enough to deplete the oceanic nitrogen reservoir
(8 x 10'7 g) within 10* years. Nitrogen is added to the ocean
through a combination of runoff from land, input from rain, and
in situ biological fixation. It is of interest to document whether the
imbalance is real, and if so, to explain how the nitrogen content
of the ocean is replenished. One hypothesis is that erosion during
glaciation periodically might add significant nitrogen to the ocean
through transport of soil and runoff.

Phosphorus is essential for growth, but is often unavailable
to the biota, and therefore can affect the carbon and nitrogen
cycle. Phosphorus is nonvolatile, and only minor amounts are
transported—as dust—through the atmosphere. Phosphorus oc-
curs in relatively insoluble forms that limit its availability to or-
ganisms in soils, rivers, and oceans.

Human activity has altered the availability of phosphorus.
The application of phosphorus fertilizer has increased its avail-
ability in some regions. Fire, either natural or as a management
technique,may increase the availability of phosphorus, since oxida-
tion of plant litter transforms organically bound phosphorus into
more available forms. Increased phosphorus can, in turn, increase
nitrogen availability in soils.

Sulfur is an essential nutrient for all organisms, and the study
of the sulfur cycle should be part of the first decade of research.
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Emissions of gaseous sulfur to the atmosphere from fossil fuel
combustion may be equal to releases from natural systems.

The study of biogeochemical cycles raises a number of ques-
tions:

e What is the present state of the major biogeochemical
cycles?

e What was their state prior to anthropogenic perturbations?

e What are the perturbations (anthropogenic and natural)?

e What may be the future state?

e What are the likely results of these future states?

e What must be known to permit us to reverse or stabilize
trends if and when this becomes desirable?

The History of Ecosystem and Biosphere Research

To date, only a small portion of the scientific community has en-
gaged in ecosystem or biosphere research. The recognition that
life greatly influences the atmosphere, oceans, and solid surfaces
developed during the twentieth century. In the 1950s, the im-
portance of the biota in maintaining the atmosphere far from a
thermodynamic steady state with the oceans and solid surfaces
was identified. Much of the motivation to study the biosphere
has come from a concern with the impact of industrial civilization
on the biosphere, especially with the effects of atomic bomb test-
ing, burning fossil fuels, and the worldwide spread of pollutants,
including acid rain. In 1936, the first suggestion was made that
the difference between nineteenth- and twentieth-century mea-
surements of the carbon dioxide content of the atmosphere could
be accounted for by the burning of fossil fuel, thus stimulating a
debate that is still continuing over the fate of anthropogenically
produced carbon dioxide. Theoretical models of the carbon diox-
ide cycle have always been central to this debate. Until recently,
however, models of the biogeochemistry of carbon ignored the pos-
sibility of variations in atmospheric and ocean circulation, so that
the biogeochemical models were uncoupled from models of atmo-
spheric circulation and ocean circulation, and models of temporal
changes were uncoupled from models of spatial variation.

In the last two decades, the global impact of many activities
of technological civilization have stimulated interest in the bio-
sphere, including the acid rain issue, the potential depletion of
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atmospheric ozone by various processes, and the worldwide spread
of chemical and radioactive toxins, such as DDT and fallout from
nuclear explosions. Since the mid-1970s, there have been numerous
reports on the major biogeochemical cycles. Although valuable,
these analyses have been limited by the lack of a sufficient funda-
mental understanding of the interactions among the elements of
the biosphere.

RESEARCH NEEDS

The Role of Remote Sensing

Ecological theory is today in its youth. Although progress has
been made, ecosystem models have been severely limited. Data
generally have been obtained sporadically and over heterogeneous
and often barely accessible areas. Thus, the data on which models
have been based are at best rudimentary, especially in regard to
large spatial scales and spatial variation. Although much informa-
tion on local settings is often available, the data have rarely been
integrated into global models that achieve description accuracy or
predictive reliability.

Remote sensing permits data to be obtained from locations
that cannot be studied in any other way for reasons of inacces-
sibility, distance, prohibitive expense, and social unrest. Remote
sensing allows data to be obtained from points too numerous to be
studied by any existing ground methods. For example, inferences
concerning soil moisture, acidity, salinity, and other conditions
can be made from the nature of remotely sensed ground cover of
forests. Remote sensing also allows one to obtain measurements
of important transitory events, such as floods, fires, and flowering
and fruiting times. Such measurements often cannot be obtained
at all by ground-based methods.

A most impressive and extensive study undertaken applying
remote sensing to land vegetation in the grasslands of the midre-
gion of the United States and several other selected sites was the
Large Area Crop Inventory Experiment (LACIE). Only a single
major species (wheat, Triticum aestivum) was censused and mon-
itored through the season by Landsat, and other attempts were
made to predict the amount of edible products of its photosynthe-
sis. Both the powers and the limitations of the Landsat satellite
methods were revealed. The ability to obtain, relay, and process



40

data about a dominant species quickly in a grassland ecosystem of
large area and great economic importance was demonstrated with-
out doubt. If the powerful tools, techniques, and expert personnel
of the LACIE program were applied to basic scientific problems
of ecosystem description, our understanding of the role of natural
terrestrial ecosystems in the biosphere would advance rapidly.

Present studies of marine ecosystems rely primarily on fixed
buoys or shipboard sampling to support the counting of organ-
isms, measurement of chlorophyll, nutrients, temperatures, and
other factors, such as effects of water density gradients, eddies,
and storms of importance to oceanic productivity. Oceanographic
vessels are enormously costly in time and money and slow in
sampling rate. Furthermore, they provide limited samples, and
sampling schemes are determined by the ship’s course. It often
is impossible to sample at the time of most interest, for example,
to study storm-related events of significance to plankton distribu-
tion and fisheries research. Often, the distribution of organisms
changes at a rate that is similar to or even faster than that of the
sampling period. Coverage by remote sensing can help to solve
some of these problems. Continuous coverage over time even for
a restricted range of factors, such as chlorophyll water tempera-
ture, and turbulence, will allow examination of poorly understood
phenomena. .

The phytoplankton populations in large patches in the south-
ern oceans provide an example of the potential for remote sensing
to obtain data otherwise unobtainable. Measurements of the dis-
tribution, abundance, and temporal changes of the phytoplankton
patches by ships or fixed. stations have been expensive and in-
adequate. Estimates of the annual production of krill presumed
to relate directly to the quantity of phytoplankton suggest that
the krill populations contain more edible protein than the total
catch of the world’s commercial fisheries. However, little is known
about their numbers, patch size, or how rapidly they change in
abundance.

The Need for Coordination of Data Sets

The scientific information already obtained, for example by LACIE
and by conventional ecosystem projects, is in need of coordination,
interpretation, and standardization of units of measurement. For
example, understanding water and organism transport is critical
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to the recognition of aquatic ecosystems and description of their
productivity.

The detailed applications of remote sensing to ecosystem anal-
ysis will require further study and the development of a set of
priorities. These priorities must take into account the capabilities
of remote sensing in terms of the extent, depth, and timing of the
sampling and the acquisition of an amount of data that can be
processed effectively.

Satellite remote sensing permits for the first time the gen-
eration of globally consistent data sets from which spatial and
temporal ecological information can be derived. In this form,
these data can be utilized for ecological modeling.



3.
PERSPECTIVES ON
THE BIOSPHERE

HISTORICAL PERSPECTIVES

Introduction

How the Earth has developed and maintained the biospheric sys-
tem that differentiates it from all other bodies in the solar system
is one of the most intellectually exciting questions imaginable.
The biosphere and evolution influence each other. The study of
the biosphere offers a new perspective on evolution. For example,
the fossil record indicates that the biosphere has been subject to
major occasional pertubations, some of which were the result of
biological evolution.

Table 3.1 lists a number of sources of biospheric perturbation.
Many of the events noted, especially the biological ones, are his-
torically unique, changing the biosphere in a unidirectional way
that must have required adjustments in many components of the
system.

Processes controlling biogeochemical cycles have changed
through time. The history of these cycles must be taken into
account in explaining the global distributions of elements. An
obvious example is the stores of fossil fuel, most of which ac-
cumulated during the Paleozoic. A less obvious example is the
pool of nutrients in living biomass and its depletion through the
conversion of forest to cropland.

42
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TABLE 8.1 Causes of Biospheric Perturbations in Earth History

A. Biological innovations perturbing the biosphere
Origin of life

Origin of photosynthesis

Origin of aerobic photosynthesis

Origin of aerobic respiration

Origins of other biogeochemically important metabolisms
Origin of eukaryotic organisms

Orgin of calcium-containing skeletons

Origin and expansion of bioturbating organisms
The colonization of land by plants and animals
The evolution of angiosperms

The evolution of humans
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B. Ablotlc perturbations
Extraterrestrial perturbations
a.  Changes in solar luminosity
b. Impact on the Earth of such bodies as asteroids
and comets
2.  Crustal changes
a. Major tectonic change at the Archean/Proterozoic
transition (the growth of large continents)
b.  Variation through time in volcanism
c.  Plate tectonic changes altering continental
geographies, topography, and ocean circulation
3.  Climatic change, principally glaciations
4. Sea level changes (related to 2 and 3)

All of the biogeochemical cycles were affected by the massive
changes in vegetation and climate that occurred repeatedly dur-
ing the Quaternary period (the last 2 million years). It is now
believed that there were 18 glacial-interglacial cycles during the
Pleistocene. During each of the glacial phases, major changes took
place in the pattern of ocean circulation, affecting the generation
of deep ocean water at high latitudes, the transfer of heat from the
equator to the poles, and the exchange rate of water between the
Pacific and Atlantic basins. New data indicate the carbon dioxide
concentration in the atmosphere declined, perhaps by as much as
50 percent, perhaps because of increased ocean mixing rates, al-
though other explanations involving the biosphere have not been
ruled out. Calculation of an overall carbon budget, especially one
that includes the lag in equilibration of ocean and atmosphere,
must include glacial as well as interglacial phases.

A justification for the study of the past is the prediction of
the future. The climate is changing now, and it may be possible to
predict the trajectory of climatic changes in centuries to come. The
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reactions of physical and biotic processes to these future climatic
changes can be guessed at from biotic responses to climatic events
in the past.

Biological Innovations

Biological evolution has changed the Earth: radically new forms
of life and new sets of organisms that are capable of new chemical
reactions, inhabiting new regions, or feeding in new ways are in-
novations that have altered the biosphere. Thus, natural selection
must be considered within the context of global ecology.

Biological innovations that have affected biogeochemical cy-
cles include the origin of life; the origin of photosynthesis and res-
piration; the origin of certain metabolisms, such as sulfate reduc-
tion, nitrogen fixation, and denitrification; the origin of calcium-
containing skeletons; the origin and expansion of bioturbating or-
ganisms; the colonization of land by plants and animals; the origin
of angiosperms and of humans. The evolutionary events may have
had effects on the biosphere similar in magnitude to abiotic per-
turbations, such as changes in solar luminosity or collisions with
asteroids or comets, crustal changes, such as the growth of large
continents, plate tectonic changes, variations in volcanism, orbital
changes that affected solar inputs to different parts of the globe,
and associated changes in climate and sea level. Many of these
perturbations are historically unique, and changed the biosphere
in a unidirectional way.

What was the biosphere like prior to each event, and how (if
at all) was it different afterward? Beginning with a model for
the present biosphere, one can subtract components to arrive at
a retrospective prediction of biospheric dynamics prior to a given
event. In this way, it may be possible to strip away components of
the model until one arrives at a conceptualization of the biosphere
of the primitive Earth. Such modeling can be constrained by
the geological record. More rigorously quantitative models of the
biosphere will enable geologists and geochemists to ask better
questions about the earlier Earth.

Early in our planet’s history, the foundations of the mod-
ern biosphere were established through an intimately interrelated
series of changes in the physical and biological Earth.
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A few examples illustrate the historical interrelationship of
the crust, atmosphere, hydrosphere, and biota. The first con-
cerns the influence of tectonics on the biota. Tectonic changes
across the Archean/Proterozoic transition involving the growth
of large continents resulted in major changes in the biosphere.
Late Paleozoic changes in continental configurations, oceanic cir-
culation, and glaciations caused the burial of organic carbon as
coal. The second concerns the influence of the biota on the atmo-
sphere. The biological production of oxygen led to an increase in
atmospheric oxygen concentration, and made aerobic respiration
possible. This changed the rates and efficiency of organic produc-
tion and decomposition, and set the stage both physiologically and
environmentally for the evolution of the eukaryotic cell.

These examples bring us to another justification for the study
of the past: historical perturbations often can be used as major
biospheric experiments, in which one factor influencing biogeo-
chemical cycles is changed, thereby altering the system. These
changes provide us with information that can be obtained in no
other way, either because the experiment is too massive, too ex-
pensive, or too dangerous to perform in the modern world, or
because the time scale of the experiment exceeds the time scale of
human observation.

As a brief example, one can cite the evolution of oxygenic
photosynthesis. The biological production of oxygen altered geo-
chemical cycles by changing the rates and sites of mineral weath-
ering and organic decomposition. Interestingly, there is little evi-
dence for a significant increase in the partial pressure of oxygen in
the Earth’s atmosphere until several hundred million years after
the first evidence of photosynthesis. It may well be that global
biological productivity was limited at that time to rates equal
to or below those of oxygen consumption for tectonic reasons.
The rapid growth and stabilization of continental crust at the
close of the Archean eon promoted increased primary production.
This appears to be, at least in part, a result of an increase in
the area available for colonization by benthic blue-green bacteria
(Cyanobacteria), a concomitant increase in the rate of nutrient in-
flux from continental weathering into the oceans, and a significant
increase in surface ocean nutrients supplied to the photic zone (the
upper zone of the oceans where light is bright enough for photo-
synthesis) by upwelling. This example suggests that continental
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changes caused biological changes that in turn altered the compo-
sition of the atmosphere. The earliest records of an oxygen-rich
atmosphere coincide with the first sedimentary rocks deposited on
the margins of large continents.

Historical Reconstruction

The Pleistocene

Studies of global biogeochemical cycles raise two important ques-
tions: are these cycles at steady state at present? Were they at
steady state prior to major anthropogenic perturbations? Cur-
rently, the Earth is experiencing an interglacial climate, typical
of short (10,000 to 15,000 years) intervals that have returned at
approximately 100,000 year intervals throughout the last 2 mil-
lion years. The remaining 90 percent of the time, the Earth was
generally colder than today. The typical condition in the recent
geological past was thus very different from the global condition
now available for study. There are lags in the equilibration of
major sinks and sources for the major elements. This means that
some major components of the biosphere may not yet have reached
equilibrium since the most recent glacial perturbation.

It has been suggested that fluxes of phosphorous and fixed
nitrogen to the oceans were appreciably higher during the glacial
maximum when sea level was lower and land materials were erod-
ing more rapidly. Increased nutrient supplies to the ocean may
have supported higher levels of marine biological productivity.
Net losses of nitrogen from the ocean through denitrification that
are postulated from recent measurements may represent a dise-
quilibrium condition as the nitrogen pool in the ocean oscillates
between glacial and interglacial levels.

On the land, lags in the response of vegetation to climate
change resulted in almost continuous flux in the species compo-
sition of vegetation communities throughout the Holocene. Even
major biomes, such as temperate zone deciduous forests, may have
lagged behind climatic change, advancing slowly onto deglaciated
territory limited to a smaller area by the slow speed at which
trees can disperse seed and become established in new habitats.
For example, American Chestnut trees did not reach their present
northern extent until about 2000 years ago, although the appro-
priate climate for them had existed for at least 5000 years. This
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raises the possibility that the productivity of terrestrial vegetation
during the first few millennia of the Holocene was lower than the
maximum. Even longer lags might occur in the accumulation of
organic matter in soils. These should also be taken into account
in considering the rate with which a steady state can be achieved
within the biosphere following a major environment perturbation.

More accurate information on the relationship of terrestrial
vegetation and terrestrial productivity and biomass to climate
will have particular application to studies of the distribution of
vegetation during the glacial intervals. Estimates of biomass and
productivity when vegetation was differently distributed from the
present are needed to understand the distribution of carbon reser-
voirs during the glacial ages and to explain the change in carbon
dioxide concentrations in the atmosphere during the last glacial
period.

We need more information on historical changes in the carbon,
nitrogen, phosphorus, and sulfur cycles. For this purpose, addi-
tional attention should be given to chemical studies of ice cores,
particularly to detailed studies that provide information on fluxes
of materials to the ice surface and that date precisely the speed
with which changes in fluxes occurred.

Additional studies of marine cores should be undertaken to
study the transfer of materials from the continents to the ocean,
especially the transfer to the shelf and from the shelf to the conti-
nental slope. A concentrated effort should be made to reconstruct
the environment on the exposed shelves during the glacial maxi-
mum. Estimates of productivity in the oceans during the glacial
periods are essential. These should be compared with estimates
of land productivity, based on improved maps of land vegetation
during the glacial period. The latter should be based on increased
numbers of studies of plant fossils, especially pollen, in sediments.
An effort should be made to obtain greater numbers of long sedi-
mentary sequences that extend through the last glacial period to
the preceding interglacial. Exploration for glacial-age sediments
should be expanded, with particular attention to the tropics and
to continental areas that are largely unexplored, such as South
America and Asia.

Research to date has focused on the Holocene (last 10,000
years) and on the last glacial maximum (18,000 to 20,000 years).
These time intervals represent extreme conditions of minimum
and maximum ice volume, but together they make up only 12
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percent of the last glacial-interglacial cycle. During a much longer
interval in the early Wisconsin, glaciation was intermediate, with
oscillating sea level and glacier volume. Although the evidence is
fragmentary, long cores from continental areas suggest very rapid
changes in vegetation distribution, and studies of marine cores and
raised coral terraces have similarly suggested rapid changes in ice
volume. A high priority should be given to increased understand-
ing of biogeochemical fluxes, climatic changes, and the interrelated
changes in land and marine biota during the early Wisconsin.

For much of the time during the Quaternary period, condi-
tions were outside our range of experience, based as it is on the
Holocene. To understand climatic conditions, glaciation, ocean
circulation patterns, and biogeochemical events, models may be
the only practical approach. Improved mathematical models of the
atmosphere and ocean, which take biogeochemical fluxes and feed-
back effects into account, are needed to reconstruct the changes
that occurred during the Pleistocene and to relate them to present
biogeochemical conditions.

The Cretaceous

On a longer time scale, the Cretaceous period (about 100 million
years ago—Table 3.2) has been an interval of great interest to
geologists and paleontologists because of its warm climate (char-
acterized by unusually low latitudinal temperature gradients), pe-
riodically anoxic ocean bottoms (the source of much of the world’s
petroleum), orogenic activity, and distinctive biota. The Creta-
ceous is a period for which much paleogeographic, paleoecological,
and paleoclimatological information exists. It is also a period
whose known history poses numerous biological and ecological
problems and whose solutions may best be approached by mod-
eling aspects of the Cretaceous biosphere. An interdisciplinary
working group (perhaps modeled on the Precambrian Paleobio-
logical Research Group) should be formed to synthesize relevant,
geological, ecological, and climatic information into a coherent
picture of a past biosphere. Another time interval of interest is
the late Eocene epoch (approximately 50 million years ago), which
might be an easier biosphere to reconstruct. Its climate was as
warm as the Cretaceous, but its biota appear more similar to
those of the present than to those of the Cretaceous.
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TABLE 8.2 Geologic Time Scale

Approximate Age
in Millions
of Years Period
Era (Radioactivity) (System)
Recent (Holscene)
2 Pleistocene
8
25
Cenoroic 36 Tertiary
58
65
Cretaceous
1356
Mesozoic Jurassic
181 Triassic
220-230 Permian
Paleogoic 280 Pennsylvanian
345 Mississippian
405 Devonian
425 Silurian
500 Ordovician
Proterozoic 570-600 Cambrian
680 Vendian
900 Riphean
1300
Early Proterozoic 2000 OXYGENIC CRISES
2800 Stramatolites
Archean 3500 Earliest autotrophs
3800 Oldest terrestrial
Hadean 4000 rocks

If we could generate models for both the Eocene and the Cre-
taceous biospheres, we could attempt to make the system evolve
from one to the other, and thereby examine the long-term bio-
geochemical consequences of the Cretaceous-Tertiary boundary
extinctions.

The Late Proterozoic

It is important to examine the early developmental history of the
biosphere, one order of magnitude further back in time. The late
Proterozoic era (specifically the so-called Sturtian or late Riphean
period, approximately 700 to 800 million years ago) constitutes
an excellent focus for biospheric research because it represents
the Earth just prior to the development of multicellular plants
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and animals. It is a period for which a great deal of geologi-
cal, geophysical, and geochemical data exist. Phosphorites have
an unusually wide distribution in sedimentary rocks of this age,
and planktonic microfossils record a dramatic radiation among
the eukaryotic phytoplankton. We have extensive knowledge of
both planktonic and benthic microbial communities from this pe-
riod, and these biotas have good analogs in restricted areas of
the present Earth. In short, the Late Proterozoic record offers
us our best opportunity to understand a Precambrian biosphere.
Again, a working group of geologists, paleontologists, geochemists,
phytoplankton and microbial ecologists, and theorists should be
constituted to examine this most interesting and evolutionarily
significant period.

The Archean Eon

The earliest available record of biosphere development is contained
in rocks of the Archean eon (3800 to 2500 million years ago (Ma)).
It was during this period that the anaerobic metabolism fundamen-
tal to modern geochemical cycles evolved. Much of the available
data on the Archean Earth have recently been synthesized by the
Precambrian Paleobiological Working Group, but it is clear that
this preliminary understanding could be tremendously augmented
and refined by increased ecological research on modern anaerobic
environments coupled with a theoretical, modeling approach to
present and past biospheres advocated in this document. Inquiries
into the natures of Archean and late Proterozoic biospheres pro-
vide a direct connection to NASA’s existing program in exobiology.

In summary, the view of Earth history as a series of global
experiments run through time has the potential to contribute
significantly to our understanding of both the present biosphere
and the paths by which it came to its present state. Consideration
of the Earth’s past should be incorporated as an integral part of
any research effort in global ecology.

THEORY AND GLOBAL BIOLOGY

Global biogeochemistry cycles involve systems of enormous com-
plexity. Given only chemical and physical constraints, one can
imagine life persisting on rather small and simple scales. One
can imagine a living system containing only two species in which
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individuals of one convert radiant energy to chemical energy and
small compounds to macromolecules required for growth, while
individuals of the other would transform these large molecules
to small recyclable compounds. However, the biosphere includes
between 3 and 10 million species, and most ecosystems include
thousands to tens of thousands of species. Furthermore, these
species differ greatly with respect to their mechanisms for trans-
forming food and energy, as well as their abundance, individual
size, life cycle characteristics, and the specificity and subtleties of
their interactions. Species are distributed as complex interacting
communities showing striking spatial heterogeneities at scales from
microns to hundreds of kilometers. In addition, ecological com-
munities show temporal heterogeneities involving changes at time
intervals that range from minutes to thousands of years. A system
of such complexity can only be studied through the intermediary
of mathematical models.

Thus far, the most advanced work in modeling biogeochemical
cycles has dealt with the carbon cycle. These models have tended
to be aggregated into comparatively small numbers of global-scale,
well-mixed reservoirs with first-order kinetics and no interaction
among chemical elements.

The immediate need is for conceptually clear models of the
global cycles that include an initial state, perturbations, and the
effects of elemental interactions on the cycles. This should be
followed by the development of a collection of models that range
from one based on mechanisms of elemental interaction to large-
scale spatial distribution and temporal dynamics of biomes. These
models should be used to test our understanding of the sensitivity
of the biosphere to various alterations and to explore theories of
how the biosphere functions on both a large and a small scale.

Thus, an adequate approach to a theory of a global cycle will
require globally aggregated models, globally disaggregated models,
and mechanistic models.

Development of globally disaggregated models, even with only
simple causalities, will be paced by the continued development
of new data. More aggregated models could begin immediately,
though the inclusion of complex causality will be paced by ex-
panding understanding of the processes involved.
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Simple Causalities

The simplest class of models involves element abundances (bud-
gets) that are static (i.e., in a steady state). Such models are useful
in developing the magnitude of biogeochemical cycles of compo-
nents and the pathways connecting them. Not even those simple
models can be made accurate and realistic at present since there
are numerous major uncertainties in the budgets of all elements.
Such static budgets cannot describe transient responses to pertur-
bations. Thus, more complex models will be required, probably
involving nonlinear processes.

Models that incorporate spatial patterns should be used to
capture differences in rates and effects of perturbations on differ-
ent parts of the biosphere. For instance, different systems have had
different histories and the response of land ecosystems to distur-
bances, such as forest clearing or acid rain, will vary significantly
among different types of ecosystems.

Initially, the program should focus upon change rather than an
inventory. It should be easier to measure areas undergoing change
than to inventory the entire stock of the Earth’s vegetation. Such
global inventories will be necessary, however, for later models that
will consider disequilibrium dynamics and deal with total (not
simple net) fluxes.

Linked Causalities

Theoretical advances in planetary biology require the modeling
of linked global cycles. Global biogeochemistry involves a large
number of interrelated processes. Such highly interconnected net-
works exhibit system properties that cannot be predicted from a
knowledge of subsystem dynamics. Therefore, global studies will
require system models to integrate the findings of more specific
investigations.

The present state of our understanding delineates the major
spatial compartments that must be considered and some informa-
tion on the flux pathways and rates. We can also divide biophysical
processes into oxidation-reduction reactions within the compart-
ments and transport between compartments. Some processes, such
as photosynthesis, are not possible without the direct participation
of living organisms. Other are kinetically limited unless catalyzed
by organisms.
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Positive Feedback in
Global Biogeochemistry

Unlike the perspective we gain when we view life as a collection
of organisms, the global perspective reveals the biosphere as a
complex, hierarchical system composed of many positive feedback
loops with constraints formed by interrelated biogeochemical cy-
cles. This perspective introduces new and exciting theoretical
problems that must be solved before we will understand life on
this planet.

At the global scale, the “environment” is constantly changing
on long time scales, and biotic systems are continuously moving
away from previous states and toward new states appropriate to
the changing conditions. Once initiated, these processes tend to
move the biosphere unidirectionally toward new states. Since, over
geological time, the constraints change and the ecological system
moves to new states, the biosphere seems to be less a stable,
negative feedback system and more a positive feedback system.

In contrast to this perspective forced on us by a global point
of view, ecological theory has assumed that the biotic systems at
local scales are stable entities that resist or react to changes in a
relatively constant environment. Thus, attention has focused on
controls that permitted the system to return to its initial state
following perturbation.

Current concepts of the origin of life are consistent with this
perception of the biosphere. Early living forms produced oxygen,
changing the atmosphere from reducing to oxidating, and prevent-
ing the de novo production of further living forms. A constraint
on the system was changed, and it moved to a new set of operating
states.

There are numerous examples of positive feedback loops at
the global level. As a glacier advances, the snow and ice surface
changes the albedo, further cooling the atmosphere and encourag-
ing advance of the ice. The same is true of erosion cycles in which
removal of vegetation facilitates removal of soil and encourages the
further loss of vegetation.

The importance of positive feedbacks to an ecological system
is also seen in the process of desertification. Removal of vegeta-
tion through human activities, such as overgrazing, reduces the
amount of moisture returned to the air through evapotranspira-
tion. Decreased moisture in the air reduces local rainfall, resulting
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in further removal of vegetation. Once the positive feedback cycle
is begun, the area is turned into desert.

It is customary in ecology to view population growth as a pos-
itive process (reproduction) balanced against a negative feedback
(carrying capacity). In fact, the negative feedback is an artifact
of the scale on which we viewed the process. Population growth
is a positive feedback system (reproduction) that proceeds until
a constraint is met, such as limited food resources. It may be
that the concept of positive feedbacks with constraints is a better
paradigm for examining ecological processes at all levels of reso-
lution. It may be that viewing ecological processes at the global
scale is the most reliable guide for developing paradigms applicable
to ecological processes at all levels of resolution.

Systems composed largely, though not exclusively, of positive
feedback loops are inherently unstable. They have not been well
studied. The dynamics and general properties of such systems are
not well understood, and considerable theoretical development is
called for.

The unique properties of such a system can be seen by con-
sidering how it responds to a change in the concentration of a
pool or compartment. In most cases, the system would respond
by returning the pool to its previous level. But if the pool serves
as a constraint on other processes (e.g., nitrogen limiting carbon
fixation), then the system may respond unstably, moving the en-
tire system into a new operating state. The new state could not
be predicted if the system is conceptualized as a negative feedback
system.

A positive feedback system responds quite differently to dif-
ferent perturbations. It responds differently to a change in a pool
size, a change in a rate process, and a change in a constraint. Par-
ticularly important might be the sensitivity of such a system to
certain alterations. Since each component in the system constrains
other processes, small changes can be rapidly amplified.



4.
TERRESTRIAL BIOSPHERE STUDIES

INTRODUCTION

It is not possible to understand the response of the biosphere to
any major change without taking into account the effects of the
land and the interactions between life on the land and the atmo-
sphere. Terrestrial vegetation has a rapid interchange of carbon
dioxide, oxygen, and water with the atmosphere. On a seasonal
and annual basis, carbon dioxide exchange by terrestrial vege-
tation measurably affects the concentration of carbon dioxide in
the atmosphere. The great importance of terrestrial vegetation
to atmospheric gases is illustrated in Figures 4.1 and 4.2. Fig-
ure 4.1 shows the atmospheric concentration of carbon dioxide at
Mauna Loa, Hawaii; Figure 4.2 shows this concentration measured
at Antarctica. Both measures were made far from the predomi-
nant influences of the major land masses—the first in the central
Pacific, the other in the only continent devoid of higher plant
life. Both curves show an annual cycle that reflects the summer
growth of green plants, the uptake of carbon dioxide by those
plants, and the decrease in total atmospheric carbon dioxide as a
result. However, the amplitude of the Antarctic variations is much
smaller than that at Mauna Loa. This is a direct consequence of
the considerable difference between the southern hemisphere and
the northern hemisphere in land mass area and therefore vege-
tation. These figures illustrate that land vegetation can greatly
affect short-term variations in the concentration of carbon dioxide
in the atmosphere.

55



56

344 —
340 r‘
338 ~

332 +—~

328 |~

324 F-

CARBON DIOXIDE (parts per million)

320

316 |~

g1zl 1 1 IS NS NS ISR IS VNN R SN
1956 1960 1964 1968 1972 1976 1980

YEAR

FIGURE 4.1 Changes in carbon dioxide concentration in the atmosphere
at Mauna Loa, Hawaii.

Any major change in the abundance and kind of land vegeta-
tion could be expected to have effects on the atmosphere. Because
atmospheric trace gases, such as carbon dioxide and others, pro-
duced and taken up by land vegetation, have important effects on
climate, certain major changes in land vegetation can be expected
to have a climatic impact.

For instance, roughly 70 x 10'® g C are fixed through terrestrial
primary production and then respired each year by a complex
pattern of vegetation and soils. The world-wide release of carbon
from fossil fuel burning is approximately 5 to 8 x 10*® g C. Further
human disturbance over the last 100 years of natural ecosystems,
conversion of forest and grasslands to agriculture, and the harvest
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FIGURE 4.2 Changes in carbon dioxide concentration in the atmosphere
in Antarctica.

of forests, may have reduced the vegetation and soil reservoirs by
150 x 10'® g C. This estimate is, itself, an important issue since
a release of 150 x 10'® g C as carbon dioxide would constitute a
contribution to the atmosphere that is 20 to 30 times greater than
that due to fossil fuels. The principal uncertainty arises from the
large disparity concerning rates of deforestation and recovery.
Changes in terrestrial vegetation can have long-term effects
on the atmosphere. Terrestrial vegetation contains about as much
carbon as the atmosphere; terrestrial soils contain about twice as
much. Because trees are long-lived, and soils have the potential
to store carbon for years, land is a major storage site for carbon
in the biosphere. Forests, grasslands, savannahs, and other vege-
tation types respond to climatic change at different rates. Major



58

changes in climate will have complex, little understood effects on
the distribution and abundance of land vegetation and its storage
of carbon and other elements necessary for life.

Land vegetation also affects the global hydrological cycle. Ter-
restrial vegetation evaporates, on the average, two-thirds of the
rainfall received. Removal of this vegetation from a single large
region (e.g., tropical rain forests in the Americas) would greatly
change regional atmospheric moisture. Models of global atmo-
spheric circulation suggest that such regional changes can have
complex effects on climate, such as increasing rainfall in some
areas and decreasing it in others. In general, a major regional re-
moval of vegetation could be expected to lead to a global increase
in the Earth’s surface temperature because of the loss in cooling
effects of the evaporation of water from land vegetation.

Although it is obvious that terrestrial vegetation and the at-
mosphere are coupled, we do not yet have sufficient quantitative
understanding to predict the effects that a specific change in one
sphere (such as the harvest of tropical rain forest) will have on the
other. Each affects the other on local, regional, and global scales.
A global change in climate will affect vegetation, and a regional or
global change in vegetation can have global effects on climate.

ENERGY BUDGET AND VEGETATION

Vegetation can affect the Earth’s albedo and micrometeorology.
Most of the understanding of these effects is based on small-scale
studies, where radiometers are used to measure the ratio of inci-
dent to reflected light. We do not have good quantitative knowl-
edge on a global scale. The albedo measurements of the Earth
are accurate only to a few percent, but a change in albedo of a
few percent could have significant effects on the Earth’s energy
budget. We need to refine the estimate of the Earth’s reflectance.
There is virtually no information on the change of reflectance
due to changes in vegetation in the recent past, or during the
entire Pleistocene. It must be emphasized that remote sensing
from a space platform can improve the current areal estimate of
vegetation types and hence serve to monitor possible changes of
reflectance. Once the reflectance of particular vegetation types has
been established, such measures are crucial to an understanding
of the Earth’s energy budget.
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The effect of vegetation on regional climate has not been
extensively studied. The only notable example is the recent study
of the Sahel desert in Africa that indicated that vegetation may
exert a major impact on the local climate, especially in areas
where the existence of vegetation is marginal. For example, in
desert border regions, a decrease in vegetation cover in an area
results in a higher reflectance. This leads to a decrease in the
radiative heating of the surface, and thus a cooler surface. Since
cooler air tends to sink, this could suppress cumulus convection
and its associated rainfall. Hence, the decrease of vegetation could
result in a decrease in rainfall, setting up a positive feedback that
would create more arid land unsuitable for vegetation. It has been
suggested that overgrazing in the Sahel might have led to as much
as a 40 percent decrease in the rainfall of this region.

On a global scale, the biotic effect on the radiation budget of
the Earth’s atmosphere is more subtle. A number of biologically
related trace gases contribute substantially to the “greenhouse ef-
fect.” These, in order of importance, are carbon dioxide, ozone,
methane, and nitrous oxide. The net effect of all these gases is
to keep the atmosphere warmer than it otherwise would be. One
primary practical concern in global ecology is the design of a strat-
egy to counter the increase of atmospheric carbon dioxide and its
greenhouse effect on climate. A careful global analysis of the effect
of the biota on the Earth’s energy budget can suggest strategies to
mitigate the effects of anthropogenically induced climatic change.
For example, in the current atmosphere, the abundance of methane
is 1.5 ppm (by volume), and this compound contributes about
0.5°C to the greenhouse effect. Increases of methane are much
more efficient in absorbing solar radiation than is carbon dioxide.
A large portion of methane is produced in marshes and swamps,
which occupy only 2 percent of the land area. If all marshes and
swamps were filled and converted to other uses, the net effect on
Earth’s radiative balance would be significant. Of course, there
would be other, possibly adverse, environmental effects due to the
suppression of atmospheric methane.
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REMOTE SENSING OF
AREAL EXTENT OF BIOMES

Vegetation Mapping

Ecologists have approached the study of land surface by classifying
areas into broad categories, often defined by the dominant shapes
(called “physiognomy”) of major higher plants. Inasmuch as the
dominant vegetation is an expression of environmental conditions,
these vegetation maps are maps of biomes, including and reflecting
variation in soils. An estimate of the world-wide land area covered
by each biome is fundamental to our understanding of the effect
of the biota in the surface chemistry of the Earth. The areal
extent of each biome multiplied by the mass of vegetation and
soil carbon (measured in carefully selected sample plots chosen as
representative of these categories) yields an estimate of the size
of the biotic pool of living and dead material in each category
and ultimately the world. Using similar methods, the sizes of the
pools of nitrogen, phosphorus, and so on, can be calculated for the
above- and below-ground portions of land ecosystems.

Our current precision in making areal estimates is limited by
inaccuracies in mapping (typically + 100 percent) rather than by
errors in measurements in the sample plots in the field (typically
+ 20 percent). For example, one study found variations in the
chemical content of sites in the temperate deciduous forest of 50
percent. Another study found variation in the soil carbon pool of
temperate forests of 33 percent. There is effectively no strategy
developed to extrapolate these data beyond the confines of the
study plot. The chemical content of a unit area of a temperate
forest is known with greater accuracy than the area occupied by
vegetation types. The total land area of the world is well known
(149 x 108 ha), but variations in the areas of vegetation categories
are much greater. Even within North America, our estimates of
cultivated farmland vary widely.

Some of the variation in area is the result of different classifi-
cation schemes used by different workers. Presumably, consistent
definition of biomes would improve our estimates of their areal
extent. Meaningful ecological regions are those that differ in the
magnitude of their carbon and nutrient reservoirs, that differ in
rates of net primary productivity, and that differ in probability of
change. Stratification must be developed because the scale of the
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planet makes impractical and unnecessary sampling at the same
level of resolution over the entire surface of the Earth. Accurate
assessment of areal extent of vegetation units is necessary to as-
sess the sizes of reservoirs, while accurate mapping is necessary to
assess rates of change in particular categories of ecological region.
Sampling must be designed not only according to the probability
of change but also according to the size of the change, and the
length of time of the change that is detectable by instruments.
There is little point in expending a larger amount of effort in ap-
praising change in an area where there is no change or where a
large change in the vegetation or soils could not affect carbon and
nutrient storage appreciably.

While the initial definition of the different biome borders will
be somewhat arbitrary due to a lack of detailed understanding
of the variability of net primary production (NPP), the locations
of the boundaries can be refined as the real variability becomes
better known through a succession of joint satellite and ground
observations. A preliminary activity will be the verification of
the approach for delineating borders of different biomes, and,
estimating the areal extent of landscape units from satellite remote
sensing with minimal ground observations. The verification step
will make use of land test sites selected in the various biomes. The
initial work could make use of U.S. sites where detailed ground
data are already available and where needed additional data can
be readily collected.

It is expected that multispectral scanner (MSS) data al-
ready collected by Landsat and other sensors, such as the NOAA
AVHRR, augmented by additional data collected in the future
from the Thematic Mapper and AVHRR, will be the primary
information for these estimates.

A sampling strategy should be developed initially on the basis
of currently available knowledge together with satellite-acquired
imagery. An initial stratification of the biomes can be made on
a basis of the variability of the parameters that constitute NPP.
Estimates of the variability of these parameters can to be derived
from existing ground-based data, and from satellite remote sens-
ing. As improved estimates of NPP become available, the biomes
can be restratified; such an iterative process will lead to improved
estimates on a planetary scale.
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Estimating Disturbance Rates

Disturbance rates and rates of change in land use are even less
well known than the areal extent of vegetation types. Agricultural
land area data collected by national governments and international
organizations represent the primary sources of synoptic data on
land use and land clearing rates.

Controversy centers on rates of tropical deforestation. The
difficulties in studying regional assessment are due in part to the
methods of data acquisition. For example, the Food and Agricul-
tural Organization (FAO) of the United Nations relies heavily on
data reported by national governments. In many tropical coun-
tries, cutting and clearing data may be no more than informal
estimates. Indonesia continues to report that its forest cover is
estimated at 1,200,000 km?, a figure that is 20 years old. The
widespread logging, clearing for agriculture, and intensified shift-
ing agriculture of the last 30 years is not represented.

However, a valuable new data set is slowly being formed.
Within the past 5 years, a number of countries have published
their own comprehensive and accurate surveys, mostly by using
remotely sensed imagery. The results have been important: in
the Philippines, these new estimates show only 38 percent forest
cover as opposed to former estimates of 57 percent; Thailand
now possesses 25 percent as compared to the 48 percent figure of
earlier reports; forest in the Ivory Coast has diminished by more
than one-third in 10 years. Many countries, such as Brazil and
Indonesia, have also apparently instituted comprehensive remote
sensing programs. These data are not generally available to outside
investigators, and they have not been critically summarized. A
final note: New estimates by FAO will be available soon for land
use patterns that are based on remote sensing data and may be a
considerable improvement on previous data sets.

MEASUREMENT OF NET
PRIMARY PRODUCTION (NPP)

Natural Vegetation

Through the action of photosynthesis, the atmosphere of the Earth
has become enriched in oxygen and impoverished in carbon diox-
ide. The excess of photosynthesis over respiration has led to a vast
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store of carbon compounds in the sedimentary rocks on the Earth,
including the fossil fuels that supply the needs of modern industrial
society. The burning of fossil fuel is now returning carbon dioxide
to the atmosphere at a faster rate than photosynthesis or mixing
with the ocean can remove it, leading to a carbon dioxide buildup
that may have serious and permanent consequences affecting the
survival of life on the planet.

The carbon budget of the Earth must be understood in order
to predict the future course of the carbon dioxide flux to the
atmosphere, and if necessary (or possible), to take steps to reverse
the trend.

Measurement of primary productivity is a first and fundamen-
tal step for calculating fluxes of oxygen and carbon dioxide. The
estimate must be made on a world-wide basis to have any meaning.

In the oceans, estimates of productivity are made difficult
by spatial and temporal variability. Technological innovations are
permitting the calibration of spectral observations by satellites in
terms of primary production, resulting in fine-scale observations
of productivity in the variable near-shore environments where pro-
ductivity is highest.

Net primary production will equal the rate of photosynthesis
less respiration by all the plants in the system. The rate of pho-
tosynthesis depends mainly on the total abundance of leaves (leaf
area index) and their utilization of available light, temperature,
moisture, and nutrients. Respiration will be affected primarily
by temperature and soil moisture, but will also differ markedly
in stands of different ages and in different locations. Thus, for a
given abundance of leaves, young vegetation colonizing a newly
disturbed site will have lower respiration and greater net pro-
ductivity than older vegetation that is no longer accumulating
biomass.

Previous attempts to assess net production on a global basis
have extrapolated measurements of production of local vegetation
to the area of the globe occupied by similar vegetation. These
attempts yielded widely varying results because of inaccuracies in
mapping and because regional variations in the variables were not
taken into account. The areal extent of major biomes, including
cropland, is not known accurately.

A parallel program must be established for the terrestrial
environment. Though the land biota are responsible for a much
greater share of carbon fixation, estimates of productivity on a
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global scale are still in a primitive state, preventing agreement
on a world-wide carbon budget. The gross and net productivity
of different ecosystems must be measured and their areal extent
mapped, in order to evaluate the impact of widespread changes in
land use currently in progress throughout the Earth, especially in
the tropics, where human populations are expanding rapidly. For
example, will the harvest of tropical rain forest now taking place
result in a significant reduction in the pool of fixed carbon and
thus to increased carbon dioxide in the atmosphere?

The improved remote sensing capabilities that are now avail-
able make accurate, more direct measurement of net primary pro-
duction feasible for the first time. A combination of remote sensing
and ground-based information, combined with computer model-
ing, can yield a relatively atcurate measurement of net carbon
dioxide uptake, a functional understanding of new productivity as
related to climate, and improved areal mapping of vegetation that
can be used for more accurate estimates of biomass.

Many of the variables that affect photosynthesis can be mea-
sured with existing technology. For example, existing geologic
maps give a rough idea of nutrient availability. Temperature and
precipitation are currently measured at a network of stations and
could be measured more precisely in remote or mountainous re-
gions by remote sensing. When coupled with satellite cloud cover
measurements, accurate assessments of available light are attain-
able.

Leaf area index (LAI) is a measure of the ratio of leaf area
(in square meters) per unit land area (in square meters). Several
fundamental processes for land vegetation, such as evapotranspi-
ration, photosynthesis, and energy
exchange, are directly proportional to LAI, at least within a single
biome type and within a range of 2 to 7. Remote sensing ex-
periments suggest that leaf area indices within this range can be
measured from aircraft and orbiting satellites (Figure 4.3). Be-
cause LAI can be measured by remote sensing, it provides, for the
first time, a means for assessing the photosynthetic potential of
vegetation on a continental scale.

Examples of different vegetation zones that could test the
capability to measure LAI on vegetation of different color, canopy
geometry, and seasonal display include the following:

1. Boreal forests where LAI from 1 to 8 is reported.
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FIGURE 4.3 A plot of near-infrared/red reflectance ratio against leaf area
index for corn plots of varying planting dates and population density.

2. Climatically steep gradients in the Pacific Northwest where
LAIs of 1 to 15 are documented with similar ranges in net primary
production.

3. Pure forests of Monterey pines planted extensively in dif-
fering age-classes and varying soils in New Zealand.

4. Deciduous forests of the eastern United States along a
north-south gradient where canopies with similar leaf areas are
active from 3 to more than 6 months.

5. Transition zones between short and tall grass prairies, as
in the North American Konaz prairies.

6. Savannahs where there is a north-south gradient in the
density of trees (e.g., the Serengeti).

7. Agricultural areas where a definite gradient in leaf area
index is known.

8. Single-species forests, such as those that occur in Hawaii.

Analysis of these regional data should provide a test of the
general approach. In some cases, ground verification measure-
ments may be already available or could be obtained for canopy
leaf area, net primary production,
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and stand age and height. Standard methods for estimating forest
leaf area can be accurate to within 10 percent.

It is critical to test this capability on areas of diverse vege-
tation, and demonstrate what accuracy is attainable. Given ade-
quate accuracy, ecosystems within biomes could then be defined
quantitatively by LAI, rather than by species type, and provide
a more meaningful variable for study of material and energy ex-
change.

However, even present LAI is not a sufficient measure in itself
of plant ecosystem dynamics. The LAI of a western coniferous
forest may peak at a stand age of 30 years, while biomass will con-
tinue to accumulate for 200 years. Consequently, any measure of
LAI alone will not necessarily provide a measure of NPP, standing
or maximum biomass. In addition, any recently disturbed site may
be carrying LAI much below potential maximum. Necessary data )
include the present LAI; the maximum LAI a site will support
based on limitations of light, temperature, water, and nutrients;
and the temporal trajectory between present and maximum LAIL

On moderate sites, maximum LAI may be reattained with 5
years of disturbance. Over this short time frame, maximum LAI
could be attained merely by annual measurement until equilibrium
is reached. On sites with a longer recovery time, maximum LAI
may best be predicted from climatological analysis of the area.
However, this may be difficult in that a global basis, maximum
LAI may be limited by light, water, temperature, nutrients, or
some combination of any or all four basic driving variables on any
given site.

In the arid western United States, a site water balance can
be used to predict maximum LAI of forests. In the moist, warm
tropics, light penetration through multiple layers of canopy may
ultimately limit LAI Particularly in cold boreal climates, temper-
ature limits vegetative development and LAI.

Relating LAI to Net Primary Productivity

Because LAI is a measure of the quantity of photosynthetic ma-
chinery available on a site, a close correlation between LAI and
NPP would be predicted. For specific conditions, this correlation
has been found (Figure 4.4). NPP has been found to increase
linearly with LAI over a range from O to 7 in both corn and
young Douglas fir. Above LAI = 7, as found in many coniferous
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stands,

illustrate differing carbon uptake efficiencies of the vegetation types.

NPP plateaus despite increasing LAI. Environmental con-

trols may allow the site to carry higher LAI, but light limitations
cause photosynthetic efficiency of the additional LAI to be low.
Because LAl is insufficient in itself to predict NPP over a wide

variety
quired.

of stand conditions and ages, additional information is re-
Some empirical relationships have been developed from
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field studies as previously cited. Additional field studies in differ-
ent biomes over a range of environmental and stand developmental
conditions could be done.

Of longer range value would be the construction of more
mechanistic models relating NPP and LAI, possibly using pro-
cess relationships developed during field studies. Specifically,
photosynthesis-respiration (PSN-R) balances could be calculated
on the basis of the climatic driving variables (carbon dioxide,
light, temperature, water, and nutrients) known physiologically
to control PSN and R. For a global analysis, PSN and R rates
and controls could be generally represented at a subbiome level,
ignoring species differences within the designated subbiome. Cor-
relation estimates of NPP from global climatological analysis have
been sufficiently successful to warrant continued pursuit, partic-
ularly when combined with advanced satellite measures of global
meteorology and global distribution of LAI.

Predicted environmental driving variables would be necessary
at a number of points in a global NPP estimate. First, as sug-
gested above, calculation of the “carrying capacity” of LAI for
a site would require environmental data. Second, adjustment of
the empirical NPP/LAI ratio across different biomes would best
be done from environmental correlations. Finally, a mechanis-
tic approach involving modeling of the PSN-R balance and LAI
development would require driving variables.

PSN-R has been modeled from the cellular to the ecosystem
level, with most models working at a leaf to single-plant resolution.
Modeling PSN-R at a subbiome resolution would call for significant
extrapolation of current PSN models. However, the committee
sees no more realistic basis to predict NPP on a global level.

In addition, this mechanistic approach to NPP prediction
would allow us to attack questions such as: What global effects
might volcanic activity or other major particulate input to the
atmosphere have on NPP through decreasing incoming shortwave
radiation? How would increasing global temperatures change NPP
rates? How do changes in regional precipitation change NPP,
desertification rates, and so on?

Cropland

Traditionally, crops are thought of as those plants we eat, but food,
fiber, fuel, grazing, and building materials are, in the most general



69

sense, the uses to which we put terrestrial primary production.
Barring some catastrophe, the current world human population of
4 billion may increase to 10 billion or more in the next 50 to 100
years. Such a population increase will force us to use our renewable
resources efficiently and increase world food production. It will be
necessary to improve food quality (the nutritional value) for this
future population as well as to increase food quantities.

To feed the world’s growing human population, it is necessary
to maintain the continued fertility of existing soils and to decrease
soil erosion rates. On a global basis, 10 to 20 percent of the
total land surface (approximately 1.4 billion hectares) is currently
cultivated for food crops. Estimates of additional land that can
be brought into food crop production vary from 1 to 2 billion
hectares.

With some 10 to 20 percent of the total land surface in agricul-
ture and critically dependent on climate changes, it is important to
better understand the interactions between the agricultural biomes
and the other biomes of the biosphere. It is especially important
to understand how future agricultural development will change
the biogeochemical characteristics of these regions. As new land
is brought into cultivation, there are significant alterations in such
factors as average albedo and net primary productivity, which, in
turn, will influence the energy balance, and biogeochemical cycles.
The best agricultural soils exist at this time under good climates
for agriculture. It is readily conceivable that a subtle change in
the Earth’s energy budget could shift the distribution of rainfall
and temperature so that this would no longer be true.

Agricultural lands may have important effects on global el-
emental cycling, erosion, hydrology, and the atmosphere. These
raise several questions:

e What are the effects of fertilization of large areas employing
nutrients transported from outside a given region?

e What are the impacts on erosion of clearing large areas in
the tropics for agricultural production?

e What are the cumulative implications on the hydrologic
cycle of the mining groundwater for large-scale irrigation agricul-
ture?

e What are the effects on albedo from the conversion of arid
areas to irrigation agriculture?
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In the long term (forecasting 10 years and longer), forecasts
of crop production require the ability to project major climatic
changes. In the short term (forecasting for a current year), we
also need to know present and changing patterns of land use and
vegetation growth.

Growth of land vegetation is most strongly correlated with
sunlight, temperature, and rainfall regimes, and secondarily with
soil and topography. In the oceans, economically important pro-
duction of fish and shellfish correlates with areas of abundant
nutrients. These areas change over time in response to climate,
and with clearing of land and associated increases in transport of
chemical elements from the land to the ocean (e.g., by glaciers,
deforestation, and overgrazing).

Agricultural lands offer special opportunities to evaluate pro-
cesses that operate slowly in other systems. On a global basis,
most crops are planted, harvested, and consumed within a period
of a few months. Crops also offer special opportunities to evaluate
the effect of spatial scale on biospheric phenomena and on remote
sensing imagery. There is a wide range in the size of agricultural
fields. The same crop in the same physical condition, but produced
under different cultural practices, can produce substantially dif-
ferent satellite image responses. Wide variations in response may
also occur because of many variables found in crops within any
one growing season, or even between or during sequential passes
of the satellite. These variations can cause wide aberrations in
the responses recorded in satellite imagery. Thus, effort should be
directed toward calibration of remote sensing responses in relation
to crop condition and yields.

Recent evidence suggests that we can no longer be certain of
further dramatic increases in biological productivity in the near
future. Present evidence suggests that the total area of good farm-
land is decreasing, soils continue to be degraded even on the best
lands, prime farmlands are being converted to urban and other
uses, acid rain and other pollutants are decreasing production,
energy-intensive farming methods are becoming more expensive,
and many soils or areas of production are near satuation from
fertilization so that future production increases are unlikely. Of
more significance perhaps is that global changes in climate can
be expected to change temperature and, more ominously, to shift
regions that have the best combinations of temperature and rain-
fall for crop production to those with poorer and even untillable
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soils. With such concerns, it becomes increasingly important for a
highly technical society to be able to forecast actual and potential
crop production. Experience with the LACIE and AGRISTARS
program suggests that this can be done.

An example of a current yield estimation method is the fol-
lowing:

e First, historical estimates of yield are examined from
records. The five highest yields are averaged and taken as maxi-
mum potential production for that area.

e Imagery for the area under investigation is then acquired
prior to traditional planting dates. Here, meteorological satellite
data and weather status data are employed to estimate starting
soil moisture conditions. Starting soil moisture is estimated from
precipitation data derived from ground station reports, arcillary
observations, and, to a lesser extent, satellite cloud cover data.
Planting dates are obtained from either local reporting or other
data sources.

e Once starting conditions have been estimated and planting
has occurred, an agrometeorological model is used. Ground data,
augmented by satellite data on temperature and cloud cover, are
followed daily. These are used to either increase or decrease the
estimated yield. Landsat data are employed during the growing
season to modify the condition of the vegetation. The total area
of a crop is obtained from published data and direct measurement
from Landsat-type data.

Estimates of food production within a given season depend on
the areal extent and geographic location of crop type, estimating
its current condition, and forecasts of the remaining weather.

Landsat data, together with proper sampling procedures (2
percent of production region by area), can be used to reduce the
uncertainty in acreage for harvest to a minimum. Landsat data,
together with ground weather station data augmented by meteo-
rological satellite data, gathered over time (three or four Landsat
passes in the right time periods together with time averages of
moisture and temperature) can be used in the monitoring pro-
cess. Temporal profiles (time trajectories) derived from Landsat
are important in the determination of the date of emergence and
for estimating the times when a crop is at different states of devel-
opment. Weather data, together with LAI derived from Landsat
data, can then be used to estimate biological yield more accurately.
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To be of optimal utility to global biology studies, crop yield
information may need to be translated to a biogeochemical cycling
perspective.

CLIMATIC INFLUENCES ON
NET PRIMARY PRODUCTION

Net primary production varies with climate, soil, and the state
of the biota. NPP can be predicted from these. This approach
requires the use of models of photosynthesis and respiration for
the different vegetative types of biomes.

There are two approaches to obtaining spatially distributed
measurements of the environmental variables. The first relies on a
network of ground measurements; the second uses remote sensing.
Remote sensing has the capability to provide significantly im-
proved estimates of such critical variables as canopy temperature
and soil moisture.

Canopy Temperatures

To use remote sensing to provide improved estimates of canopy
temperatures, we need a better understanding of the effective
emissivities for different vegetative types at their distinctly dif-
ferent stages of development. This requires a combined empirical
measurement-modeling approach. A deduction of the “effective
emissivities” for different units requires knowing or measuring
their physical temperature and the output radiance to, say, 10.6
microns. This involves additional work at different test sites where
temperatures are measured in the canopies and estimates of radi-
ance are collected with remote sensors.

This initial research can make use of sensors on helicoptors or
fixed-wing aircraft as well as from satellite sensors. As the tech-
nique is developed, it should be incorporated into a test program
to verify the degree of improvement for parameter estimation. It is
thought that such an approach utilizing ground calibration points
could well provide significant improvements through an ability
to have many more measurements over space and time and for
required areas. Current ground meteorological data are often col-
lected in towns, cities, airports, and so on, as opposed to rural
regions of central interest. Also, these data are usually for valley
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bottom or flat terrain and are not representative of the conditions
in complex topography.

Soil Moisture

Conventional methods for obtaining surface moisture measure-
ments tend to be expensive and/or time consuming to a degree
that severely limits the quantities of the measurements. This, to-
gether with an understanding of the considerable variability that
exists for surface and subsurface moisture over space and time,
leads to a conclusion that this is a critical area of concern. Two
approaches need to be explored. One involves the use of satellite
remote sensing together with ground station reports to derive im-
proved estimates of the amount and areal distribution of water
precipitation. A second involves the use of satellite-acquired spec-
tral data at optical and microwave wavebands. Both approaches
tend to be limited to providing data about moisture on, at, or near
the surface and require a modeling approach incorporating impor-
tant physical properties of the surface and below-surface materials
to derive estimates of moisture below the surface, i.e., down to
vegetation root zone levels. Research conducted to date tends to
show that in the absence of vegetative cover remotely sensed mea-
surements (at 20-cm wavelengths) provide “reasonable” estimates
of moisture in the first 5 cm of soil. Research is currently being
directed at using remotely sensed optical measurements to account
for the effects of vegetative cover. This approach needs to be criti-
cally analyzed for its capability for the different biomes with their
distinctly different types of soils and vegetative covers. Again, if
this technique is to be useful, it too will probably make use of
ground calibration sites distributed at appropriate locations.

A third approach that is deserving of consideration involves
the use of soil penetrator devices that can be deployed and can
directly measure soil moisture, carbon dioxide flux, and tempera-
ture. This approach could provide an important source of data in
conjunction with the other techniques.

Research Goals

One long-term (10-year) goal is the measurement for all major
terrestrial biomes of biomass and net primary production with a
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statistical error of less than 20 percent. To accomplish this, several
stages in research are required.

First, we need to determine the extent to which techniques
using LAI are accurate for a wide range of vegetation types, and
the extent to which specific parameters from one site can be ex-
trapolated to other sites. The first steps in this process involve
transects across biomes and studies of variation within biomes.
A transect of sites across the biomes in the United States (conif-
erous forest, deciduous forest, grassland, and cropland) could be
established. A range of species compositions, environmental con-
ditions, and stand ages would be desirable. Other studies should
address the variation in LAI within a biome, examining varia-
tion in relationships at geographic extremes and determining the
extent of within-site variation. Remotely sensed LAI could be val-
idated on the ground with measured LAI on these diverse stands.
Second, environmental conditions could be measured directly and
prediction capability by satellite and permanent weather station
extrapolation tested. Third, NPP could be measured and corre-
lations between NPP, LAI, and environment developed. Fourth,
predictions of NPP from mechanistic PSN-R models could be val-
idated against these measured data. With the completion of these
studies, methodology would be established, and extrapolation to
globally similar biomes would be possible.

SPECIAL ROLES OF
MICROBES IN TERRESTRIAL
BIOGEOCHEMICAL CYCLING

There are two critical microbial activities that have a major ef-
fect on the biosphere: (1) gas production largely by anaerobic
metabolism, which has profound effects on the atmosphere and
(2) the conversion of large biopolymers to smaller, soluble ones.

Microbial Role in the Atmosphere

Most of the gases in the present atmosphere except those of the
noble elements (neon, argon, helium, and krypton) are biologi-
cal products under biological control. The exceptions are gases
from volcanic outgassing, together with cosmic, photochemical,
and electrical discharge inputs that represent a small percent of
the total. Human activities have added new sources of inputs and
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altered natural sources and sinks of the atmospheric gases. To
understand the microbial contributions to the composition of the
atmosphere, the factors that regulate the biological transforma-
tions of nitrogen and sulfur must be examined. Their contributions
through the biodegradative activities are essential to the carbon
cycle. Microbes provide unexpected inputs to the atmosphere;
their metabolism is the source of some of the volatile halogenated
hydrocarbons that affect the ozone concentration of the atmo-
sphere.

Nitrogen is an element present in all proteins and nucleic acids
and hence a nutrient on which life absolutely depends. Molecular
nitrogen cannot be used by most organisms and must be con-
verted to ammonia or nitrate. Only lightning, prokaryotic enzy-
matic activity, and sometimes human interruption carry out this
conversion.

The ammonia release from microbial metabolism that accom-
panies the decay of organic matter is an important component
of atmospheric aerosols. It is also the end product of protein
metabolism in many microbes and animals. Ammonia is removed
from the atmosphere photochemically and by rain where it mod-
ifies the activity of rainwater and hence affects organisms on the
land.

Methane is almost entirely a product of microbial decom-
position of organic matter by fermentation in anaerobic zones.
Photochemical products in the methane oxidation chain include
formaldehyde, carbon monoxide, hydrogen, and ozone. These
gases also result from oxidation of the higher molecular weight
hydrocarbons released into the atmosphere by higher plants and
bacteria.

Carbon monoxide is released in significant quantities from in-
ternal combustion engines as well as from animals, plants, and bac-
teria. Carbon monoxide is utilized by specific aerobic bacteria—
one of the few known terrestrial sinks for carbon monoxide.

Both hydrogen sulfide and sulfur dioxide are toxic to people.
Hydrogen sulfide is produced by anaerobic bacteria from sulfate.
It can be produced even from evaporite minerals, such as gypsum
(calcium sulfate). Sulfur dioxide is produced from combustion of
fossil fuels, such as coal, and is involved in the problem of acid
rain.

Major sources of several other atmospheric gases, such as
carbon disulfide, carbonyl sulfide, and dimethyl sulfide, are not
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established. The relative importance of photochemistry, lightning,
combustion, fossil fuel burning, and microbial metabolism in the
production and removal of these gases has not been precisely
determined.

Decomposition of Biopolymers
and Carbon Storage

Through decomposition of polymers, microbes regulate the
amount of stored organic carbon in soils and sediments. The rates
of this decomposition are functions of biological and physicochemi-
cal conditions. Physicochemical conditions, such as the availability
of trace nutrients, buffering against extremes of pH, water activity,
temperature, and oxygen content, also regulate rates of biopoly-
mer degradation and organic carbon accumulation. Thus, the rate
of decomposition is a complex function of many variables, the pri-
mary ones (temperature, soil moisture, and so on) of which can be
estimated by remote sensing. It is of crucial importance to know
what will happen to the rate of microbial biodegradation if, for
example, the mean temperature of the Earth’s surface changes by
a degree.

On the land surface, there is a general pattern from equator
to pole and from low elevations to high in terms of the amount
of stored organic matter in soils. Closed canopy forests in cold
climates and cold region grasslands with moderate to high rain-
fall exhibit a slight positive accumulation of dead organic matter.
Accumulation is greatest at mid-latitude and mid-elevation. Ac-
cumulation is close to zero at the lowest and highest latitudes,
at highest elevations, and in areas of lowest rainfall. The storage
is thus closely related with climate and will change with climatic
changes.

As organic matter accumulates in soils, compounds of carbon,
nitrogen, hydrogen, and oxygen may build up, but phosphorous
and sulfur are mobilized by microbial decomposition. They are
transformed into soluble or volatile forms. This facilitates return
of the two elements to the biota, or to transport via streams and
rivers to the oceans. Thus, over time a depletion of phosphorus and
sulfur relative to carbon, nitrogen, hydrogen, and oxygen occurs.
The rate at which this occurs is currently poorly known. An
important scientific issue is to determine the rates of mobilization
of phosphorus and sulfur. It is also important to understand what
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factors determine these rates and to ascertain how these factors
can be measured by remote sensing.

Microbial biodegradation, particularly in flooded soils or sed-
iments, is largely anaerobic. For its first 2 billion years, the bio-
sphere was anaerobic and the biota were exclusively anaerobic
prokaryotes. Today, crucial biospheric chemical reactions take
place only in anaerobic environments. Anaerobic processes are
carried out by microbes in oxygenless water, in wet soils, in wet
muds, and in sedimentary deposits of bays, lakes, estuaries, ponds,
and rivers as well as in the intestines of animals, particularly the
ruminant mammals and insects. We know little about these pro-
cesses. Most studies of these microbes have been carried out in
laboratories on populations of single species. However, in the
biosphere microbes exist in complex communities and their activ-
ities and rates of transformation of chemical compounds depend
on many factors, including the abundance and activities of other
species. For example, recent studies in anaerobic sediments show
that physiologically different microbes in colonies make more ef-
ficient use of energy than do populations of single species. It
appears that certain bacteria, which require anaerobic conditions,
live in tiny habitats protected from oxygen by the activity of
oxygen-using bacteria. The presence of these interactions means
that classical methods of isolating specific microbes, examining
the biochemistry of each species, and then synthesizing a model of
anaerobic processes are not realistic. For example, the amount of
methane that enters the atmosphere from anaerobic environments
is a small fraction of that generated. Most of the methane is ox-
idized by aerobic microorganisms in a sedimentary-soil methane
cycle. The methane-oxidizing bacteria are important nitrogen fix-
ers and are becoming increasingly important because they can
degrade chlorinated hydrocarbons. A major decrease in the global
abundance or activity of these microorganisms could increase the
atmospheric concentration of methane and have a major climatic
effect.

On a global scale, the reduced gases in the atmosphere, in-
cluding methane, methyl chloride, hydrogen sulfide, carbon disul-
fide, carbon monoxide, and sulfur dioxide, are derived from these
anaerobic processes. In addition, pathways of carbon fixation and
oxidation hidden within anaerobic environments may contribute
significantly to net carbon dioxide production and consumption
on the Earth’s surface.
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Where the physicochemical conditions become extreme, bio-
polymers can accumulate. Peats under proper conditions become
coal fields attesting to periods of the planet’s past when anaerobic
bogs covered extensive areas of the Earth. Highly saline surface
waters in the past and present lead to blooms of hydrocarbon
accumulating cyanophytes and algae. The salt prevents eukary-
otic grazing and the efficient function of the degrading bacteria,
and thus accumulations develop that may represent the source of
petroleum deposits.

Assaying a Microbial Assembly

There are two methods for assaying a microbial assembly: the first
involves in situ measurements of the relative abundance of certain
molecules that are indicative of activities of microbial communi-
ties. The second depends on co-occurence of higher plants and
microbes: because of the many symbiotic relationships between
higher plants and soil microbes, the occurrence of certain sets of
vegetation species implies the occurrence of certain sets of micro-
bial species—thus, the state of the vegetation can also indicate the
state of the microbes.

We need to pursue both of these methods: (1) to develop in
situ measures of the molecules that indicate the state of microbial
activity, and (2) to develop correlations between (1) and remotely
sensed measures of vegetation.

Current information suggests that this two-stage approach
holds considerably more promise for monitoring microbial activity
than standard techniques.

Standard public health assays that involve growth of the or-
ganisms in the laboratory have not proved adequate in ecology.
These methods greatly underestimate the microbial abundance in
soils, sediments, and the water column.

Methods that require the removal of the microorganisms from
surfaces also have proved irreproducible and nonquantitative. Fur-
thermore, methods using staining procedures have proved inade-
quate.

The proper approach to this complex microbiota is to utilize
certain biochemical measures of components that are ubiquitous
in all cells as measures of biomass. Components that are restricted
to a subset of the total community can be utilized as “signatures”
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of that subset in the analysis of the community structure. Mi-
crobes in nature, much as the enzymes of a higher vertebrate,
spend most of the time in an inactive status. Consequently, the
metabolic activity of the microbiota must be measured. Although
the compounds that are utilized in these measures have a rapid
turnover upon cell death, they are measures that clearly relate to
the cellular or “viable” biomass. If these compounds can be ex-
tracted, isolated, purified, and analyzed, it is then possible to use
a quantitative analysis to estimate biomass with the community
structure determined from the “signature” compounds. If rates of
incorporation or turnover of these components can be included in
the measures, then estimates of growth are possible.

“Signature” lipids can be utilized to define important groups
of bacterial anaerobes, such as the phytanyl glycerol ethers of
the methane-forming bacteria, the plasmalogen phospholipids of
the anaerobic fermenters, and certain specific branched unsatu-
rated or hydroxy fatty acids localized in the phospholipids of the
sulfate-reducing anaerobes. Long-chain polyenoic fatty acids are
concentrated in more-or-less specific subsets of the microeukary-
otic algae, fungi, protozoa, and micrometazoa. Phosphonates,
certain specific lipids of the photosynthetic apparatus, and spe-
cific carotenoid pigments, are distributed among various subsets
of the microalgae.

We need to develop these quantitative methods to describe the
biomass, community, structure, metabolic activity, and nutritional
status of the microbial community and to automate these methods
for remote sensing. These methods can be correlated with the
production of specific metabolites, such as the disappearance or
turnover of gases such as hydrogen, methane, carbon monoxide,
nitrous oxide, and hydrogen sulfide in soils and sediments.
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AQUATICECOSYSTEMS AND
THE BIOSPHERE

INTRODUCTION

The roles of oceans and rivers as a physical and chemical com-
ponent of the biosphere are discussed in the other NRC reports.
Here, the committee focuses on the role of aquatic biota and
aquatic ecosystems in the biosphere.

The study of the major role played by aquatic ecosystems in
the biosphere should focus first on aquatic productivity, because
it is through biological productivity that aquatic biota affect bio-
geochemistry and the energy budget.

OCEANS

Large areas of the ocean, such as the central gyres, have relatively
low rates of production per unit surface area, but account for a
major fraction of total carbon fixation because of their large area
(Table 5.1). In contrast, highly productive coastal and upwelling
regions account for only 10 percent of the ocean by area, but
probably 25 percent of the ocean primary productivity. They
provide more than 95 percent of the estimated fishery yield. Some
have suggested that the coastal zones are the sites of most of
the organic carbon sink of atmospheric carbon dioxide. These
various ocean provinces exhibit pronounced differences in their
phytoplankton species assemblages. As a consequence, they have
significant differences in spatial and temporal variability of algal
biomass as a function of nutrient input and grazing losses, they

80
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TABLE 5.1 Biogeochemical Importance and Associated Carbon
Fixation of Aquatic Ecosystems

Net Primary
Prodéxction
Areza, (x10 -1 Biogeochemical

Region km tons Cyr ) Importance

Open 3.1x108 18.60 Sulfur emission (SO 4
ocean aerosols); inorganic

carbon storage; nitrogen
fixation

Shelves 2.7x107 5.40 Denitrification,

phosphate sinks

Slopes 3.2x107 2.24 Organic garbon storage

(1.6x10" ton)
Estuaries 1.4):106 0.92 Nitrogengources, organic
(0.2x10” tons)

Saltand  2.0x10° 2.00 Sources of CH,, N, ,
fresh and organic carbon
marshes storage

Rivers 2.0)1:106 0.40 Freshwater source
and lakes

Coral reefs 1.1x105 0.30 Inorganic carbon storage

Seaweed 2.0)(104 0.03 Source of CH, Cl for
beds interaction with

atmospheric ozone

TOTAL 290.89

have different fates of the fixed carbon, and their contribution to
global carbon fixation (Table 5.1) may be underestimated from
twofold to tenfold.

There are two basic reasons for the large uncertainty in the
estimates of marine carbon fixation: (1) the methodology used to
estimate the rate of primary productivity (the *C method) may
be in serious error; (2) the highly productive shelf regions exhibit
a much wider range of spatial and temporal variability of biomass
than the open ocean. It is in the oligotrophic (gyre) regions, where
the biomass variability is not pronounced, that the methodology
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errors are greatest. The long food chains and 90 percent recycling
of the offshore regime provide little net biotic storage of carbon
dioxide, and, in addition, provide little fish harvest.

In the coastal regions, where productivity is much higher and
the results of the 14C methodology are probably more representa-
tive of the actual rate, the spatial extent and temporal variation
are poorly known. For example, within 30 km of the Peru coast,
the surface chlorophyll ranges from 0.4 to 40.0 g chlorophyll m—2
and the integrated primary production from about 1 to 10 g C
m~2 day~1.

Approximately 20 percent of continental shelf production (1.0
x 10° tons C yr~1!) is thought to be sequestered as organic car-
bon deposits on adjacent continental slopes. Although the an-
thropogenic input of nitrogen to the shelves may have increased
tenfold over the last 50 to 100 years, a sufficient time series of
phytoplankton data is not available to specify accurately changes
in primary productivity or shelf export to continental slopes. This
lack of a proper spatial and temporal perspective of the planktonic
algae has hindered our understanding and, therefore, our ability
to make accurate estimates of coastal productivity and subsequent
carbon and nitrogen fluxes to the rest of the food web.

The fate of carbon and nitrogen fixed in the highly productive
shelf regions is quite different from that in the open oceanic areas.
In the open ocean, a large fraction of carbon and nitrogen enters
biological food webs and is decomposed to inorganic forms and
recycled in the upper waters. Because the effects of human ac-
tivity are greater in the coastal region, understanding the coastal
processes has far greater significance than their areal extent or
contribution to total marine carbon fixation would suggest.

In order to make progress in understanding the primary pro-
ductivity of the oceans, we need a program of research to obtain
synoptic data on biomass and productivity for the highly dynamic
oceanographic regions. Measurements are needed both over long
periods (decadal time scales), and at much higher frequencies for
resolution of biological processes. Satellite and aircraft remote
sensing techniques, as well as moored biological buoys, have ma-
tured rapidly in the last 3 to 5 years to now make such sampling
feasible. As a consequence, multiplatform (ship, buoy, aircraft,
and satellite) sampling strategies offer an opportunity to reduce
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significantly the variance in estimates of shelf phytoplankton abun-
dance, carbon fixation, deposition, and their concomitant nitrogen
and phosphorus fluxes.

Uptake of carbon dioxide during marine primary production
is 10 to 20 times that of the fossil fuel carbon dioxide released from
anthropogenic sources each year. Major unknowns are what areal
and temporal changes of shelf production have occurred over the
last 100 years and how much of the “missing” carbon of global
carbon dioxide budgets is stored in ungrazed, slowly decompos-
ing organic matter. As a result of human activities including use
of agricultural fertilizers, production of urban sewage, and defor-
estation, the nutrient content of major rivers (e.g., Mississippi,
Rhine, and Yangtze) is estimated to be 10 times that of both the
preindustrial river condition and even the presumed unmodified
nutrient content found in continental slope waters.

With respect to the global impact of the changing nutrient
input from the two boundaries of the shelf (land, shelf-break)
and subsequent carbon fixation, future biosphere programs should
address the following questions:

1. What is the relationship between estuarine outwelling and
shelf-break upwelling of dissolved nutrients on the development,
distribution, and magnitude of the spring bloom of phytoplankton,
both off an individual estuary and along an entire coastline?

2. How far seaward and over what area does estuarine influ-
ence extend both in regard to dissolved pollutants and in regard to
the transport of phytoplankton? In particular, are phytoplankton
transported across an entire shelf to the slope boundary?

3. Can the land source of nutrients be distinguished from one
estuary to the next?

4. What is the relative influence of shelf edge upwelling com-
pared to current intrusions, such as warm core eddies, on phyto-
plankton abundance, distribution, and metabolic activity?

5. Annual cycles of phytoplankton composition, distribution,
abundance, and production are generally repeated from year to
year over a shelf area, e.g., from Cape Hatteras to Nova Scotia,
within the southeast Bering Sea, or off Peru. As an example, can
chlorophyll accumulation at shelf fronts, e.g., the Irish and Bering
Seas, be detected within CZCS overflights on a routine basis?

The ocean is characterized by considered annual and seasonal
variations in phytoplankton, but there is little known about the
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repetition of these patterns. The biosphere program should include
satellite remote sensing systems that can determine these.

6. In the ocean, there are episodic events, such as algae
blooms, that extend over large areas. The causes of these blooms
are unresolved, but ocean temperature is believed to be important.
Satellite remote sensing is important in monitoring the origin, dis-
tribution, and fate of these events. The biosphere program should
include satellite remote sensing of these factors.

7. How can the distribution of hydrographic and nutrient
properties be related to phytoplankton abundance, distribution,
and type as indicated by winds, ice, and temperature data also
derived from concurrent satellite observations?

8. What is the behavior of fish (avoidance or attraction) with
respect to natural and eutrophic features? How much of the pri-
mary production is passed up the food web in a local area?

ESTUARIES AND MARSHES

Estuaries and marshes are usually so heavily covered by plants,
suspended sediment, or both as to make them inaccessible to
CZCS-type scanners. In addition, they are too monotonously col-
ored for Landsat-type scanners. Therefore, they are, at present,
less well known as objects of remote sensing than either open
oceans or dry land. Since special equipment and effort will be
required and since these wetlands are geographically minute com-
pared to land masses and open ocean, it must be asked if they are
likely to be of sufficient geochemical or theoretical importance to
merit the effort.

The greatest significance of estuaries seems to be (1) as a
nursery for important animal species; (2) as a locus for anaerobic
events that may be important in the nitrogen and sulfur cycles;
and (3) as a filter through which most of the freshwater runoff
from the continents must pass before it can enter the sea. All
three roles relate intimately to the high primary productivity of
estuaries and marshes.

Estuarine productivity per unit area is comparable to, or
higher than, that of land systems, and much higher than all but a
few marine regions. Runoff water, high in most soluble minerals,
traveling either as river water or groundwater, pauses in estuaries.
Rooted vegetation, floating mats, or plankton blooms occur in
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most estuaries. Rich bases are thereby provided for animal food
chains.

The same abundance of plant productivity often provides so
much decomposable organic matter as to produce, at least tem-
porarily and locally, highly anoxic regions, in which anaerobes
are active, releasing nitrogen to the atmosphere and consuming
oxides of sulfur. Muds of many kinds are produced, containing
much of the mineral sediment that came from the land; little
particulate matter escapes the estuaries to the sea. The extent
of anoxic environments: (1) strongly influences the flux of gases,
such as methane, hydrogen sulfide, nitrogen, ammonia, and carbon
dioxide derived from anaerobic, microbial metabolism; (2) are im-
portant locations for long-term storage of organic carbon; and (3)
are possibly significant sites for bacterial fixation of atmospheric
nitrogen.

Both marine and freshwater anoxic environments occur where
degradation of organic inputs exceeds the influx of oxygen. The
source of the organic inputs is NPP within the same ecosystem
or from neighboring ecosystems. Thus, a direct linkage exists
between the extent of anoxic environments and NPP.

The following questions are in regard to estuaries for a bio-
sphere program:

1. What determines whether an estuary will produce rooted
vegetation rather than floating mats or phytoplankton?

2. Are different types of estuaries and marshes comparable
in their production rates? In a model of any estuary, there will
be terms for water inflow and departure, nutrient levels, plant
productivity, and so on. Given such models for any two estuar-
ies, can the models be transformed into each other by constant
multipliers related to water flow rates, nutrient concentrations, or
some simple function of the two? If so, then the number of ground
measurements that needs to be made to assess the global role of
marshes and estuaries is accordingly reduced. If not, an ecological
taxonomy of estuaries and marshes becomes necessary.

3. Are there global controls of coastal wetlands, or is each
ecosystem dependent on only its local environment?

4. Are marshes and estuaries in general and in total sources
or sinks for carbon?
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5. With proper calibrating, can data from a well-monitored
small estuary be combined with remote sensing techniques to de-
velop a carbon budget for large, difficult-to-measure marshes or
an estuary like the Mississippi?

6. What are the relative effects of “greenhouse” gases, e.g.,
methane and carbon dioxide, released from marshes during periods
of changing sea level?

LAKES

Because of their well-defined limits, universal geographical distri-
bution, and the proven accuracy with which primary production
can be measured in them, lakes are useful natural laboratories
for determining the factors that control global primary produc-
tion and the fate of the fixed carbon. Besides being convenient
ecosystems for study, there are practical reasons for studying lakes
and other inland waters. Without adequate supplies of unpolluted
fresh water, society as we know it would not exist. Indeed, fresh
water could well become a primary factor limiting the world eco-
nomic development in the next century. The management of fresh
water is now based on empirical relations between forcing functions
(input of nutrients, sediments, heat, or toxins) and the observed
responses of biological communities (algal biomass, fish yield, and
so on). These statistical models are based on short-term stud-
ies of a heterogeneous group of lakes and reservoirs in the north
temperate zone. Consequently, present management models have
wide confidence intervals, and the application to any specific lake
involves a great deal of uncertainty. Moreover, extrapolation of
these relations to water bodies outside the temperate zone is pure
guesswork.

A second major shortcoming of current limnological models is
lack of appreciation of spatial variability within lakes. Apprecia-
tion of spatial variability can only be gained through techniques
that spatially integrate basins. Satellites create the opportunity
to look at lakes and their changes through time in a wholly new
manner. Chlorophyll, transparency, sediment concentrations, and
temperature can be computed for the entire mixed layer of a lake,
and the distributions and mean values of these variables can be
followed through time with a single, standardized methodology. In
particular, the CZCS color scanner tested on Nimbus-7 will allow
chlorophyll in the mixed layers of low biomass water bodies to be
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mapped anywhere on the globe. These data correlate well with
estimates of integral primary production and can be used as input
to models to calculate annual production in lakes with an accuracy
of £20 percent.

The accuracy of chlorophyll-based annual productivity models
critically depends on annual values of two parameters: alpha, the
initial linear slope of the photosynthesis versus light curve per unit
of chlorophyll, and Pmax, the light-saturated rate of photosynthe-
sis per unit of chlorophyll. These parameters are apparently stable
in the sea, but the only long-term study in small lakes has shown
them to be highly variable.

It is important to determine whether there is a relation be-
tween the variability of these parameters and the size of the lakes.
It is also important to determine whether the parameters alpha
and Pmax vary systematically in lakes of a given size from the
tropics to the polar zones.

MEASUREMENT REQUIREMENTS

Estuaries and Marshes

Preliminary investigations undertaken in the 1960s provided evi-
dence that the quality of light reflected from an ocean surface and
remotely sensed by aircraft instrumentation might be interpreted
as phytoplankton biomass, i.e., chlorophyll, in the upper portion
of the water column. The work was limited by equipment to an
altitude of 3 km; however, even at that altitude, the influence of
the atmospheric backscatter was quite obvious as it began to dom-
inate the color signal reflected from the ocean surface. Additional
NASA-supported studies in 1971 and 1972, with Lear Jet and U-2
aircraft and a rapid scan spectrometer at altitudes of 14.9 and
19.8 km, demonstrated that this concept could be used to develop
spacecraft equipment for the purpose of estimating ocean water
column chlorophyll from Earth satellites. This became possible
through the realization that problems associated with the scatter-
ing properties of the atmosphere, as well as direct reflectance of
the Sun from the sea surface, could be either avoided or corrected.

The first satellite-borne ocean color sensor, CZCS, was
launched aboard Nimbus-7 in October 1978. It has four visible
and two infrared (one thermal) bands, with a sensitivity about 60
times that of the Landsat-1 multispectral scanner. Unlike many
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satellite sensors of ocean properties, the CZCS responds to more
than the mere surface features of the sea, and is sensitive to algal
pigment concentrations in the upper 20 to 30 percent of the eu-
photic zone. A predictable relationship was established between
the CZCS estimates of pigments and plankton chlorophyll mea-
surements made aboard a ship in the Gulf of Mexico. Other shelf
studies within the Southern California Bight and coastal waters
south of New England have also compared ship track chlorophyll
data and CZCS data. In all three coastal regions, there was great
spatial variability of in vivo chlorophyll, with a striking agreement
between the two methods.

A number of other sensor systems and platforms have also
shown a potential for use in the determination of the areal extent
of lakes and inland and coastal wetland areas. An early applica-
tion of the Landsat system was the automated mapping of water
bodies within the United States. Personnel of the NASA Johnson
Space Flight Center developed automated technologies for map-
ping water bodies above 10 acres with accuracies well above 90
percent. Similarly, Landsat and combinations of Landsat and Syn-
thetic Aperature Radar (SAR) data have been employed to map
the areal extent of wetland areas and to classify the gross species
composition of such areas. More recent studies suggest that there
is a high prospect for success for a research program designed
to accomplish the mapping of biomass and eventually primary
production in the coastal ocean, lakes, and inland wetland areas.

Oceans

The first priority for future ocean color measurements is in the
productive coastal waters within the 200-mile economic zone sur-
rounding the continental United States, islands, and territories.
The second priority is midocean regions. The frequency of re-
quired satellite coverage and information will vary depending on
location and perhaps to some extent on season. Generally, 2-day
coverage will be required in coastal and local waters and 3- to
5-day coverage for most midocean applications. Global coverage
may be needed on the order of every 15 to 30 days. In addition to
measurements made from satellites, marine research studies will
generally require oceanographic data measured from ships, buoys,
and aircraft.
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Unfortunately, it has not been possible to obtain CZCS-type
measurements of the global oceans on anything close to a daily
basis. On any given day, the major fraction of our watery planet
is obscured by clouds. A qualitative idea of realizable sampling
characteristics has been gleaned by screening a few time sequences
of CZCS data for which regular sampling was attempted. This
experience suggests that in a month of data collection, useful
data will be obtained on several days within randomly distributed
clear-sky domains that are a few hundred kilometers in extent,
and less frequently 1000 km in extent. Of the nominal 2 hours of
Nimbus-7 CZCS coverage taken and recorded per day, an average
of approximately 30 to 40 percent is rejected and not processed
due to total cloud cover.

In summary, our experience to date suggests that global CZCS
coverage would yield, on average, between 10 (at the equator)
and 20 (at 40°N) usable images per month, i.e., the required
sampling interval of every 1.5 days, for a given 1000 km x 1000
km ocean domain, with the majority of usable data in patchy
subscenes of typically a few hundred kilometers in extent, and
with only an occasional clear view of most of the domain in one
image. Coverage frequencies will certainly fluctuate seasonally
(and regionally) about these nominal estimates: coverage gaps of
2 to 3 weeks are likely to occur several times per year, with less
frequent gaps of longer duration. In winter, low sun elevations will
cause sampling voids of several weeks to a few months (increasing
with latitude) at latitudes above 40°. These characteristics assume

that a single CZCS-type instrument is opera.ted in a Nimbus-7
orbit on a global basis.

Clearly, the present data base collected with the Nimbus-7
CZCS is inadequate to apply to the global mapping of primary
productivity, except in a qualitative sense. It is limited both in
terms of sampling frequency and in terms of concurrent oceano-
graphic experimental data necessary to bridge the interpretive gap
from phytoplankton pigment distributions to net primary produc-
tion. Adequate data do exist in certain shelf regions, however,
to develop a sampling methodology for a global productivity as-
sessment program utilizing a follow-on CZCS-type sensor. The
committee advocates deployment of moored in situ fluorometers,
and drifting fluorometers, similar to the meteorological sensors of
the 1979 Global Weather Experiment, in defined shelf experiments
to allow interpretation of time-space composite descriptions of at
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TABLE 5.2 Possible Location of Global Marine Biomass/Productivity Experiments

Ship Moored Drifting Ocean
Measure- Fluorom- Fluorom- Aireraft  Color
ments eter eter Sensor Imagery
Local Area Shelves
Mid-Atlantic Bight x x x x x
Georgia Bight x x x x x
Gulf of Mexico x x x x x
California Current x x x x x
Bering Sea x x x x
Local Area Slopes
Northeast Atlantic x x x
Gulf of Mexico x x x
Northwest Pacific x x x
Global Area Shelves
North Sea x x
Barents Sea x
S. China/Japan Seas x x
Arabian Sea x
West African Shelf x
Patagonian Shelf x
Peru-Chile Shelf x x
Timor/Arafura Seas x x

Global Area Slopes
Southern Ocean x x

»®

least parts of the ocean. This system should be coordinated with
a program that would yield global CZCS-type images at a fre-
quency of 15 to 20 days of usable coverage per month. Such global
CZCS-type images would instantaneously resolve the shapes of
shelf synoptic scale patterns of phytoplankton pigment distribu-
tion from any domain. These would allow interpolation from the
surface-based data set for representative marine ecosystems (Table
5.2).

Since the chlorophyll distribution in the ocean is patchy on
all scales down to the subkilometer level, to adequately map phy-
toplankton variation in high-concentration shelf areas a satellite
must be able to resolve about a kilometer of the ocean. This small
spot size also allows measurements closer to the shore, so we can
resolve local outwellings and upwelling zones, which tend to be
nearshore phenomena in many cases. Such a high data rate may
be relaxed somewhat for wide area studies of open ocean phy-
toplankton. In this case, we can accept a degradation to about
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4-km resolution. Therefore, we require a satellite system that can
operate in two modes, analogous to the present infrared system:
(1) local area coverage of high resolution to about 1 km, and (2)
global area coverage of lower resolution to about 4 km.

In order to conduct the in situ field work necessary to ex-
ploit the ocean color observations from space, experiments must
be staged in a variety of seasons and conditions. Logistically, this
implies that the spacecraft mission must cover at least 2 years to
specify atypical situations, e.g., the occurrence of El Nifio phe-
nomena.

‘Wetlands and Lakes

Remote sensing of the areal extent and the major species of macro-
phytes in wetlands and phytoplankton in lakes and open estuaries
is currently feasible with Landsat sensors, with SAR sensors, and
with CZCS sensors. Sequential imagery at monthly intervals of
the same wetland permits calculation of the net changes in plant
biomass for those species with a well-defined growing season. In
regions where cloud cover precludes repeated coverage with Land-
sat imagery, a satellite-mounted SAR sensor is required. This is
especially important because large areas of tropical wetlands occur
where cloud cover is frequent and the option of aircraft with SAR
sensors is impractical.

Two levels of sampling are required: (1) a global survey of
the areal extent of marine and freshwater wetlands, and (2) an in-
tensive examination of net primary productivity in representative
freshwater and wetland ecosystems. The timing of the first survey
should coincide with the maximal extent of the vegetation. The
spatial resolution of the sensor required is about 50 m. The survey
should be repeated every 5 years. For the second purpose, a func-
tional division of these ecosystems based on the major source of
nutrients to the plants (water or sediments) and the seasonal range
in area inundated (minor or large) could be used. The committee
suggests the following:

1. Floating wetlands
e Annual meadows in Amazon floodplain
ePerennial Papyrus swamps in Sudan
2. Rooted wetlands
e Annual grasslands inundated in Venezuelan interior sa-
vanna
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. Perennial temperate, Phragmites marshes
. Annual tundra wetlands
. Major estuaries
eEutrophic, e.g., Rhine, Mississippi, Yangtze
¢Oligotrophic, e.g., Zaire, Yukon, Amazon
. Major lakes
e Tropical, e.g., Lake Tanganyika
e Temperature, e.g., Lake Superior
eArctic, e.g., Great Bear Lake

[SA 0 NL)

[o2]

Detailed examination of the spectral quality of estuarine and
lake waters may also permit formulation of a time-dependentmodel
of biological events. For example, the transition from a cyanobac-
terial (blue-green algae) bloom to its collapse and decay may be
discernible. Perhaps quantitative estimation of the dissolved or-
ganic compounds that tint water yellow will also allow improved
tracing of river inputs to the oceans. A central problem for fu-
ture sensor design is thus to differentiate the complex colors of
estuaries and lakes. Colors other than those of chlorophyll con-
tain information about sedimentation and about the history of
the ecosystem. Current sensors are designed for measuring chloro-
phyll in clear oceanic waters (CZCS) or in terrestrial vegetation
(Landsat). Improved algorithms may permit use of these sensors
for the application described here. Another possibility within ex-
isting technical capability is the launching of a satellite with a
tuneable radiometer with greater spectral resolution (e.g., 20 nm).
Such an instrument would permit detailed evaluation of the infor-
mation in water color. The use of remotely sensed parameters in
such studies is fundamental to understanding the fluxes of energy
and mass in the ocean, wetlands, and lakes. In the next 10 years,
remote sensing of entire aquatic ecosystems could change our way
of thinking about ecosystems, much as remotely sensing the ocean
floor through magnetometry in the early 1960s led to a whole new
theory of crustal evolution and geological dynamism.



6.
REMOTE SENSING
REQUIREMENTS

INTRODUCTION

Previous chapters stress the importance of remote sensing in the
study of the biosphere. This section briefly enumerates a number
of environmental parameters about which information is required
in the study of the biosphere. Particular emphasis is given to
those developments in the area of vegetation analysis. The range
of satellite and aircraft remote sensor systems whose data are
available to the researcher interested in the study of the biosphere
is presented along with the concepts of multistage data collection.
Finally, a brief summary discussion will point out some major
issues, problems, and needs in remote sensing for application to
the study of the biosphere.

REMOTE SENSING OF ENVIRONMENTAL
INFORMATION

There are a number of major environmental parameters about
which information is needed and about which remotely sensed data
have been and are currently being analyzed. These environmental
parameters include those listed in the following sections.

Water

Observation of the hydrologic cycle requires a varied set of me-
teorological and hydrological information, including data on the
location, areal extent, and quality of surface water bodies; the vol-
ume of runoff and the variability of stream flows; the geological,
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soil, and vegetation characteristics of watersheds, as well as data
on the extent and depth of high mountain snow; the area watered
by irrigation; and the rate of agricultural use of water. Where
floods are common, it is also important to know the areal extent
and timing of flooding.

Although considerable work has been accomplished in this
area, much work remains. The potential of a variety of sensor
systems for input to models of hydrologic parameters must be as-
sessed; this is particularly true with respect to models of hydrologic
cycling.

Soils

Small-scale soils maps (1:5,000,000) are now available for all con-
tinents, and 1:1,000,000 scale mapping is quite common; but for
national and local agricultural purposes, soil association maps of a
much larger scale (at least 1:200,000 and even 1:100,000) are essen-
tial. For specialized studies of irrigable land, 1:10,000 or 1:25,000
scale may be needed. Soil data have been generated from the
analysis of aerial and satellite imagery by agencies of the federal
government for many years. Researchers are now examining the
potential of Landsat in a geographic information systems approach
for the mapping of soil and determining soil erosion potential.

Vegetation

Terrestrial ecologists have approached the study of vegetation by
classifying areas of the land surface into broad categories, often
defined by the physiognomy of dominant species. Inasmuch as
the dominant vegetation is an expression of environmental con-
ditions, these vegetation maps are maps of ecosystems, including
the reflecting variation in soils. An estimate of the worldwide land
area covered by each vegetation type is fundamental to our under-
standing of the relative size and role of the biosphere in the surface
chemistry of the Earth.

The total land area of the world is well known (149 x 108 ha),
but estimates in the areas of vegetation categories vary consid-
erably. Some of the variation in estimated areas is the result of
different classification schemes used by different workers. Remote
sensing can play an important role in improving the areal estima-
tion of these vegetation units: the present state-of-the-art for land
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use and land cover determination using Landsat imaging provides
classification accuracies at approximately the 90 percent level for
general vegetation classes, such as conifers and deciduous forests,
savanna woodlands, grasslands, and deserts. Although less well
explored, synthetic-aperture radar (SAR) can be used in a similar
way to map the areal extent of various canopy types from either
airborne or spaceborne platforms in areas of the Earth’s surface
subjected to constant cloud cover.

In forestry, the needs for information relate to forest invento-
ries, mapping of burned areas, monitoring of logging, and detection
of pests and disease. With respect to rangeland, the needs include
inventories of range types, estimation of biomass, and monitoring
of condition of range forage. Remote sensing with Landsat is being
employed to answer the forest inventory needs. Mapping of burned
areas with greater accuracy than conventional methods has been
accomplished from Landsat data.

Geology

Geologists have for many years recognized the potential of satellite
remote sensing. Indeed, it was personnel of the U.S. Geological
Survey who very early led to the push for the first Earth Resources
satellite. Mineral and fossil fuels—oil, coal, and gas—have been
sought and located in many parts of the developing world with the
assistance of remotely sensed data. Large areas of the world, how-
ever, are still geologically unexplored using advanced technology.
Terrain studies, to identify landforms, faults, fractures, folds, ma-
jor rock types, and geophysical and geobotanical anomalies, are an
important element in geological mapping and mineral exploration.
There have been initial steps on the construction of a mineral
survey and in the identification of potential exploration sites. Ge-
ological mapping at reconnaissance scales, which is available for
many areas, needs a follow-up by detailed local mapping of selected
areas. In some cases, study of groundwater resources also requires
special kinds of geological mapping. Expanded research into the
uses of the new spectral bands on Landsat 4 and the Shuttle imag-
ing radars should be encouraged. These systems are capable of
providing new insights that can influence our understanding of the
processes affecting the biosphere.
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Oceans

Ocean processes have traditionally been investigated by sampling
from instruments in situ, yielding quantitative measurements that
are intermittent in both space and time. The past two decades
have seen the development of new observing systems, such as the
conductivity temperature depth system, current meters, and radio
transmitting floats. These devices give a continuous record in one
dimension, either instantaneously in the vertical or at a fixed point,
or approximately moving with a water parcel. Arrays of these
instruments have greatly increased our awareness of the space-
time variability in the oceans due to internal waves, mesoscale
eddies, or fluctuations in the general circulation itself.

In principle, space-based techniques can offer substantially
improved information important to this four-dimensional jigsaw
puzzle. Global coverage of broad-scale surface features (such as
wind stress, sea level, and temperature) at time intervals that are
short enough to be effectively continuous gives an enormous poten-
tial advantage over shipborne techniques. High-resolution images
of temperature or color or microwave emissivity allow unique vi-
sualization of near-surface processes, such as internal waves or
eddy formation; such visualizations can greatly extend the inter-
pretation of conventional measurements, and allow considerable
economies and a new kind of strategic planning of ship operations.
Communications with sensors on fixed and drifting buoys, and
the location of nonfixed systems through satellites, make possible
many types of composite subsurface measurement systems that
would otherwise be impracticable.

Remote sensors operating from the vantage point of space will
never replace direct measurements and acoustic remote sensing
because the ocean is effectively opaque to electromagnetic radia-
tion. Seasat and the Coastal Zone color scanner, however, were
important satellite systems for the study of the oceans. Contin-
ued emphasis needs to be placed on the development of advanced
systems of these types.
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A BRIEF HISTORY
OF THE REMOTE SENSING
OF LAND VEGETATION

The development of remote sensing can be subdivided into several
major periods. The first major period in the history of remote
sensing of vegetation extended from the invention of the airplane
to the 1950s. Photographs from powered aircraft were first taken
by Wilbur Wright on April 24, 1909, over Centocelli, Italy. Ap-
plications of aerial photography developed rapidly. By the 1920s,
stereoscopic aerial photography in forestry, range, and agricultural
studies had been developed. The early 1930s saw the Agricultural
Adjustment Administration of the U.S. Department of Agriculture
systematically photograph farm and ranch lands throughout the
United States. This operation became routine in the 1950s and
1960s as the Agriculture Stabilization and Conservation Service
(ASCS) systematically acquired black-and-white aerial photogra-
phy of agricultural lands for their use in administering USDA’s
farm programs. In the early 1930s the U.S. Forest Service also
began its program to photograph vast areas of the timber reserves
of the United States. Since 1948, aerial photography has been
employed as a base for the range resource inventories conducted
by the U.S. Forest Service.

Early aerial reconnaissance of forests typically employed pho-
tographic images acquired from relatively low flying aircraft. Tra-
ditionally, manual analyses of stereoscopic aerial photography
produced measurements of tree species composition, tree height,
crown diameters, crown closure, crown area, and number of trees
per unit of surface area. These remotely sensed derived vegetation
characteristics were then combined with ground measurements to
produce estimates of merchantable timber—a proportion of forest
biomass—for large regions.

The second major period in the development and application
of remote sensing techniques to the analysis of vegetation was
stimulated by the need of resource managers for more accurate and
timely information for detection and assessment of loss from crop
and forest pests. In 1961 the National Research Council formed
the Committee on Remote Sensing for Agricultural Purposes and
extended efforts beyond crop and pest detection to information
on crop and forest production, management, and marketing from
both airborne and space vehicles.
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Research, begun in 1964, funded by NASA and USDA, con-
centrated on problems of data reduction and discriminant analysis
for the timely production of crop and forest information. In 1965
NASA began to apply aerospace remote sensing techniques to the
study of agricultural crops, forests, and natural grasslands. Re-
search conducted at academic and federal centers through the
remainder of the 1960s provided the basic foundations for an
Earth-viewing, remote sensing capability utilizing satellites and
digital computer processing technologies.

The first digital computer analyses of multispectral data col-
lected from aircraft were made from an agricultural field in Indiana
in 1966. Results showed that digital image processing techniques
could indeed be employed to distinguish wheat from oats.

A number of key projects in the 1970s led to important ad-
vances in the remote sensing of vegetation. These projects included
among others the Cornblight Watch Experiment (CBWE); the
Crop ldentification Technology Assessment for Remote Sensing
(CITARS); the Large Area Crop Inventory Experiment (LACIE);
the Ten Ecosystem Experiment; and the Forest Classification and
Inventory System Project.

In 1970 the Southern Corn Leaf Blight caused extensive dam-
age to the U.S. corn crop. CBWE was initiated in April 1971
to use information derived from multispectral remote sensing by
digital pattern recognition techniques and manual interpretation
of infrared aerial photographs to detect and control the develop-
ment and spread of corn blight across the corn belt during the
growing season; assess the levels of infection present; estimate the
land area affected; generalize information obtained from surface
site visits to assess yield impacts; and assess the applicability of
techniques developed to similar future situations. Prior to use of
remote sensing techniques, information concerning the spread of
the corn blight was based often on hearsay.

CBWE utilized high-altitude aircraft taking color infrared
photography, a low-altitude aircraft collecting multispectral data,
and ground observations, all collected according to a statistical
sampling strategy. CBWE demonstrated that large areas, in this
case parts of seven states, could be accurately and rapidly assessed.
The experiment proved essentially that the location and spread of
blight could be accurately monitored.
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Landsat-1 was launched in July 1972. The Crop Identifica-
tion Technology Assessment for Remote Sensing (CITARS) exper-
iment was one of the first major programs that attempted to use
data from this satellite for the study of vegetation. CITARS was
designed to evaluate existing quantitative measures for the iden-
tification of specific crops using satellite remote sensing. Specific
CITARS objectives were to (1) determine the ability of Land-
sat data to identify and distinguish between corn and soybeans
during a growing season; (2) assess the effects of different geo-
graphic locations with different physical and cultural patterns on
crop identification; (3) employ machine data processing and de-
velop quantitative measures of the variation in crop identification
accuracy; (4) test the concept of “signature extension” —that clas-
sification algorithms developed for one location could be applied
to others; and (5) evaluate the benefits of Landsat classification
techniques.

CITARS demonstrated that multidate Landsat data improved
the potential for accurate classification of agricultural cover types.
This program also pointed out two major problems that are still
under study: the mixed pixel and signature extension problems.
A pixel (picture element) is the area covered by the instantaneous
field-of-view of a scanning remote sensor system, thus defining
the resolution limit of the system. When two or more types of
vegetation cover are present within the area covered by a given
picture element (creating a mixed rather than “pure” pixel), the
probability of correct classification of those vegetation types can
be significantly decreased. When automated techniques are em-
ployed to develop correlations for one area that are then used to
classify a different area, the probability of correct classification
again decreases; this in brief is the signature extension.

Results of the CITARS program affected the design of a new,
more focused program with direct applications, the Large Area
Crop Inventory Experiment (LACIE) program, which began in
1974. LACIE’s purpose was to determine how well one could
forecast the harvests of a single and important crop, wheat, on
a worldwide basis using satellite remote sensing technology. In
LACIE, for the first time, the biological production of a major
crop on a global scale was to be estimated. What LACIE found
was that techniques developed in this program tended to produce
particularly good estimates of wheat acreage in geographic areas
having large field sizes (fields having rectilinear dimensions that
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were large in relation to Landsat pixel resolution, which is about
80 m). Such areas included the hard red “winter” wheat of the
United States, Soviet Union, and Argentina.

In a simulated operational test, the LACIE in-season forecast
predicted a 30 percent shortfall in the 1977 Soviet spring wheat
crop. This estimate came within 10 percent of the official So-
viet figures released months after harvest. In addition, LACIE
midseason winter wheat forecasts predicted, within 7 percent, a
23 percent above-normal Soviet winter wheat crop a number of
months before harvest with a coefficient of variation for the total
wheat harvest of 3.8 percent.

In 1978, the LACIE experiments were extended to more types
of crops, as well as to forests and rangelands under the Agricul-
tural Resource Inventory and Survey Technology using Aerospace
Remote Sensing (AgRISTARS) program. In AgRISTARS, crop
assessment was enhanced in several cases by the construction of
agrometeorological models and canopy reflectance models.

Agricultural research employing remotely sensed data in the
1960s and 19708 demonstrated that timely agricultural resource
surveys are feasible. Remotely sensed data, however, must be sup-
ported by collateral information of specific spatial, spectral and
temporal resolution, data processing hardware and software sup-
port for both digital and analog imagery, integrated and operated
by skilled personnel. The programs discussed above and others
also have led to major advances in machine processing of remote
sensing imagery of vegetation; major advances in the development
of models of canopy structure and of the reflection, absorption, and
emission of electromagnetic radiation by vegetation canopies; and
a recognition of the importance of models of the energy exchange
properties of vegetation.

Remote sensing data from aircraft and satellite platforms has
been and is being applied to forest and range inventory and mon-
itoring. The USDA (U.S. Forest Service) NASA Ten Ecosystem
Study explored the feasibility of using Landsat multispectral data
and automated pattern recognition analysis to inventory forest and
grassland resources. By dividing the continental United States into
10 broadly defined ecological classes and examining the similari-
ties and differences among them, this study built on the results
of more localized research and could serve as a prelude to larger
scale investigations. Ten Ecosystems demonstrated that Landsat
data, with appropriate machine-assisted processing techniques,
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can distinguish hardwood, softwood, grassland, and water and
make inventories of these classes with an accuracy of 70 percent
or better at an operational cost of 11 cents per square hectare.

The Forest Classification and Inventory System (FOCIS) em-
ployed machine processing techniques to extract and process tonal,
textural, and terrain information from registered Landsat multi-
spectral scanner data and digital terrain data. Using these tech-
niques in a portion of the Klamath National Forest (an area of
390,000 hectares), an estimate of softwood timber volume was ob-
tained with a coefficient of variation of 6.3 percent, which was
similar to accuracies derived concurrently by Forest Service per-
sonnel and yet was produced in considerably less time and at less
cost than the data generated by the conventional survey.

In other forestry projects, strong correlations have been found
between stand density and Landsat data for single-species planta-
tions, including stands of ponderosa pine, southern pine forests,
Douglas fir, and red and white fir. Landsat imagery in digital for-
mat are also being used to produce land cover maps for rangeland.
When combined with digital terrain information, these data are
being used to produce resource maps for habitat assessment and
managerial decisions.

A general research advance growing out of remote sensing re-
search on vegetation in the last decade is a better understanding
of how different wavelength bands provide different kinds of infor-
mation, and how the ratio of different bands yields information
not obtainable directly. It has been seen that the spectral region
between 0.74 and 1.1 um exhibits some sensitivity to total plant
biomass. Healthy green vegetation is typically characterized by
both high reflectance (45 to 50 percent), high transmittance (45 to
50 percent), and low absorptance of near-infrared radiation. Anal-
yses of the multispectral remotely sensed data generally involve
transforms of the data. Most of these indices or transformations
employ ratios of measurements taken from at least one band in the
near-infrared region (0.7 to 0.9 um) and one band in the red (0.6
to 0.7 um). Research has demonstrated that a linear combination
of the ratios is more highly correlated with biomass than either
red or near-infrared measurement alone.

Research has also demonstrated that most spectral variability
in Landsat data is two-dimensional and has developed a linear
orthogonal transformation with one axis representing brightness
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and the other representing a measure of the vegetation develop-

ment. The axis sensitive to vegetation was called “greenness.” It
* has been shown also that this greenness transform is insensitive to
shadow effects and atmospheric effects over a reasonable range of
atmospheric conditions. The same transformation has also been
shown to minimize differences due to soil types and soil moisture
conditions. Thus, for a geographic area with a reasonably lim-
ited amount of variation in soil type, the numerical value of soil
greenness can be assumed to be constant.

Among the accomplishments of the second period in the use of
remote sensing for studying vegetation is the development of tech-
niques for (1) monitoring vegetation state and predicting crop
yields; (2) inventorying forests as accurately and much more
cheaply than before; (3) utilizing repeated measurements from
data acquired over time for identifying vegetation type and for
monitoring seasonal production; (4) modeling relationships be-
tween canopy structure and spectral signatures; and (5) combin-
ing information from several wavelength bands to better reveal
vegetation characteristics.

Finally, a third period in the use of remote sensing for the
study of vegetation is just beginning. Major challanges to be ad-
dressed involve devising ways to estimate biomass and net primary
production for all major vegetation types. Recent advances in re-
mote sensing and in ecological and forestry research have demon-
strated significant potential, and a growing number of researchers
believe this challange can be met. Remote sensing offers the poten-
tial to measure spatial variation, monitor temporal changes, and
estimate the error associated with average values for a variety of
biophysical and socioeconomic environmental parameters. Land
use and land cover and their changes over time can be monitored
for large regions. With the continued development of data process-
ing algorithms for extracting, registering, analyzing, and relating
remote sensing imagery to ground measurements, biomass and
biological productivity can be estimated with an accuracy never
before possible.

At the present time the key to studying vegetation biomass
and productivity from space appears to be the vegetative charac-
teristic of leaf area index (LAI). Leaf area index is the ratio of the
surface area of all leaves per unit of land surface. Recent ecological
research has demonstrated strong functional and statistical rela-
tionships among canopy leaf area, stand biomass, and net primary
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productivity, and even with evapotranspiration. Research also in-
dicates that LAI can be measured by remote sensing, at least for
indices up to approximately 7. Thus, for the first time there isa
measure that is available from remote sensing that can serve as a
link between a structural characteristic of vegetation and the pro-
cess of net primary productivity. Yet, problems exist: (1) a major
limitation in the use of LAI is how to obtain sufficient ground sam-
ples to demonstrate the significance of the relationship between
remotely sensed images and canopy leaf area; (2) another problem
concerns how to extend the ability of remote sensing techniques to
recognize leaf area indices greater than 7.

Indirect methods of measuring LAI are available. Recently,
research has shown that tree diameter and height are strongly cor-
related with LAI for individual species. These correlations may be
established by using destructive sampling techniques. Moreover,
well-known field and aerial photographic analysis techniques exist
for measuring tree diameters and heights rapidly. Yet, consider-
able work is still required to establish the relationships between
destructive sampling, nondestructive ground indices, and satellite
remotely sensed data. These relationships must be established
for each major vegetation type and their level of accuracy and
stability demonstrated. In addition, the potential for extending
correlations from one vegetation type to another must be tested.

Other recent research indicates that new sensor systems can
provide considerably more biophysical information on vegetation.
The lack of advanced sensor data such as the Thematic Mapper
and the Shuttle Imaging Radars supported by adequate ground
truth data and image processing and analysis capabilities at ma-
jor research institutions across this country, however, frustrates
the study of potential uses. Registered sets of nearly concur-
rent SEASAT/SAR and Landsat/MSS data exist over a variety
of vegetation types. In the few cases in which these data have
been analyzed, the inclusion of the SAR data with the MSS data
appears to lead to improved discrimination of land cover types.

PERSPECTIVES ON THE FUTURE

Developments in remote sensing and computer science during the
past several decades have led to a new potential for research on
the biosphere employing remote sensing from aircraft and from
satellites. These developments are summarized in Figure 6.1. The
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FIGURE 6.1 The developmenﬁ of remote sensing for earth resources re-
search.

history of remote sensing is a history of increased complexity.
This complexity makes it essential that we determine the true ca-
pabilities and limitations of remote sensing for the study of the
biosphere. Developments to date show considerable promise. The
committee believes that these developments make an integrated
study of the biosphere truly possible for the first time. The global
quantitative data obtained through satellite remote sensing pro-
vide the significant key that can unlock new insights into the
working of the biosphere and can potentially provide expanded
understudies of factors that influence the long-term habitability
of the Earth. Remote sensing can significantly aid in studies at
scales from sample plots to global estimates. Research on large-
scale phenomena, in particular, has always suffered from a lack
of sufficient number of samples, and remote sensing has proven to
be very valuable in the acquisition of information on large-scale
phenomena.

Exploitation of the improved and unique information avail-
able to researchers conducting studies of the biosphere from re-
mote sensing has barely begun. Many problems and issues exist.
What is required to increase the impact of remote sensing on the
study of the biosphere is a concerted effort on the part of both
the basic and the applied researcher to learn the capabilities and
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limitations clearly. Researchers should be aware that the utility of
remote sensing may be greatly increased when the information is
combined with other sources of data; time series of remote sensing
images are available; and ratios of spectral bands are used. Yet,
this awareness is only meaningful if research.there is a commitment
on the part of NASA and the federal government to the long-term
continuity of remote sensing data. A new start for a major land
observing satellite has not been approved since Landsat-4’s The-
matic Mapper. NASA has conducted studies of both linear and
area array multiband, multispectral sensor systems. In addition,
NASA is studying the potential for a permanent, highly adaptable
civil space facility for scientific studies of the Earth and the de-
velopment of related technology (the so-called “system-Z”). While
such studies are important, it is more important that the next step
be taken beyond Thematic Mapper as quickly as possible. A bal-
anced program of instrument development, including high spectral
resolution imaging, radar, and thermal sensors, should be pursued.
With the current difficulties with the present Thematic Mapper
and the existance of only the single backup Landsat-D’, a decision
must be made. Continuity of advanced satellite sensor data must
be made a priority issue by NASA. The current Landsat MSS
data have proven extremely valuable; however, the potential new
insights from the analysis of the improved spectral information
from advanced sensor systems make this an extremely important
issue. Almost as important are the major concerns surrounding
the planned commercialization of the federal land observing satel-
lite program. Far from saving the government money, every study
of this plan has shown it to have the potential for costing the
government a considerable amount per year. In addition, many
researchers feel that commercialization will kill the land resources
remote sensing program. This must not occur. The committee
urges that land resources remote sensing satellite systems not be
transferred to private industry at this time. That is, it is not yet
time for a private, national, or multinational company to have
control in any way over a national technology with important na-
tional and international implications. Commercialization has the
potential for slowing considerably the access to remotely sensed
data and consequently the study of the biosphere. While the needs
of science for timely, consistent remotely sensed data are not nec-
essarily incompatible with those of operational users in industry
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and government, there is a risk that serving the needs of opera-
tional users will inhibit the fulfilling of the need for the variety of
science data types required in the study of the biosphere.

A final area of major concern is the level of funding in support
of land remote sensing research at universities across this coun-
try. Funding for basic and applied land-related remote sensing
research, which could lead to an improved understanding of the
biosphere, has been reduced to a level where the nation stands
to lose a major analytical capability. Once lost this capability
cannot easily be regained. Today the processing and analysis of
advanced remotely sensed data require complex, highly sophisti-
cated hardware systems and software, along with individuals who
are familiar with remote sensing and the science of the biosphere.
This most often will require interdisciplinary efforts. NASA must
find resources to sustain and encourage such efforts. Finally, when
thoughtfully analyzed, remote sensing information can provide re-
searchers with significant improvements in the quantity, quality,
and timeliness of data. Remote sensing allows us literally to ex-
pand our horizons far beyond what was ever thought possible. As
more researchers become aware of the significant implications of
remote sensing for providing such data, the true impact of the
techniques on the study of the biosphere will be felt. When allied
with appropriate field studies and modeling, remote sensing can
change our perception of the landscape, of land’s biota, and of
the interrelationships between life on the land and the rest of the
biosphere.



7.
DATA MANAGEMENT

INTRODUCTION

Although future scientific data management will be strongly influ-
enced by advances in technology, from both cost and performance
viewpoints, most experts believe that the majority of the current
data problems are not due to technological barriers. Many be-
lieve that current data problems can also be solved by employing
projected advances in technology, provided management of data
operations is properly organized. There are a number of areas in
which technological advancement will not only greatly improve the
quality of the data acquired, but also will improve the efficiency
with which the data loads required for global monitoring are pro-
cessed. An example of the type of data load that might be required
for ecological modeling is as follows. An area of 600,000 acres (an
area covering 42 USGS 7.5-minute Topographic Quadrangle maps)
at Landsat resolution of 80 m yields approximately 600,000 grid
cells. If we assume that an ecologist might want some 30 separate
data plans (e.g., geologic map, soils map, and topographic map),
none of which has more than 256 separate categories for the area
of interest, the data base is 4.8 million data units. If the resolution
of the data base is reduced to 12.5-m resolution cells (a scale possi-
bly more realistic for some more-detailed ecological studies), then
using the same 30 categories, the data base would contain some
2 x 108 data units. This size of data base is roughly the equivalent
of full-scene Landsat processing today.

107
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An example of the type of data load that can be produced by
remote sensing technology is that generated by the Landsat Multi-
Spectral Scanner (MSS) system. The conterminous United States
requires approximately 470 Landsat frames. For global coverage
of land areas, more than 10,550 frames are needed. This global
coverage of land areas amounts to approximately 3.2 x 10!! bytes
of data, taking into account that there are four Landsat spectral
bands per scene. The newer Thematic Mapper flown on Land-
sats 4 and 5 expands the problem, because the instrument has 7
bands on a resolution of 30 m. It is little wonder that there is
concern in the scientific and applications user communities over
problems with the level of planning of systems for scientific data
acquisition, reduction, and distribution; the quality, timeliness,
and accuracy of sensor data; the allocation of processing functions
on the spacecraft and the ground; programmer productivity, soft-
ware compatibility and portability; and the overall cost to the user
of data acquisition. The efficient capture, processing, storage, and
transmission to ultimate users of the large number of data that
have been acquired in the past, are currently being acquired, and
are planned to be acquired in the next decade represent a challenge
to NASA, to NOAA, and to the scientific community as a whole.

There are many steps within the flow of remotely sensed data
from acquisition through the extraction of information. At each
step in the process, the potential exists for the data to be managed
in an efficient way. Important elements in the area of data man-
agement can be listed as follows: sensor data acquisition, space
data processing, space data storage, space data handling, space to
ground transmission, computers (ground based), ground data stor-
age and archiving, data base systems, communications networks
and distributed processing, interactive processing, and software.
Specific issues that are related to data management in several of
these areas and are important to the studies of the biosphere are
expanded upon in the following discussion.

As can be seen from the discussion of sensor systems and
platforms, space data sensor technology has advanced and will
continue to advance in the areas of increased spatial, spectral,
temporal, and radiometric resolution, along with other acquisition-
related capabilities. At present, however, there is a great potential
for improvements that can result from advances in processing and
data storage. Integration of high-speed signal processors and /or
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superminicomputer systems into high-data-rate sensors can pro-
vide the capability to acquire, process, and store data selectively
as they are collected. Such integration, when combined with tech-
niques being developed in the area of artificial intelligence (AD),
can result in “smart” or adaptive sensors with the capability to
manage data during the acquisition process.

Specific capabilities that appear possible and feasible include
the ability to do the following:

e search out specific types, classes, and /or levels of data and
to transmit data to ground stations only when those data have
been located;

e modify a sensor program sequence when unable to perform
preprogrammed functions because of anomalies, such as cloud
cover or the absence of specified events;

 store data/scene from previous observations, perform com-
plex on-board data processing, and transmit to Earth only perti-
nent and/or new data;

e vary resolution and data rates from area to area,

e preprocess; filter, and perform other complex operations
under the preprogrammed and/or interactive control of either on-
board or ground-based scientists or users; and

o adapt and/or reconfigure automatically data systems in
response to changing data/information requirements and/or envi-
ronmental conditions.

Considerable work is still required before this potential ca-
pability becomes reality. It is important that NASA support ex-
panded research in the area of the links between Al and image-
oriented data bases.

SENSOR DATA ACQUISITION

Research has demonstrated that important information on bio-
physical properties of vegetation, soils, water, and so on, are
contained in remotely sensed measurements at distinctly differ-
ent parts of the electromagnetic spectrum, e.g., visible, near re-
flectance infrared, middle reflectance infrared, emissive infrared,
and X, C, L bands of microwave. Emphasis should be given to
the integration of existing sensors and the development of new
ones (e.g., linear and/or area array systems and multifrequency
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calibrated active microwave systems) that can be flown on suitable
aircraft and Earth-orbiting spacecraft.

Effort should also be placed on developing improved technolo-
gies that provide an improved capability to bring the data from
such different types of sensors in their different orbital configura-
tions into registration or congruency. These data should be regis-
tered to each other and to ground geographical coordinate systems
in order to support multispectral and multitemporal research in-
vestigations. Such a registration capability needs to support high
data volumes and be affordable.

In addition to these efforts, research and development efforts
also need to be directed toward the development of improved
instrumentation and procedures for making in situ biophysical re-
lationships to environmental factors (e.g., water stress to canopy
morphology, and spectral measurements within research sites).
Conventional capabilities are generally not adequate for collect-
ing enough measurements within a required interval and having
sufficient precision to characterize the variance inherent in a test
site scene of remotely sensed data. A study needs to be made to
identify these deficiencies, and efforts need to be instituted to fill
in existing gaps.

Examples of such gaps include in situ determination of such
parameters as leaf area index, biomass, net primary productivity,
soil moisture as a function of surface distance and depth, and
evapotranspiration. NASA should institute a program of field
spectral measurements designed to assess the biophysical informa-
tion inherent in spectral data at various wavelengths throughout
the electromagnetic spectrum. This would entail the development
of a series of test sites in a variety of environments.

The latest NASA Earth-observing sensor, the Thematic Map-
per on Landsat-4, can be a most valuable device for research over
at least the next 10 years provided that current data processing
and dissemination problems can be resolved and the volume of
digital data available to the science community significantly in-
creased. It is extremely important that considerable attention be
directed at this effort by NASA and/or NOAA.

SPACE DATA PROCESSING

Traditionally, space data processing has been a highly centralized
function with limited resources. Hardware required to accomplish
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such processing is complex and expensive. Future availability of
more powerful processors and storage capabilities on-board should
lessen these burdens. This will not, however, lessen the need for
the development of effective and efficient means for storing, dis-
tributing, and archiving the data produced by the space systems.
The rate at which a science of the biosphere will develop will
be strongly dependent upon the ability of scientists working in
the field to have access to the data and data bases they require.
To date, there has been little success in implementing standards
that could lead to the effective and efficient interchange of space
data between centers either preprocessing or postprocessing. The
NASA Transportable Applications Executive (TAE) program is a
step in this direction, and more such steps must be taken.

SPACE DATA HANDLING

Space data handling systems have traditionally been fixed-format
systems. Truly adaptive space data handling systems have gen-
erally not been feasible because of the complexity and cost of
hardware. In additon, features such as data compression have not
been effectively applied to Earth-oriented satellite data, in part
because of the scientific community’s desire for raw data.

Current technology, however, does offer an opportunity to
implement adaptive data handling systems for spaceborne instru-
ments and experiments. An ongoing effort in NASA’s End-to-End
Data Systems (NEEDS) program provides for asychronously mul-
tiplexed packets of data, buffered in variable-capacity data buffers.
A number of activities are also ongoing to develop data compres-
sion algorithms. Current techniques for image data provide a
lossless compression ratio of 2.5:1. If some minimal loss in data
is acceptable, compression ratios on the order of 10:1 to 20:1 are
possible.

COMPUTERS (GROUND-BASED)

In order to meet the requirements for synoptic information on a
global scale, a variety of sensor systems on the ground, in aircraft,
and on spacecraft have been employed. This hasincreased the need
for faster, more capable computer systems. Fortunately, commer-
cial markets and military and space requirements have driven and
continue to drive advances in computer technology at a rapid rate.
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Thus, in principle, it is possible to develop computer systems to
handle most short-term data processing and storage needs. This
situation is not without problems, however; the price of com-
mercial high-speed computers is still high. Some consequences of
advances in the microcomputer and semiconductor memory device
area that can have an impact on the study of the biosphere include
the following:

e Microcomputers and memory chips can be integrated with
sensors, instrumentation, and control units in spacecraft to in-
crease the versatility and adaptability of these units to perform
data preprocessing on board.

e Large amounts of low-cost computing power and memory
can be incorporated into intelligent terminals to enhance interac-
tive computing and display generation and presentation (including
sophisticated graphic displays) and provide word processing sup-
port.

¢ Microcomputers can be assembled into large arrays to in-
crease significantly processing power for scientific modeling, and
data base query.

e Special-purpose computers can be constructed from mi-
croprocessor, memory, and special-function computation chips at
relatively low cost for use as data analysis machines, network com-
munication processors, and adjuncts of general-purpose computers
(e.g., floating-point processors).

Microcomputers and mainframe computer technologies are
also advancing. The cost of computing power is decreasing. Mini
and mainframe systems are evolving toward effective use in net-
works and distributed processing systems. High-speed and super-
scale computers, which provide performance at rates up to 100
million operations per second (MOPS) today, can be expected to
evolve into computers with performance in excess of 1000 MOPS
by 1985. These machines will dramatically reduce the present
problems of processing large volumes of space data and will sup-
port computations for complex models of biosphere processors.
Especially important will be the development of special-purpose
architectures for image processing and for management of very
large data bases.
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DATA STORAGE

Ground data storage requirements fall into two categories: short-
term data storage for processing and long-term/archival storage.
At present, it appears that short-term needs can be satisfied by
a combination of magnetic and optical storage devices, with mag-
netic devices dominating the field because of their read/write ca-
pability and flexibility. Technology for mass storage of data is still
evolving for storage in the range of 1014 to 10!® bits of data, and
a clear leader for mass storage media has not surfaced.

With respect to the storage and archiving of space data, it is
critical that NASA begin as soon as possible to examine a number
of critical issues. Issues here include the following:

e Why and which data sets should be archived and dis-
tributed?

o Where are satellite and ancillary data to be archived and
how will they be accessed and distributed (this requires that efforts
be directed toward the development of standardized catalogs and
directories of data and information distributed in many different
data bases, which can be interrogated by any researcher and which
provide high-level assessments of data holding and capabilities of
each participating facility)?

e How should data be archived and distributed?

¢ Who will archive and distribute these data?

DATA BASE AND
INFORMATION SYSTEMS

Remote sensing is a somewhat unique technology whose transfer to
potential users has been greatly aided not only by the U.S. federal
role but also by governmental agencies around the world. This
has been true both in developing the technology and in making
it and its products available to the public at large. Integration of
remote sensing—particularly from satellite sensor systems—with
data bases has thus consistently been subject to institutional as
well as technical limitations. Yet, many recent reports suggest that
the full potential of remote sensing cannot and will not be achieved
without continued and expanded efforts to adapt the technology
to the evolving needs of researchers and resource managers around
the world. NASA should focus considerable research here. To the
extent that geographic information system (GIS) designs reflect
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those needs, GIS design ought to be a relevant concern in develop-
ment of new satellite systems and in establishment of institutional
arrangements for processing, formatting, and disseminating the
products of remote sensing. Indeed, to some extent, NASA is be-
ginning to appreciate this, and the Information Science Office in
the Office of Space Science and Applications has initiated study
of a Pilot Land Data System to examine these needs. The goal of
these efforts is not only to improve the ability to handle data and
integrate diverse data sets in the modeling of fundamental pro-
cesses but also to improve our overall understanding of the nature
of the processes.

Geographic Information System technology is important to
such studies. Yet GIS technology, is itself a developing technology
as is remote sensing—neither is yet widely familiar nor well un-
derstood within the research and user community at large. Little
substantial work has been done on the philosophy and conceptual
linkages between information systems and remote sensing. This
lack of work on models of the potential interactions between these
technologies has, in part, served to isolate design of remote sensing
techniques, hardware, and software from concepts of GIS design.
As both data base and remote sensing technologies move to new
states of maturity, many of the current problems of integrating
them can be eliminated. Specifically, integration of remote sensing
and geographic information systems is not a matter of fundamen-
tal incompatibility or of reluctance on the part of researchers and
technologists to collaborate. Integration is dependent on realiza-
tion that the potential of each cannot be achieved until they are
fully integrated. That is, both researchers and resource managers
alike must come to understand that data bases are only as good
and as current as the data they contain and remote sensing offers
the potential to produce high-quality, up-to-date information.

DATA BASE MANAGEMENT

Data base management is crucial to the use of space technology
for the study of the biosphere. Fortunately, it is one of the most
worked areas in data processing today. The problem is being
approached from the standpoints of software, implementations of
special processors (back-end processors) that are dedicated to data
base management, and the implementation of special computers
with internal architectures specifically designed to accommodate
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the management of data bases. Such machines may provide ad-
vances for a majority of users, but they may not provide all the
answers scientists need in this area for two reasons: (1) the soft-
ware support that will be initially available with these machines
will probably be oriented more to commercial applications than
to spatially oriented, time series data; and (2) reduced empha-
sis on numerical computation may have adverse effects on the
cost/performance ratio for scientific applications.

COMMUNICATIONS NETWORKS AND
DISTRIBUTED PROCESSING

The interdisciplinary nature of ecological investigations increases
the importance of communication links between scientists. Com-
munications networks and the potential of distributed data pro-
cessing are critical elements in advancing a science of the biosphere.
Networks and distributed processing technology have evolved at
a rapid pace during the 1970s. This evolution has been spurred
by the need to link scientists at various institutions and has been
facilitated by technological advances in the areas of transmission
networks, microelectronics, software, communications protocols,
and packet switching.

Here NASA needs to identify effective methods for connecting
various classes of participants for the sharing of data, analysis
facilities, and results. Studies must also be conducted to deter-
mine a best “course of action” to follow in the development of
georeferenced data bases and associated management systems to
permit the effective storage, retrieval, and distribution of data,
preprocessed data, derived data, and information via a network
structure. The ultimate intent of such a data base structure would
be to provide researchers at many institutions with diverse sets
and types of data that are easily accessible and that have been
indexed to common spatial reference systems in a logical manner.

In addition, studies should be instituted to identify existing
analysis facilities (i.e., NASA and other federal agencies, universi-
ties, and private industry) together with the characteristics of ad-
ditional facilities that would become central nodes in a biospheric
research network. It is envisioned that these facilities would fall
into different categories or classes based on need, existing capabil-
ities, and other factors. Finally, such an overall distributed system
should be phased into existence to factor in the results of ongoing
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efforts to determine the nature of and recommend the configura-
tion of a complete distributed data collection, storage, retrieval,
and processing system to support regional and global studies of
the biosphere.

INTERACTIVE PROCESSING

Interactive processing, though not a technology within itself, is the
trend in science data processing today. From the time software
and data are entered into a system, throughout the lifetime of a
given data base, an interactive approach can permit the scientist
to effectively rework, modify, and fine-tune models as the data are
being processed. There is considerable potential for improving the
capabilities of both basic and applied researchers through the use
of Al-assisted interactive image processing and analysis systems.
Therefore, NASA should investigate the potential of Al techniques
for improving interactive image processing.

SOFTWARE

Data management is almost universally beset with software
problems. These problems are manifested in a number of ways,
the most prominent of which are the following:

o Software is expensive.

e Software is not generally transportable.

¢ Software documentation is generally imprecise and inade-
quate for the requirements of operation, maintenance, sustaining
engineering, and transportability.

Data processing professionals have begun to understand the
ever-increasing cost of software development, operation, and main-
tenance. Fear of rising costs of software has led scientists to ad-
vocate using engineering discipline in the software development
process. Results in software engineering, to date, have seen many
new approaches to developing software, many new tools to aid
software development, and many new management philosophies
for organizing software teams.

Yet, the majority of new discoveries in software engineering
have not been widely accepted. Software engineers have yet to
provide researchers and scientific users with some type of soft-
ware metrics or any other alternatives to gauge or demonstrate
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the usefulness and effectiveness of the new discoveries in software
engineering.

To overcome current problems in software for a study of the
biosphere, NASA needs to do the following:

1. Establish disciplined software practices for both individual
programmers and group projects.

2. Embark on research to establish software metrics to facili-
tate software estimation and forecasting.

3. Initiate efforts to set up experimental software engineering
frameworks and foundations to validate software methodologies
through experimentation.

4. Establish documentation standards and guidelines and
strictly enforce their adherence.

5. Establish a unified software library center to make available
software products that have already been developed within the
software industry.

6. Specify that all software developed by NASA and by
NASA-supported researchers should be transportable.






APPENDIX A:
REMOTE SENSING SYSTEMS

The material in this appendix is presented to provide the reader
with a background concerning the variety of se